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Abstract

This study demonstrates the first successful implementation of a fission converter to
produce a source of epithermal neutrons suitable for BNCT. The final design,
construction and characterization of a new epithermal neutron beam is presented. A
high intensity source with low contamination is obtained using a fission converter
driven by thermal neutrons from the MIT research reactor. The facility is housed in
the experimental hall and operates in parallel with other user applications.

The fission converter is powered by 10 spent MITR-l1 fuel elements and employs
resonance scattering filters with thermal neutron absorbers to tailor the neutron
energy distribution. A lead shield attenuates photon contamination in the beam and
lead collimators direct the neutron beam toward the patient. A horizontal beamline
leads to the new medical room which is built with 1.1 m thick, high density concrete
walls and is large enough to permit various treatment configurations. Ambient dose
equivalent rates outside the shielded room are ! 1 mrem/hr with the converter
operating at full power and do not interfere with other experimental users and reactor
operations.

Beam delivery is controlled with three in-line shutters that allow unrestricted access
to the medical room while the reactor is at full power. Patient irradiations are
controlled by redundant programmable logic controllers that automatically close the
beam shutters when the prescribed monitor counts have been accumulated.

Measurements were performed on central axis to assess beam performance. An in-
air epithermal neutron flux of 8.4 0.8 E+09 n/cm2 s was obtained with concomitant
fast neutron and photon absorbed dose rates of 3.9 0.5 and 11.8 0.8 cGy/min.
Depth dose profiles measured in-phantom are in general agreement with those
determined from Monte Carlo calculations and indicate that normal tissue tolerance
can be reached in treatment times of less than 10 minutes. The in-beam fast neutron
and photon contaminants account for less than 10% of the dose received by normal
tissue surrounding the target volume, which approaches the clinical optimum.
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Chapter One
BNCT and Neutron Beam Development

1.0 Introduction to BNCT

Conventional forms of radiotherapy achieve dose enhancement to the tumor

region by spatially defining the radiation beam as it is delivered to the patient.

Within the target volume there is no selectivity in the dose given to tumor or

normal tissue. The theoretical advantage of Boron Neutron Capture Therapy

(BNCT), however, is that it is capable of selectively delivering dose to tumor sites

on a microscopic scale without precisely confining the beam to the tumor target.

BNCT is a binary form of radiation therapy that relies on irradiating the target with

a suitable neutron beam after the administration of a boron containing drug that is

preferentially taken up by tumor cells. The ensuing 10B(n,X) 7Li reaction releases

2.8 MeV of energy, mostly in the form of short range, high LET particles.

Successful treatment of tumors with BNCT requires boron compounds with

favorable biodistribution characteristics and neutron beams that can efficiently

deliver neutrons to even deep seated tumors. Several decades of BNCT research

has been aimed at optimizing these two important and complex issues that are

crucial for BNCT.

BNCT is intimately linked with one of the most malignant types of cancerous

lesions to infiltrate the human body; glioblastoma multiforme (GBM). Treatment

with any type of radiotherapy, even an experimental one like BNCT, will in most

cases preclude patients from being treated with conventional x-rays. It is

therefore only ethical to offer BNCT to those suffering from tumors that show little

response from the best available techniques. Testing BNCT on such difficult

tumors has, however, placed a heavy burden on NCT research.

Even modern radiotherapy, chemotherapy, and surgical techniques can do little

more than briefly postpone the lethal proliferation of this intracranial tumor (1).

Human clinical trials of BNCT in the United States were conducted on GBM in the
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1950's and 1960's (2) at Brookhaven National Laboratory and the MIT Nuclear

Reactor Laboratory and were unable to demonstrate any kind of efficacy. This

early research was conducted with little or no knowledge of the biological

characteristics of the boron compounds that were administered and quantification

of the dose delivered to normal tissue (much less the tumor) was therefore

impossible. Moreover, these studies made use of thermal neutron beams which

necessitated irradiation during an open craniotomy due to the poor penetration of

thermal neutrons. These early trials of BNCT were closed without demonstrating
any kind of success in treating GBM.

For the researchers that continued to believe that BNCT could be useful, it was

clear that better tools were needed in order for BNCT to have a reasonable

chance at success. Accurate quantification and expression of the dose delivered

to healthy tissue by all components of the radiation field is absolutely essential.

Development of better capture compounds as well as knowledge and optimization

of the behavior of those compounds that preferentially locate themselves in tumor

is required. It was also deemed to be desirable to eliminate the need to perform
irradiations during open craniotomy. This required the investigation and

development of neutron beams with sufficient skin sparing and useful penetrations
to permit treatment of tumors well beneath the scalp and skull. The design and

development of neutron beams to suit this purpose has been one of the major

research and development activities in BNCT during the last decade.
Computational studies found that neutrons in the epithermal energy range provide

useful dose versus depth profiles in realistic human targets. Further studies
identified several practical materials that can be used to filter neutrons into the

desired energy range. Suitable filters were implemented in an available beamline

at the MITR-ll, (as well as the reactor at Brookhaven, and others) characterized,
and then used in the first Phase-I studies of modern BNCT. The culmination of

much of this research at MIT has resulted in the neutron beam described in this
thesis; a beam that is widely recognized worldwide to be the neutron beam best

suited for conducting human clinical trials for BNCT.
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A first step in developing neutron beams for NCT was to define appropriate figures

of merit for comparing various beam designs (3,4). Advantage parameters such

as the Advantage Depth (AD), Advantage Depth Dose Rate (ADDR), and

Advantage Ratio (AR) are calculated or measured in a phantom and have been

established as common metrics or figures of merit for beam performance. The

AD is a measure of beam penetration and is defined as the depth in phantom

where the dose to tumor equals the maximum dose to normal tissue, while the AR

is the ratio of the tumor and normal tissue dose, averaged over the AD. The AR is

a measure of the average therapeutic ratio that can be expected for lesions that

are shallower than the advantage depth. The ADDR is simply the dose to tumor

at the advantage depth and is a measure of beam intensity. The advantage

parameters are demonstrated graphically in Figure 1.2. Figures of merit that can

be measured or calculated in a direct beam without a phantom, i.e. in-air, are also

useful indicators of beam performance. The epithermal flux is an obvious

indicator of beam intensity and can be used to estimate the time required to

complete a BNCT therapy. A peak normal tissue dose of 1200 RBE cGy is

believed to be safely below the acute toxicity level for a one or two field BNCT

treatment, based on early results from the Harvard-MIT Phase-I clinical trials

conducted in the M67 beam. Further trials with the fission converter facility will be

performed to firmly establish the normal tissue toxicity level. The fission converter

facility can deliver 1200 RBE cGy in 5 minutes or less with an epithermal flux of

5.0E+9 n/cm2 s, assuming 18 ppm of 10B in tissue (as is typical of boronated

phenylalanine - BPA) (5) and RBE's from the human clinical trials on GBM

conducted at MIT (6) and the Brookhaven Medical Research Reactor (7). Other

figures of merit, the so-called specific fast neutron and photon dose rates provide

an indication of beam purity. They are obtained by dividing the in-air fast neutron

or photon absorbed dose rate by the epithermal fluence rate. It can be shown that

each incident neutron per cm 2 delivers an inherent background of approximately

2E-10 cGy which arises from unavoidable neutron capture events with hydrogen

in the target tissue (8). Therefore, a neutron beam with a specific fast neutron
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and photon absorbed dose rate of an order of magnitude less than this inherent

background will deliver a dose that arises almost entirely from the desired

epithermal neutrons. Recently, metrics of beam directionality, such as the current

to flux ratio (J/$), have become popular. This figure of merit measures the

average direction of neutrons in the beam with J/$= 1 indicating that all neutrons

are forward directed and J/$ = 0.5 indicating an isotropic beam. This parameter

can be important when considering collateral dose to the patient or geometric

attenuation of the beam, especially when a considerable air gap between the

beam port and target must be used (9). Researchers that have helped design the

facility at MIT, however, have found that highly forward directed beams do not

necessarily improve, and in fact may worsen, in-phantom figures of merit (10, 11).

Early design studies for epithermal neutron beam development were carried out

to determine the optimal beam characteristics for modern BNCT. These

parametric studies employed Monte-Carlo calculations of ideal, monoenergetic

beams of various neutron energy, angular distribution, and aperture size (11,12).

Ideal beams with neutron energies of approximately 2 keV were found to have the

best in-phantom performance, using the described advantage parameters as

figures of merit. More recent studies have confirmed this result, concluding that

neutrons of a few keV provide the best advantage parameters for BNCT (13).

Epithermal neutrons generated from a reactor fission spectrum are typically

defined as those with energies between 1 eV and 10 to 20 keV, with an average

neutron energy of a few keV. Some researchers have, however, suggested that

higher energy neutrons may be advantageous for reaching deep seated tumors

(14). Studies conducted during design of the facility discussed here (the FCB)

(see Section 2.4.2.1) using a hardened spectrum obtained with lithium filters are

not inconsistent with this result, and show only modest improvement in beam

performance. The lithium filtered neutrons are able to increase the advantage

depth by about 10%, but also increase the nonselective fast neutron dose, which

results in a slight degradation of the advantage ratio. The filtered neutron
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spectrum from the aluminum/PTFE filter/moderator (see Section 2.4) provides an

average neutron energy near the optimum of ~ 2 keV (11, 12).

The advantage parameters in the ideal beam studies for other variables, such as

angular distribution and aperture size were found to be strongly dependent on the

relative size of the target (11). Clear trends, however, could be seen for a given

target and aperture size. Selective dose deposition with BNCT is achieved via

differential boron uptake between tumor and normal cells, and not via beam

collimation, as is the case with conventional radiotherapy. In theory then, it is

desirable to achieve a uniform distribution of thermal neutron fluence throughout

the brain as a means of controlling recurrence via infiltrative tumor cells outside

the main tumor bed. Clinical data, however, shows that most recurrence occurs

within a 2 cm radius of the primary tumor (15). Furthermore, radiosensitive

structures within the brain such as the optic chiasm must be protected from

significant doses of radiation. With these practical considerations in mind, there is

no clear consensus on the best collimation or optimal beam size relative to tumor

size. Further computational studies in conjunction with clinical results from BNCT

irradiations will undoubtedly be required to better define the tradeoffs between

beam size, collimation and energy as BNCT continues to develop. The fission

converter facility at MIT has therefore been designed to provide great flexibility in

beamline collimation. A large section of the collimator can be removed and

replaced with a collimator of a different size, shape or material. For the initial

design, apertures of various sizes can be readily obtained via removable snouts

that attach to the base of the collimator. Details on the patient collimator can be

found in Section 2.8.

The information gained from the ideal beam studies led to the search for neutron

filters that could produce neutrons in the desired epithermal range (about 2 keV)

from a reactor fission spectrum. Several epithermal neutron beams were

developed by performing a direct filtration of the neutrons from the core of the

reactor using resonance scattering filters such as aluminum, fluorine and sulfur.

Such designs are capable of providing very good epithermal neutron beams, as is
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the case for the Brookhaven Medical Research Reactor (16) and Finnish (FiR 1)

(9) epithermal neutron beams, among others. The medical irradiation facility

located below the reactor core at the MITR-ll, shown in Figure 1.1 was originally

designed to perform thermal neutron irradiations. A vertical beam is optimum for

irradiations with an open cranium, as was required in the early studies of BNCT.

A blister tank in the D20 reflector and a light water tank in the medical beamline

can be emptied but the resulting spectrum is still quite soft since the neutrons

must pass through several inches of D 20 before entering the beamline.

Figure 1.1: Schematic of the MITR-1l and the vertical beamline of the medical irradiation facility. Neutrons from
the MITR-11 core (1) must first pass through much of the D 20 reflector before entering the medical
beamline (2) and basement medical room (3). This schematic also shows the thermal column of the
reactor (4) and the BTF facility (5) prior to their renovation for the fission converter beamline and
medical room.

The M67 epithermal neutron beam that was developed for this facility (17)

therefore suffered from a low intensity of neutrons in the desired epithermal

energy range. To obtain a sufficient neutron intensity, only modest filtration was
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used, which resulted in fast neutron and photon contamination that was

acceptable, but far from optimal. The modest epithermal flux obtained with the

M67 beam (1.5 - 2 E+08 n/cm 2 s) is barely sufficient to conduct clinical trials, with

irradiation times of several hours for intracranial targets. The specific in-air fast

neutron and photon absorbed dose rates for the M67 beam are 1.7 0.3 and 1.9

0.2 E-10 cGy/cm 2. Figure 1.2 shows in-phantom measurements performed in

the M67 beam during February 1999 using an ellipsoidal water filled head

phantom with axes of 13.6 (along beam axis), 19.6 and 16.6 cm (18). The RBE's

from the Phase I clinical trials at MIT and BNL have been used in Figure 1.2,

which include a compound factor of 0.35 for BPA (19). This compound factor for

BPA has been combined with the RBE for 10B in normal tissue. Boron uptake

characteristics of 18 gg/g in normal tissue with a 3.5:1 tumor to normal tissue

uptake ratio, which are believed to be typical of BPA (5, 19, 20), have also been

used.
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Figure 1.2: Measured dose versus depth profiles and in-phantom figures of merit for the M67 epithermal neutron
beam. These measurements were performed using an ellipsoidal water filled head phantom with
axes of 16, 19 and 13 cm in the M67 beam. Measurements were performed with the MITR-II at 4.5
MW and have been scaled to a power of 5.0 MW. RBEs from the Harvard-MIT Phase I clinical trials
and boron uptake characteristics for BPA have been used.

27



CONSTRUCTION AND CHARACTERIZATION OF A FISSION CONVERTER BASED E PITHERMAL NEUTRON BEAM FOR BNCT - KentJ. Riley

The fast neutron dose comprises more than half of the dose delivered to normal

tissue near the surface and is a significant fraction of normal tissue dose at all

depths. The dose delivered from photons and 10B interactions comprise

approximately equal parts of the remaining dose delivered to healthy tissue. The

advantage ratio for the M67 beam is 3.8 with an advantage depth of 8.3 cm.

Selective tumor dose can therefore be delivered even to a tumor located in the

deepest part of the brain, assuming an average ear to ear distance in humans of

16 cm. However, the ADDR of 7.6 0.8 RBE cGy/min means that more than two

hours is required to deliver a field of 1200 RBE cGy maximum to normal tissue.

When including the time required for patient setup, drug infusion, blood sampling

and a second or third field, the total time required for the procedure is 16-20
hours, spread over two days.

Further shortcomings of the M67 beam are revealed in the hypothetical parallel

opposed irradiation in an average sized human head (16 cm axis) shown in Figure

1.3 below.
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Figure 1.3 Dose versus depth profile for a bilateral irradiation in a 16 cm ellipsoidal head phantom in the M67
beam (data beyond 14 cm deep have been extrapolated from the data in Figure 1.2). Boron uptake
parameters as well as RBE's from the Harvard-MIT Phase-I clinical trials have been used.
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The (calculated) maximum normal tissue dose of 1200 RBE cGy has been

reached at 1 cm depth in the phantom. Although an average therapeutic ratio of

3.8 is obtained at most depths in the phantom, the maximum dose to tumor is

around 4500 RBE cGy, while that near the brain midline is much lower, around

2500 RBE cGy. There are indications, from fast neutron therapy, that a dose in

excess of 3000 RBE cGy must be delivered to sterilize GBM tumor cells (21).

Current knowledge of RBE's for BNCT are not sufficient to directly compare BNCT

dose to that delivered by conventional radiation. Furthermore, there is no

certainty that boron is uniformly absorbed by all parts of the tumor, especially the

infiltrative cells far from the tumor bed. Nevertheless, BNCT can benefit from

neutron beams that achieve better therapeutic ratios by increasing the tumor dose

while keeping the normal tissue dose below the maximum tolerable level.

Furthermore, a higher quality neutron beam will improve effective penetration by

reducing the dose delivered at shallow depths from fast neutrons and gamma

rays. Lastly, an improved epithermal neutron beam should be capable of

completing a BNCT irradiation in times measured in minutes rather than hours.

From the shortcomings of the M67 beam and the initial studies for a new NCT

facility at MIT, several design features were established that are considered

desirable for an advanced epithermal neutron beam.

1) A high epithermal neutron flux ( 4 I E10 n/cm2 s) will result in short

treatment times and provide a margin in flux which can be traded for
further collimation or filtration.

2) Low beam contamination from fast neutrons and photons (Df, 2E-1 I
cGy cm 2 ) will result in dose distributions in the patient that are
dominated by the inherent background from capture events in hydrogen,
nitrogen and boron contained in normal tissue.

3) A forward directed beam (current to flux ratio (J/$) > 0.8) is desirable to
limit the collateral dose to the patient.

4) The ability to operate the facility independently of the reactor (e.g.
without perturbing other experiments or requiring the reactor to lower
power). This goal requires beamline shutters to reduce dose rates
inside the medical room to negligible levels, even with the reactor
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operating. At least one of these shutters must act fast enough to
provide a sharp cutoff to start and end the irradiation. The medical room
must also provide adequate shielding from the high radiation levels
inside the room during treatment.

5) A reliable dose monitoring and control system is necessary to ensure
the safe and accurate administration of the prescribed dose.

6) A facility suitable for clinical studies of NCT. Such a facility allows
observation and monitoring of the patient during an irradiation as well as
rapid access in the event of an emergency. The medical room and beam
arrangement should also allow for easy patient setup.

7) The cost of the facility should, if possible, be comparable to those for a
more conventional form of radiotherapy, such as a LINAC based photon
machine.

Such a facility will make BNCT far more tolerable for the patients involved and will

be capable of treating several thousand patients a year if BNCT should prove

useful. The large D20 and graphite reflector surrounding the MITR-1l core do not

permit the installation of a beamline to directly access fission neutrons from the

reactor core. The fission converter concept has therefore been employed at the

MIT Nuclear Reactor Laboratory to achieve an epithermal neutron beam that is

suitable for advanced clinical studies of and eventual routine therapy of NCT.

Fission Converter Based Epithermal Neutron Beams - An

--Overview

The first use of a fission converter was for shielding studies in the X-10 reactor at

Oak Ridge by Blizard in 1949 (22). Since then, the fission converter has been

used to convert thermal neutrons to higher energy (fission spectrum) neutrons for

a variety of research applications, including studies for breeder reactors (23).

Rief, etal. (24) were the first to show that a reactor driven fission converter with

appropriate neutron filters could provide an intense, high quality epithermal

neutron beam for BNCT. Studies of the fission converter concept for epithermal

beams useful for NCT were subsequently begun at MIT (25) and presented at a

BNL workshop. Later, BNL initiated a conceptual design for a fission converter

30



CHAPTER ONE- BNCT AND NEUTRON BEAM DEVELOPMENT

beam using JANUS fuel plates in the large shutter at the BMRR (26). Shortly

thereafter MIT finished a detailed neutronic design for a converter using MITR-l1

fuel at the MIT Nuclear Reactor Laboratory (8,10).

A detailed thermal hydraulic analysis of the fission converter coolant loop was

performed (27). This study examined several credible accident scenarios and a

bounding analysis in which all of the coolant in the fission converter primary is

rapidly lost. The fission converter facility was found to safely withstand all of these

scenarios without disrupting the fuel.

Preliminary conversations with the Nuclear Regulatory Commission regarding the

licensing of such a facility were favorable. Licensing of this new facility proceeded

in parallel with its construction. The final design and construction phase for the

fission converter facility began in October 1997. The thermal column facility at the

MITR-1l (shown in Figure 1.1) has been removed and replaced with a fuel tank,

beamline and shielded medical room as shown in Figure 1.4. This fission

converter facility is the first such facility to be constructed for BNCT research. The

license to operate the facility was granted in December 1999 and the first beam

with the fission converter facility was obtained in June 2000.
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Core

Figure 1.4: Schematic of the fission converter facility at the MITR-II.
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The fission converter is driven by a source of thermal neutrons from the14 inch

window in the MITRs graphite reflector. Thermal neutrons incident upon the

fuel in the converter induce fission events that release neutrons with an average

energy of 2 MeV, thereby "converting" thermal neutrons into higher energy

neutrons. There is a minimal layer of heavy water coolant (light water can also

be used) between the fuel elements and the downstream filter/moderator to

minimize moderation by the coolant and retain as many of the higher energy

neutrons as possible. The fuel for the converter is housed in a tall tank that

occupies a narrow space between the MITR-1l core tank and the biological

shield (see Section 2.0). The main coolant pipes for the reactor are also located

in this space. Cooling for the 10-11 MITR-1l elements in the converter is

provided by forced convection of D20 through their own primary coolant loop.

Heat from the converter is dumped to the secondary coolant system of the

reactor by a small heat exchanger located on top of the medical room.

A set of resonance scattering filters is placed in very close proximity to the fuel

in the converter to remove neutrons in the undesired thermal ( < 1 eV) and fast

(> 10 keV) energy ranges. A variety of filter materials can be employed to

preferentially scatter and slightly moderate high energy neutrons in the

beamline to achieve the desired neutron spectrum (8). The final design for the

filter/moderator of the MIT fission converter employs 80 cm of aluminum,

followed by 13 cm of Teflon @ and 0.05 cm of cadmium (see Section 2.4). The

filter/moderator is surrounded by a 10 cm layer of lead to reflect useful

epithermal neutrons back into the beam. The filtered neutrons then pass

through a 6 cm layer of lead designed to shield the patient from photons

generated in the fuel and neutron filters (see Section 2.5). The resulting filtered

neutron beam is then collimated onto the patient position by a 1.1 m long cone

shaped collimator with 15 cm thick lead walls (see Section 2.6) and a 40 cm

long patient collimator. The patient collimator is made from a composite

material consisting of lead and borated or lithiated epoxy which is designed to

effectively shield areas outside the target volume (see Section 2.8).
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The beam enters a shielded medical irradiation room (see Chapter Three) with

1.1 m thick walls comprised of high density concrete ( p = 4.0 g/cM3). The

medical room is also equipped with a viewing window for patient observation

and a motorized shielded access door that is interlocked with the shutters that

control beam delivery (see below). The roof of the medical room consists of 15

cm thick steel plates that provide shielding and structural support for an

additional 53 cm of high density concrete shielding.

The fission converter facility is equipped with three shutters that control the

intensity of the beam, and provide adequate beam attenuation to allow entry

into the medical room without lowering reactor power. These shutters, together

with the shielded medical room, permit the fission converter facility to operate

without interfering with normal reactor operation or other reactor experiments.

The Converter Control Shutter (CCS) reduces the fission rate in the converter

fuel by shielding it from thermal neutrons with a sheet of cadmium and boron

loaded aluminum (see Section 2.1). A water shutter tank housed in the

collimator is designed to provide additional neutron shielding (see Section 2.6).

Lastly, the mechanical shutter is a large (12 Ton) movable slab that places a

beam stop of high density boron loaded concrete and lead between the patient

and the neutron source. The mechanical shutter (see Section 2.7) is designed

to act quickly (within about 10 seconds) and will determine the beginning and

end of an irradiation. The CCS and water shutter close within two minutes or

less and serve to further reduce dose rates inside the medical room so that

medical and reactor personnel can enter even with the MITR-11 at full power.

More information regarding the beam shutters and the dose rates in and around

the fission converter facility can be found in Section 3.2.

Irradiations in the fission converter facility are controlled by a redundant set of

programmable logic controllers that automatically close all of the shutters when

the target counts for the beam monitoring system have been reached (see

Section 4.0.1). The shutters are opened in a prescribed sequence (CCS and

water shutter, followed by the mechanical shutter) at the beginning of an
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irradiation by simply pressing the "start" button after entering the prescribed

monitor target counts. An irradiation can be interrupted at any time by pressing

the "stop" button (to close all shutters) or by scramming the MITR-l from the

fission converter console. If the medical room door is opened during an

irradiation, all shutters are automatically signaled to close. The control console

will also contain closed circuit television monitors for remote viewing of the

patient, as well as a nearby nurse and clinician station where patient vital signs

can be monitored during an irradiation.

On December 21, 1999 the US Nuclear Regulatory Commission issued

Amendment No. 31 to the Operating License for the MIT Research Reactor,

providing approval to operate the fission converter facility up to its maximum

design power of 250 kW. 10 MITR-11 fuel elements (and one solid aluminum

dummy element, see Section 2.3) were loaded into the fission converter fuel

tank on April 24, 2000. The fission converter was first operated on May 31,

2000 and initial beam characterization measurements were completed on June

1, 2000. Approval from the NRC to irradiate human subjects for clinical trials is

still pending at the time of this writing, but is expected early in 2001. It is

anticipated that the first patient irradiation with the fission converter will be

performed in calendar year 2001.

As demonstrated in later chapters, the fission converter neutron beam is optimal

for NCT irradiations and is well suited for advanced clinical studies of NCT.

Further improvements to the BNCT dose distributions obtained in patients will

come only from improvement in uptake characteristics of the boron compounds

used in BNCT. The fission converter facility, and others like it to follow, will

therefore become important tools in determining if BNCT can be effective in

treating cancerous disease in humans.

This thesis provides a detailed description of the design, construction and

performance of the fission converter facility at MIT. To present a clear picture of

the entire facility, the author has included properly referenced work that is not
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his own. The main scientific and engineering contributions of the author to the

completion of this important new facility are summarized here and have been

highlighted in the chapters that follow. The author has been responsible for

integrating the many systems and components of the fission converter into a

complete and functional facility. The author has, therefore been involved with

nearly every aspect of implementing the new facility including the design of the

fuel tank, development of the dose monitoring and control system and

addressing regulatory approval issues, although others have been chiefly

responsible for these items. The principal contributions of this thesis research

were the final design, construction and installation of the beamline and medical

room, as well as dosimetric characterization of the completed facility. Smaller

tasks within these broad responsibilities have been completed by other students

under the supervision of the author and his advisor, and are appropriately

referenced in the text.

Chapters 2 and 3 in this thesis provide detailed information on the design,

construction and installation of the fission converter beamline, shutters and

medical room. Chapter 4 presents the control system for the fission converter

neutron beam and coolant system. Normal and abnormal operating conditions

are discussed, as well as results from analyses of various event scenarios.

Chapter 5 shows the results from dosimetry measurements in the fission

converter beam and provides a comparison of these results with those

calculated from MCNP. Calculated results for the final beam configuration are

presented in Chapter 5 and compared with those of the M67 beam. The

performance of the fission converter beam is also compared with other

epithermal neutron beams designed for NCT around the world. A discussion of

future work with the fission converter facility can be found in Chapter 6.
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Chapter Two
Major Components of the FCB

This chapter describes the function and operating characteristics of the major

components for the fission converter facility which are shown in the beamline

schematic in Figure 2.1. Design optimizations as well as general construction

and installation practices for each component are discussed. Unless otherwise

noted, all measured and calculated results are for an MITR-11 power of 5 MW.

Scaling for certain values are reported when results have been obtained at a

lower reactor power.
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using an MCNP model of the MITR-11 core (2) and tallied at the boundary of the

graphite reflector region. The model employs energy dependent (5 group)

weight window variance reduction that has optimized particle transport along

the fission converter beamline to the patient position. To obtain sufficient

statistical certainty for the shielding calculations performed as part of this thesis

(described in Chapter Three), new weight windows were obtained using the

weight window generator in MCNP.

The fuel tank houses the 10-11 MITR fuel elements (drawings R3F-1 through

R3F-4) that drive the fission converter beam and is designed to position the fuel

in front of the 14" window in the graphite reflector of the reactor. The fuel tank

occupies most of the space between the main reactor coolant pipes and

extends from about 12 inches below the graphite window to about 8 inches

below the reactor top deck plates. The tank is comprised of two sections, a

long lower portion with a trapezoidal shape and a shorter rectangular shaped

upper portion. An isometric view of the tank with a portion of it cut away to

show the fuel is shown in Figure 2.2.

The fuel elements are located near the bottom of the tank (10" above the tank

bottom) and have been placed in an aluminum grid similar to that for the MITR-

II. The fuel grid is bolted to a plate beneath it (lower grid plate) that is welded to

the walls of the tank. The weight of each fuel element and the low flow rates in

the system are such that no hold down device is necessary to keep the

elements from moving out of the grid. Coolant enters from the top of the tank

and flows into 2" pipes contained in the downcomer region on both sides of the

trapezoidal section of the tank. The downcomer pipes empty into the plenum

beneath the fuel and coolant is forced up through the fuel elements into the

suction side of the primary coolant system. The tank is a welded construction of

'A" aluminum (Al 5053) plate. Details on the manufacture and quality assurance

of the fuel tank and all of its components can be found in the quality assurance
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file (M-97-3), and drawings R3K-02-4 - R3K-03-4, R3K-13-4, R3K-14-4 (from

MIT), and EB1056-1 - EB1056-9 (from Artisan Engineering Inc.).

To facilitate fuel loading, the tank is approximately twice as wide as an MITR-1l

fuel element (refer to the cross-sectional view in Figure 2.3). Neutron

moderation is minimized by placing a block of solid aluminum in front of the fuel

elements. Aluminum was chosen because it is a suitable filter/moderator

material for epithermal neutron beams and is used in the filter/moderator

assembly that is located downstream from the fuel tank (See Section 2.4). As

with the fuel grid, this aluminum block is bolted to the lower grid plate.
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Figure 2.2: Isometric view of the FCB fuel tank with a cutaway section showing the location of the fuel elements
and the downcomer coolant pipes. The arrows indicate the direction of coolant flow.
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Fuel Tank Wall
Al Spacer Block

MITR-Il fuel

Figure 2.3: Cross-sectional view of the fission converter fuel tank containing the fuel elements and aluminum
block. The patient position is toward the top of the figure.

The top of the fuel tank contains all of the penetrations for the coolant, cover

gas and fuel tank instrumentation and is equipped with a removable hatch that

employs an o-ring seal. When the hatch is removed (and appropriate shielding

is installed) fuel elements can be moved to and from the tank using the

procedures described in Section 2.0.4. Figure 2.4 shows the top of the tank

with the hatch installed and the penetrations that have been provided in the top

of the tank.

Figure 2.4: Photograph of the top of the fuel tank showing the hatch which contains penetrations for the primary
coolant inlet (1) and outlet pipes (2), level instrumentation (3) and temperature instrumentation
(4). Other penetrations in the top of the fuel tank (outside the hatch) have been provided for the
helium cover gas system (5) and a dry well for nuclear instrumentation (not shown). The top of

43

Downcomer



CONSTRUCTION AND CHARACTERIZATION OF A FISSION CONVERTER BASED E PITHERMAL NEUTRON BEAM FOR BNCT - KentJ. Riley

the photograph shows the reactor vessel, while the bottom shows the coolant pipes running along
the reactor deck.

2.0.1 Fuel Tank Design Studies

The design of the fuel tank was initiated by Sutharshan (3) and completed by

fission converter project engineers, as well as engineers at the manufacturing

facility (Artisan Engineering) During design and manufacture, several features

of the fuel tank required modification. The impact of these major design

changes on the neutronic performance of the facility were investigated with

MCNP simulations as part of the work for this thesis. The design change in the

fuel tank that were implemented are listed below:

" Elimination of the double-walled design (see Reference 3).

" Reduction of the plenum size beneath the fuel

" Change in material of construction from Al-6061 to Al-5053

" Increase in tank width and inclusion of aluminum block

Each of these alterations was investigated with one or more Monte Carlo

simulations (kjr403, kjr307, kjr410, see Appendix lll.A). None of these

modifications was found to adversely affect the performance of the epithermal

neutron beam.

2.0.2 Shielding for Fuel Tank

The fission converter fuel tank is designed to occupy most of the space in the

vertical pipe chase. Though the tank does provide some shielding from the

radiation generated by the MITR-1l core and the converter itself, considerable

additional shielding is necessary to keep dose rates on the reactor top at

acceptable levels. The preliminary design for the shielding above the fuel tank

by Sutharshan (3) indicated that approximately 17" of lead is required to reduce

the dose rates to about 1 mrem/hr. Shielding from neutrons is provided by the

coolant in the tank (which fills most of the pipe tunnel) as well as layers of steel

44



CHAPTERT WO- MAJOR COMPONENTS OF THE FCB

and Boral @ beneath the large lead slab. Leakage neutrons from the space

between the fuel tank and the opposing wall of the pipe tunnel (above the CCS)

are shielded by a large steel block and closely fitted layers of borated

polyethylene.

The design and installation of the shielding around the fuel tank is complicated

by the many penetrations that are required to accommodate converter and

reactor control equipment that is located on the reactor top (e.g. coolant pipes,

reactor control blade drives, etc.). A view of this assembled shielding with the

reactor and biological shield removed for clarity is shown in Figure 2.5. The

main shield block (drawing R3K-25-4) is a 17" slab of lead contained in a steel

shell with penetrations for fueling access, reactor control blade drives and the

primary coolant pipes for the fission converter that run along the deck. The

main shield block rests on a steel support plate (drawing R3K-26-4) that also

provides shielding. Beneath the steel support plate (not visible in the figure) is a

layer of Boral @ to limit activation of the steel plate above. The front shield block

is a large steel shape (drawing R3K-31-4) that shields the space between the

fuel tank and the wall of the pipe chase. This block also contains penetrations

for the CCS cable. Wing blocks (drawings R3K-24-4, R3K-23-4) are located

beneath each side of the main block to provide the required shielding near the

corners of the vertical pipe tunnel. The complicated shape of the wing blocks is

designed to fill the space in the annular well around the reactor top and

accommodate the reactor control rod drives as well as penetrations for electrical

conduit. Additional hand cut blocks (not shown in the figure) of borated

polyethylene have been used to fill voids near the front shield block to further

reduce the source of leakage neutrons from that area. A gas seal is established

beneath the main shield block by using silicone sealant along all interfaces that

lead to the air space of the vertical pipe tunnel. The interface between the

various shield blocks and the reactor top deck plates are also sealed with

silicone sealant. These seals have been sufficient to keep radioactive argon

levels in the containment building to acceptably low levels.
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With the fission converter operating, the dose rates on top of and around the

main shield block are approximately 10 mrem/hr. Since access to the reactor

top is controlled as a contaminated and increased radiation area, these dose

rates are acceptable. Dose rates in this area of the reactor top are, in fact lower

than they were prior to the installation of the fission converter fuel tank. Detailed

dose rate surveys can be found in Appendix V.
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Control Rod Main Shield Block
Drive Penetration

Steel Base

Wing Plate

Block
Converter Primary
Coolant Pipes

Front Shield
Block

Reactor Top
Deck Level

Fucl Tank

Figure 2.5: Drawing of the assembled shielding above the fission converter fuel tank. The reactor and
biological shield have been removed for clarity.

2.0.3 Fuel Tank Installation

The vertical pipe chase in the reactor biological shield houses the main coolant

pipes for the reactor, Emergency Core Coolant System (ECCS) lines, as well as
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other reactor related instrumentation. A photograph looking down into this area

is shown in Figure 2.6.

Figure 2.6: Photograph looking down into the vertical pipe chase showing the main coolant pipes for the reactor
(1), ECCS pipes (2) and the shelf in the reactor biological shield (3) that supports the fuel tank.
The fuel tank and CCS have been installed in the region between the two main coolant pipes.

The pipe chase region of the reactor is accessible only from the reactor top and

is highly activated from many years of exposure to high neutron fluxes. Dose

rates on the reactor top (with the MITR-1l shut down) are - 300 mrem/hr directly

above the pipe chase with all the shielding removed. Near the bottom of the

pipe chase (where the bottom of the fuel tank is located) the concomitant dose

rate is - 10,000 rem/hr. The considerable dose rates and the highly

constrained space for installing the fuel tank necessitated a careful and

thorough design procedure.

After obtaining dimensional information about the pipe chase from both the

MITR-1l drawing archive and laser measurements in the pipe chase (3), a full

scale mock-up of the fuel tank was constructed from wood. The mock-up was

also designed with a removable bottom section designed to model a temporary
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lead shield that was later installed in the pipe chase to provide shielding for

ensuing work in the thermal column (see Section 2.4.4). Several coats of latex

paint were applied to the mock-up as well as a few final coats of strippable paint

to facilitate decontamination after removing it from the pipe chase. This mock-

up was also used to test fuel handling procedures, as discussed in Section

2.0.4.

During a reactor outage in January 1998 the full scale mock-up was installed in

the vertical pipe chase. The first few installation attempts identified

interferences that prohibited the mock-up from being completely installed. A

subsequent trial successfully fit the tank in its intended location. A final fit of the

mock-up was performed with styrofoam attached to the bottom to observe the

closest approach of the bottom portion of the temporary lead shield to the

coolant pipes. It was found that a comfortable margin of 3-4" inches would be

available on all sides of the shield. The mock-up was removed from the pipe

chase and the fuel tank as well as the temporary lead shield were constructed

from the as-built dimensions of the final mock-up.

2.0.3.1 Removal of graphite from 14" window

During an evolution to obtain dimensional measurements of the vertical pipe

chase it was discovered that the 14" window in the graphite region had been

filled with 16 (4" tall by 4" wide) graphite stringers. Design calculations by Kiger

(1) showed that removal of this graphite would increase the thermal flux incident

upon the converter fuel elements by a factor of two. It was therefore deemed

desirable to remove the graphite that filled the 14" window. A photograph of the

14 inch window before the graphite was removed is shown in Figure 2.7.
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Figure 2.7: Photograph of the 14 inch window (filled with graphite) (1) taken from the top of the vertical pipe
chase. The foreground of the photo shows one of the main coolant and ECCS lines (2), as well
as the shelf that supports the fuel tank (3).

In April 2000, just a month prior to installing the fuel tank, the temporary lead

shield was removed, as well as the graphite from the 14" window. Due to the

tall and narrow geometry of the vertical pipe chase and the potential for high

dose rates on the removed graphite, removal of the graphite required

considerable planning.

The graphite in the 14" window was located near the bottom of the vertical pipe

chase, almost 12 feet below the work surface on the reactor top. Long handled

tools were constructed so that the graphite pieces could be manipulated, raised

to the reactor top and transferred to storage. Each graphite stringer was

approximately 16" in length; too long to be pulled into the 8" width of the pipe

chase. The first two graphite stringers were therefore removed by pulling the

stringer out as far as possible and scoring it with a long handled tool. The

protruding length was then broken off and removed. The remaining piece was

retrieved from the window by a long handled tool. Once the first two stringers
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were removed, the remaining 14 pieces could be removed intact by utilizing the

available space.

The ends of the stringers that faced the D20 reflector around the reactor core

showed dose rates of 0.5 - 10 Rem/hr on contact with the most active portion.

Each stringer was lowered from the back catwalk (in a metal bucket) into a

shielded area on the reactor floor. After all 16 pieces were removed, the hole

was visually inspected (with the use of a mirror suspended in the pipe chase)

and was observed to be free of graphite. Details on the tools and procedures

used to remove the graphite can be found in Appendix IV.A.

2.0A Fuel loading and unloading procedures

The fission converter fuel tank is designed to use spent or fresh MITR-l1 fuel

elements. Although fuel burnup from operation of the FCB will be negligible, it

may be necessary or desirable to replace some or all of the converter elements

(e.g. due to element failure, or to improve beam intensity by using fresh fuel).

The fission converter facility has therefore been designed with shielding and

equipment to permit transfer of fuel elements to or from its fuel tank.

The geometry of the fission converter fuel tank differs significantly from that of

the reactor core tank. To insure that fuel manipulations could be accomplished

in the converter tank using the existing remote tooling, the full scale wooden

mock-up was employed to test fueling procedures. Of particular concern was

the ability to satisfactorily view and place each fuel element using only the two

ports (see Figure 2.8) that are provided on the main shield block. A mock-up of

the main shield block was constructed of wood and placed on top of the

scaffolded tank mock-up, shown in Figure 2.8.
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Figure 2.8: Mock-up of the fuel tank (1) and the main shield block (2) with the refueling access ports (3).

The fuel grid for the fission converter tank was placed in the bottom of the mock

up and dummy MITR-11 fuel elements were installed in each location of the grid

using the same remote tooling that is used during fueling operations for the

reactor. Fuel elements could be easily placed and removed from each of the 11

grid locations using the two access ports that are provided in the main shield

block. A photograph from the testing with this mock-up is shown in Figure 2.9.
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Figure 2.9: Photograph taken through one of the fueling access ports on the fuel tank mock up. A dummy fuel
element (1) is being manipulated with a fueling tool (2) through the other access port.

Fuel element transfer for the MITR-I is accomplished using a 12 ton shielded

cask (named Nessy). Nessy is fitted with a cable assembly that can be used to

reel a basket containing the element from its storage location into the shielded

cask. Once the element is inside the cask, a shielding door is slid shut and

Nessy can be moved to the desired location; once there, the process is
reversed.

Special shielding components and tooling have been designed for the fission

converter facility to permit the use of Nessy for fuel transfers. A photograph of

these components, assembled for use above the fuel tank is shown in Figure

2.10.
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Figure 2.10: Photograph of the fuel transfer cask (1) positioned on the reactor lid just prior to raising a fuel
element from the storage ring in the MITR-I core tank. The cask adapter (2) is positioned on top
of the main shield block (3) above the fuel tank. Once the fuel element is inside the transfer cask,
the cask will be placed on top of the adapter and the fuel element lowered into the fission
converter fuel tank.

The main shield block (see Section 2.0.2) above the fuel tank is designed to

mate with an adapter that will permit the use of Nessy for refueling operations.

This shield has also been designed with three removable plugs (drawings R3K-

32-4 through R3K-34-4); one (in the center) which allows the fuel element to

pass from Nessy into the tank, and two others which provide observation and

remote tooling access to transfer the element from the basket to its desired

location. The transfer cask adapter (drawing R3K-48-4) rests on the main

shield block and is comprised of an annulus of lead that is 10" thick and 13" tall.

The adapter mates with the bottom of Nessy and raises her above the top of the

reactor lid that would otherwise interfere. Special ramps are designed for the

top of the tank to insure that an element goes into the tank properly and does
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not get stuck in the upper rectangular portion. Similarly, passage of the fuel

element through the various shielding blocks is guided by cones that can be

removed once the operation is complete. An ellipsoidal fuel basket for use in

the fission converter fuel tank has also been manufactured. This basket is

designed to rest on a pin (drawing R3K-51-2) that has been included on top of

the aluminum spacer block. With the basket resting on the spacer block, a fuel

handling tool can be used to move the element from the basket to the desired

location. The following is a summary of the procedure for fueling operations

with the fission converter; for more detail refer to Procedure PM 3.3.3.

" Prepare element to be transferred and/or appropriate storage locations (e.g. spent

fuel pool, wet storage ring, etc..)

" Remove control blade and regulating rod drives from top of the main shield block;

remove the main shield block and steel support plate.

* Remove loose shielding beneath steel support plate and disconnect instrumentation

that is installed in the hatch.

" Drain the primary inlet and outlet lines that cross the reactor top by removing the

vent plug near the reactor top railing and opening the drain valve at the bottom of

the vertical section of pipe.

" Remove the bolts in the hatch and on the flanges of the primary inlet and outlet

pipes; carefully remove the primary piping by raising the flanged ends of the pipes

so that any remaining coolant drains into the fuel tank; remove the hatch.

" Install the guide ramps in the top of the fuel tank (for fuel transfers into tank only)

and reinstall the steel support block and main shield block.

" Remove the viewing and access plugs from the main shield block; install transfer

cones and transfer adapter.

* Perform fuel transfers using Nessy (with specially shaped basket for the fission

converter tank) and remote tooling as necessary.

" After fueling operations are complete, store Nessy and all tooling.
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" Remove transfer shield, adapter cones, main shield block and support plate.

" Remove ramps from tank (if necessary), reinstall hatch, primary piping and loose

shielding. Reconnect any instrumentation that was disconnected.

* Reinstall support plate and main shield block, install plugs into the viewing and

access ports.

* Reconnect control blade and regulating rod drives.

Depending on the number of fuel element transfers that are planned, a fueling

operation for the fission converter will require at least one full 8 hour day.

A photograph of the fuel elements after their installation

converter fuel tank is shown in Figure 2.11.

into the fission

Figure 2.11: Photograph of the fuel elements (1) after being installed and filling the tank with D 20. The
foreground of the photo shows the aluminum spacer block (2). The top of the photo is toward the
MITR-ll core, the bottom is toward the patient position.

The Converter Control Shutter (CCS) is one of three shutters that control beam

delivery for the fission converter facility. The CCS shields the converter fuel

elements from thermal neutrons in the reflector region of the MITR-1l and

thereby reduces the fission rate by approximately two orders of magnitude. The

CCS is 52" long and comprised of a layer of 0.020" of cadmium backed with 1%"

borated aluminum (Boralyn @) all sandwiched in 1/16" aluminum sheet. The
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CCS extends from 2" below the bottom of the fuel tank (11" below the bottom of

the fuel) to 17" above the top of the fuel and travels 48" during opening and

closing.

2.1.1 CCS Design Studies

To maximize the shielding effect of the CCS in the small space that is allowed

for it near the fuel tank, calculations to optimize the neutronic design of the CCS

were carried out using MCNP (runs kjr400 - kjr419). Downstream dose rates at

the patient position are proportional to the power produced in the converter.

The residual power produced in the converter fuel when the CCS is closed and

the MITR is operating must also be removed by the primary coolant. Natural

convection of the coolant may be sufficient to remove a small amount of

residual heat, which would eliminate the need for continuous forced circulation

of the primary coolant. It is therefore desirable to minimize the shutdown power

produced in the converter fuel elements.

The height and travel of the CCS were chosen such that it fully shadows the

fuel when it is closed and has no neutronic effect on the fuel when it is open.

The shield blocks surrounding the fuel tank placed a practical limit on the height

and travel of the CCS, however the available height proved to be more than

adequate. MCNP calculations demonstrated that increasing the height of the

CCS beyond -12" above the top of the fuel does not appreciably reduce the

residual power in the converter. Similarly, raising the bottom of the CCS higher

than approximately 12" above the top of fuel results in no further increase in

converter power. Due to space constraints, the bottom of the CCS extends only

11" below the bottom of the fuel, but this does not significantly degrade the

performance of the CCS. The available height for the CCS permitted extending

the CCS to 17" above the top of the fuel when closed and raising the bottom to

15" above the top of the fuel when fully open. These parameters were chosen

as a measure of conservatism in case of some error in the calculations and

because they could be readily and inexpensively accommodated.
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The tight confines of the pipe chase and the size requirements for the fuel tank

only allow a space of about 1" for the CCS and its rail system. The thickness of

the neutron shielding material for the CCS, therefore has a practical limit of - 1 ",

allowing %" for rails.

Power in the converter fuel elements (eleven fuel elements were used in these

calculations) was tallied for a 39.4" wide CCS comprised of a few different

materials. All calculations were performed with the CCS fully closed, using

spent fuel (312 g 235U per element) and D20 coolant.

Residual Statistical
CCS Composition Power Error

(W)

0.020" Cd 723 0.59%

0.040" Cd 650 0.63%

0.020" Cd & 0.05 mg/cm 2 10B 351 0.72%

0.020" Cd & 0.10 mg/cm2 1 B 307 0.76%

Table 2.1: Calculated residual power in the fission converter (CCS closed, spent fuel, D20 coolant) for different
CCS material compositions. The CCS is 39.4" wide. Power with the shutter open is 82.5 0.2
kW.

All of the CCS designs reduce the power in the converter to less than 1 kW,

while the total power in the converter with the CCS open is 82.5 ( 0.2) kW .

Increased thicknesses of cadmium result in only a marginal reduction of the

residual converter power, while the addition of 10B (suspended in an aluminum

matrix) further reduces the power by a factor of two. The fact that added boron

and not cadmium is effective in reducing the power suggests that the residual

fission rate is being at least partially driven by epicadmium neutrons that are

more efficiently removed by the 1/v absorption cross section of boron. The

short range reaction products from neutron absorption in boron preclude the

use of boron alone. The nuclear heating rate from 10B is high enough to soften

a shield (such as borated aluminum) unless a cadmium wrap is used to shield it

from thermal neutrons. The local heating rate in cadmium is much lower than
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that of boron due to the long range photons that are produced from neutron
capture in cadmium. Other CCS designs that introduced hydrogenous

material to thermalize neutrons before being captured were also considered.
However, the thicknesses required of these designs exceeded the available

space. Furthermore, it is difficult to find a hydrogenous material that can

withstand the dose rates near the fuel tank for any appreciable length of time.

The power profile (power per element) of the fission converter with

(0.02" Cd and 0.05 g/cm2 10B, 39.4" wide) closed is shown in Figure 2.
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Figure 2.12: Power profile
closed.

in the fission converter with the 39.4" wide CCS (0.02" Cd and 0.05 g/crr? 10B)

From Figure 2.12 it can be seen that nearly half of the residual power in the

converter arises from the two end elements of the fuel array. This power profile

suggests that a significant fraction of the residual power arises from neutron

leakage around, rather than penetration of the CCS.

To reduce the residual power in the outermost elements, power was tallied for a

(boron and cadmium) CCS of various widths.
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CCS Width Residual Statistical
(inches) Power Error

(W)

38.0 418 0.59%

39.4 351 0.69%

43.0 220 0.72%

48.3 170 0.90%

Table 2.2: Calculated residual power in the fission converter (CCS closed, spent fuel, D20 coolant) for different
CCS widths. The CCS is comprised of 0.020" Cd and 0.05 g/crr 10B.

Clearly, a wider shutter is more effective at reducing the residual power in the

converter fuel elements. A CCS design with "wings" that wrap over the

trapezoidal sides of the tank was considered. Unfortunately, the many

constraints of the pipe chase greatly restricted the length of these wings. Also,

to reduce complexity in the design, the wings are comprised only of 0.020" Cd

sandwiched in aluminum sheet. The effective width of the installed CCS is

39.5".

Another option was considered where cadmium sheet is attached to the fuel

tank in areas that the movable CCS would not shadow, namely the trapezoidal

sides of the tank. This option would have the desired effect of reducing the

residual power in the outer two elements, but would also reduce the neutron

output of the fission converter at full power. MCNP simulations of this design

showed that the total power of the converter would be reduced to 80.0 kW with

nearly all of that reduction occurring in the two outer elements (-1.2 kW

reduction in each element). The neutron flux at the patient position was not,

however, significantly affected since the neutron flux contributed by the outer

elements is smaller than that from the center elements. Nevertheless, this

design option was not implemented due to the difficulty associated with reliably

attaching cadmium sheet to the outer surface of the fuel tank.

MCNP calculations using the implemented CCS (winged design 39.5" wide,

0.020" Cd and %" aluminum containing 0.05 g/cm 2 10B) predict that the CCS will
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reduce the fission rate in the converter by a factor of -200. Measurements
using the 3He detector installed in the beamline (see Section 4.1) show only a
factor of 100 reduction in signal when the CCS closes. Measurements at the
end of the mechanical shutter using fission counters positioned at the periphery

of the main beam show similar results. This discrepancy with the calculated

performance of the CCS may be due to the fact that the measurements are
performed 1 meter or more from the fuel tank where leakage of neutrons from
the reactor core around the tank may play a significant role. A dry well has
been provided in the fuel tank, however, there is currently no instrumentation

installed in the main tank to measure the fission rate or neutron population near
the fuel.

2.1.2 CCS System

The CCS (drawing R3K-22-5) is attached to a cable and spool system which is
used to raise and lower the CCS. The CCS weighs approximately 120 lbs. and

is raised along titanium guide rails using a 0.25 horsepower winch fitted with
3/16" aircraft cable. In the event that the shutter becomes jammed or some
other failure occurs, slack or overtension in the cable is sensed by a pulley and
switch system. When the slack or overtension switch is activated an alarm
indicates on the fission converter control panel (see Section 4.0.2) and any
action by the motor is stopped.

The CCS is 52" long and travels 48" from the fully closed position to the fully

open position in about 30 seconds (30 seconds is also required to close the

CCS). The positional status of the CCS is indicated via a switch system that is
mounted above the fuel tank. The open and closed switches are mounted in a

relatively low radiation area (- 50 Rem/hr with the converter operating) above

the fuel tank to minimize degradation. The switches are activated by a flagged

rod which is attached to the CCS. Indication of CCS full open and full closed is

provided on the irradiation control panel (see Section 4.0.1). A continuous
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readout of the CCS position can be obtained by monitoring the length of cable

that has been reeled from the spool. The cable is currently marked in two inch

increments allowing the fission converter to be operated at a fraction of full

power with the CCS partially opened. At present, the irradiation control panel

does not provide continuous readout of the CCS position, though this is planned

for the future.

2.1.3 Temperature Effects in the CCS

The CCS is designed to shield the FCB fuel from thermal neutrons and nuclear

heating will therefore occur in the CCS. The active constitutents of the CCS are
10B (n,ac reaction, Q=2.79 MeV) and 113Cd (n,y reaction, Q=9.0 MeV). The

energy from the boron reaction is all deposited locally in an aluminum matrix

that can easily withstand temperatures up to 300 0C. A commercially available

aluminum alloy named Boralyn @ is designed for shielding thermal neutrons

and can provide 10B loadings of 50 mg/cm 2 in a 5 mm thick sheet. A significant

fraction of the cadmium reaction is released as gamma rays whose energy is

deposited outside the shield. Cadmium, however, has a rather low melting

point of 321 'C so that temperatures much above 170 0C for the low stresses

involved in this application will raise the possibility of significant creep occurring

over the lifetime of the shield (4, 5). A hand calculation showed that about 0.5

W/cm 2 due to nuclear heating will originate in either a cadmium or borated

shield in which all of the incident thermal neutrons from the reactor (-2E+12

n/cm 2 s) are absorbed. However, while a large fraction of this energy would be

deposited in a borated shield, only a small fraction is deposited in a cadmium

shield due to the longer range of the gamma ray energy that is released by

cadmium. This heating rate in a borated shutter is unacceptable since it will

cause the shutter to reach excessively high temperatures.

The heating rate in a boron absorber behind a cadmium shield (as is the case

for the CCS) will be much lower. Though this amount of power is not expected
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to be problematic, experiments were carried out to demonstrate that the

temperature of the CCS will not rise too high.

Two coupons of neutron shielding material (Boral @) designed to simulate the

CCS were attached to the temporary lead shield (see Section 2.4.4.1) and each

was equipped with a thermocouple before being suspended in the thermal

column. Each coupon measured 1/4" thick, 3"x3" in area and contained a boron

loading of 50 mg/cm2, which is equivalent to the final loading that was used for

the CCS. One coupon was wrapped with a 0.020" layer of cadmium while the

other was left bare. Each coupon was thermally isolated to the greatest extent

possible so that convective cooling and radiation from the ambient CO2 in the

thermal column was the predominant mode of heat transfer. Conductive

cooling paths did exist, however, along the four rods that mounted each coupon

to the temporary lead shield and through a protective steel sheet (1/16") that

was used to cover the shield. Nevertheless, this geometry is considered

sufficient to at least approximately model the behavior of the CCS. The coupon

was located approximately in the center of the 14" window of the graphite region

where nuclear heating is the greatest, however, at the time of the experiment

(January 1998) the 14" window was still full with graphite stringers. Simulations

and measurements by Kiger (1) showed that the flux in the thermal column

approximately doubles with the removal of the graphite. A schematic of the

experiment is shown in Figure 2.13.
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Figure 2.13: Schematic of the CCS nuclear heating experiment conducted in the vertical pipe chase. One
Boral @ plate was covered with cadmium (as shown above, thermocouple 3), the other was left
bare (thermocouple 4). The two Boral ® plates were approximately centered on the 14 inch
window in the graphite region of the reactor.

The bare Boral @ in this experiment reached a temperature of 110 0C, while the

cadmium covered piece was only slightly cooler at 100 C. Both pieces may

have benefited from significant heat transfer through the protective steel sheet

that was used to wrap the entire temporary lead shield. This may explain the

rather small temperature difference between the bare (which should have a

much higher heating rate) and the cadmium covered Boral @. The CCS has a

similar protective wrap, though it is comprised of aluminum and will not provide

higher thermal conductivity. The cadmium temperature for the actual CCS will

also be higher than that in the experiment since it will see a thermal neutron flux

that is about a factor of two higher. Assuming that the temperature difference

between the cadmium and ambient CO2 in the pipe chase (about 60 0C)

approximately scales with the heat flux, the cadmium temperature will not

exceed 170 C. No visual observation of the cadmium or the Boral @ was
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possible after the temporary lead shield was removed from the vertical pipe
chase because the shield was too highly activated to remove its steel wrap.

Further concern regarding the cadmium temperature of the CCS was raised
when a (different) temporary shield of cadmium and borated polyethylene was
removed from the vertical pipe chase. The cadmium on this shield was

blistered and discolored, suggesting that the cadmium came very close to its
melting point. This observation, however, is inconsistent with the temperature

of the borated polyethylene (next to the cadmium), measured at 150 'C.
Further discussion of these experiments can be found in the report in Appendix

11.C.

To be certain that the CCS would not reach too high a temperature, two
thermocouples were included on the CCS to monitor its temperature during

startup of the fission converter. Again, the thermocouples were located
approximately in the center of the 14" window of the graphite region, where

nuclear heating is greatest. These thermocouples were intended for startup

measurements only; their design was not such that they were expected to
survive repeated open/close cycles of the CCS. The maximum temperature of

133 'C was observed with the CCS fully closed and the MITR-11 at 4.5 MW (the
highest recorded CCS temperature of 144.6 0C was observed after several

days of operation with the MITR-11 at 4.9 MW). The temperature of the CCS

was recorded as it was raised from fully closed to fully open. The CCS
temperature was found to steadily decrease as the CCS is raised and removed

from the region of highest thermal neutron flux near the 14 inch window in the
graphite region. The increase in neutron population that results from exposing

the converter fuel (by raising the CCS) does not result in a temperature

increase for the CCS presumably because the boron and cadmium reaction

cross sections are low for the fission spectrum neutrons that are produced by
the fuel. The results of this experiment are summarized in Table 2.3.
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CCS CCS
Position Temperature

(C)
Closed 133.0

Open 123.5
% Open 119.3
% Open 110.3

Open 106.9

Table 2.3: Summary of temperatures recorded with the MITR-11 at 4.5 MW and the CCS in various positions
ranging from fully closed to fully open. The temperature of the CCS decreases continuously as
the shutter is opened.

The temperature rise of the CCS that results from operating the MITR-II can be

estimated by subtracting the ambient shutdown temperature of -30 0C from the

full power temperature. The resulting AT will scale with reactor power; this

information can be used to calculate the CCS temperature if the MITR-11 is

upgraded to a higher power. Using this approach, the CCS will reach nearly

260 0C at an MITR-11 power of 10 MW. This temperature is safely below the

melting point of cadmium (312 C), but is above the temperature (170 0C)

where creep becomes a concern. Creep rate is proportional to the temperature

of the material and the applied stress through a power law, as expressed in

Equation 2.1.

-Q~ss 0C on e RT Equation2.1

The exponential term contains the diffusion coefficient for the material (Q/R)

and tends to unity as the melting point is approached. The applied stress is

represented by a while n is empirically determined and ranges from 3 to 8

depending on the temperature and stress applied to the material. The cadmium

on the CCS is sandwiched between the borated aluminum and a protective

aluminum sheet that is attached with 20 rivets uniformly spaced throughout the

shield. This construction provides support for the weight of the cadmium in the

CCS and reduces the effects of creep. It is, however, difficult to determine with

certainty that the cadmium will not suffer from significant creep at a temperature
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so close to its melting point. It may be necessary to inspect the CCS

periodically after operating the MITR-Il at 10 MW.

Unfortunately, shortly after this experiment was completed, both thermocouples

failed while operating the CCS. All of the required temperature information has

been obtained on the CCS and there are no plans to restore the thermocouples

to working condition. Nevertheless, it is clear from the data obtained that the

CCS will remain at a safe temperature with the MITR-l1 at 5 MW.

2.2 Coolant and Process Systems

The fission converter facility has been licensed by the US Nuclear Regulatory

Comission (NRC) to operate up to a maximum power of 250 kW. Thermal

hydraulic and accident scenario analyses have demonstrated that the fission

converter can safely handle any envisioned event without fuel disruption at

powers up to 300 kW. Details regarding the thermal hydraulic design for the

fission converter can be found in (3, 6).

The fission converter fuel utilizes its own primary coolant system, separate from

that of the reactor. Heat from the converter is dumped to the MITR-l1

secondary, which has more than enough reserve capability to remove the

maximum 250 kW that can be produced by the fission converter. A helium

cover gas system has also been provided for the top of the fuel tank.

2.2.1 Primary Coolant System

The fission converter primary system is comprised of 200 gallons of D2 0

coolant, which is forced through the fuel by two 1.5 horsepower self priming

centrifugal pumps. Each pump is capable of sustaining a flow rate of 65 gpm

which provides sufficient cooling to the fuel in the event that one pump fails.

The nominal primary flow rate with both pumps operating is 82 gpm (the flow

with two pumps operating is throttled to provide sufficient discharge pressure).
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Primary coolant is fed through a U-tube shell and tube heat exchanger which

dumps the power from the converter to the secondary of the MITR-ll.

A cleanup loop has been provided for the primary system to maintain high water

purity and limit activation products in the coolant loop. The cleanup loop is run

at all times by a 0.5 horsepower centrifugal pump that forces water through the

fuel tank and main coolant pipes into the filter system which consists of a filter,

followed by two ion exchange resin columns. Water purity is monitored by

conductivity probes located at the inlet and outlet of the filter system. Water

purity must be kept < 0.5 gS/cm and is typically < 0.1 gS/cm . The cleanup

system provides a flow rate of 11 gpm, which is sufficient to remove the small

amount of residual power that is produced when the MITR-11 is operating and

the converter is shut down (CCS closed). If this cleanup flow through the fuel

tank is lost while the reactor is operating, the D20 temperature in the fuel tank

will gradually (over the course of several hours) increase to above the alarm

setpoint of 55 0C (see Section 4.1 for a discussion of the instrumentation and

alarm system for the fission converter). The reactor operator will then respond

to this fission converter alarm by restoring cleanup flow, starting one of the

primary pumps, or shutting down the reactor.

The primary system is equipped with a variety of instrumentation, much of

which is read out at the fission converter process control panel. The

instrumentation and alarm system for the fission converter primary is described

in Section 4.1.2. A detailed schematic of the fission converter primary system

is given in Appendix 1.C.

The primary coolant is also periodically assayed for pH, gross f-y and tritium

activity. Technical specifications require monthly assay of pH and pj-y activity,

and quarterly assay for tritium content. All assays performed thus far have

shown acceptable levels.
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2.2.2 Secondary Cooling System

The secondary system for the fission converter uses the public supply of light

water as a working fluid and mixes directly with the secondary of the MITR-ll.

The fission converter leg of the secondary system provides its own pumping

power in the form of two centrifugal pumps since the main secondary pumps for

the reactor do not provide a sufficient flow rate. Each pump acting alone is

capable of removing the required heat from the fission converter primary, but

two have been installed to provide redundancy. The shutdown power of the

fission converter (CCS closed, but MITR-1l operating) is sufficient to require at

least one secondary pump to operate at all times. If both secondary pumps fail

with the CCS closed and the reactor operating, it will take the primary coolant

several hours to reach the temperature alarm setpoints. A detailed schematic

of the fission converter secondary system can be found in Appendix l.C.

The temperature, pressure and flow rate (via paddle wheel gauge) of the

secondary is monitored at the output of the heat exchanger. The secondary

flow rate is displayed on the process control panel and an alarm sounds if the

flow rate drops below 20 gpm. The temperature and pressure are displayed

only locally, and none of the secondary instrumentation will signal a reactor

scram or automatic closure of the CCS. Additional local readouts of pressure

are provided in various locations around the secondary loop.

2.2.3 Cover Gas System

A cover gas system provides a helium blanket above the primary coolant in the

fuel tank to limit activation of argon in air and to prevent degradation of the

heavy water by moisture absorption. A steady flow of helium is provided by a

diaphragm pump and a makeup supply is available from the reactor helium

manifold. A detailed schematic of the cover gas system can be found in

Appendix 1.C.
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Flow rate in the helium system is monitored by a ball gauge. A nominal flow

rate of 80 ft3/hr is maintained by the pump, and if the flow rate drops below 12

ft3/hr, an alarm is indicated on the converter process control panel. Pressure in

the system is maintained at 0.6 psi by a regulating manifold. A relief valve for

the system will bleed pressure if 2 psi is exceeded and a 5 psi rupture disk has

also been installed. The fuel tank has been tested to a pressure of 10 psi, plus

the hydrostatic pressure of the heavy water coolant (see QA file M-97-3). Local

readout of the system pressure is provided by a pressure gauge beneath the

regulating manifold.

Fuel Loading and Power Calculations

The neutronic design of the fission converter facility has been extensively

studied by Kiger and Sakamoto using the Monte-Carlo code MCNP (7,8). D2 0

coolant was found to provide more flux at the patient position than H20 and had

the added advantage of yielding a lower power and low specific fast neutron

dose rate. A flat fission plate arrangement can provide a still higher flux than

fresh MITR-1l fuel, however, the expense of using a new fuel or even fresh

MITR-11 elements was not warranted given the ample flux provided by spent

MITR fuel and D20 coolant. Criticality calculations were performed for each

design configuration. The maximum k-effective of -0.6 is obtained for fresh fuel

and H20 coolant; the fission converter is very subcritical. For the initial

arrangement of spent fuel and D 20 cooling, loaded in April 2000, the k-effective

is 0.2656 0.0008.

Sakamoto also performed calculations to estimate the reactivity worth of the

fission converter on the MITR by performing a criticality calculation with the

CCS open and closed. The result of this calculation was rather ambiguous

because the reactivity turned out to be quite small. Sakamoto (8) calculated a

reactivity of 0.035% 0.060% Ak/k for spent MITR-1l fuel and heavy water

coolant. The small reactivity worth made it difficult to obtain good statistical

certainty in the result. Tom Newton calculated a Ak/k of 0.00257% using
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CITATION which also contains large uncertainties (9) due to the approximations

that are required. During startup testing the reactivity worth of the 10 element

fission converter was measured to be 0.014% Ak/k, which is within the error

bars on the MCNP calculation. This reactivity worth is well below the limit for a

movable experiment allowed by the reactor technical specifications (0.20 %
Ak/k) and small enough that the reactor automatic control system can

compensate for the rate of reactivity insertion if the CCS is opened in about 30
seconds or longer. It may be possible to reduce the opening time of the CCS

by switching to manual control of the reactor, however this is not deemed

necessary since the fast acting mechanical shutter will determine the start and
end of an irradiation (see Section 2.7).

2.3.1 11 Element Configuration

Detailed power profiles and effective multiplication factors for the final fission

converter fuel configuration have been calculated using MCNP as part of the

work for this thesis. Eleven spent MITR-I fuel elements were selected from
storage for use in the fission converter. Elements with the lowest burnup were

used in the center of the array while those with the highest burnup were used

near the downcomers. The data output from the burnup code CITATION (10)
was incorporated into the MCNP input deck so that the actual burnup of each

element is accurately modeled. The output from CITATION is segmented in 3
groups of plates, each with 14 axial groups. A separate card entry with the

appropriate 23U content was made for each segment, 42 segments per

element, for a total of 462 material cards input to MCNP. More detail regarding

the fuel segmentation can be found in (2). A spreadsheet with information from

each segment for all 11 elements is included in Appendix III.B.

The total initial 23U loading for the 11 element configuration is 3723.1 g, with an

average fuel loading of 338.5 g/element. The table below summarizes the 11

elements used for this configuration.
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Element FCB Loading Notes
Number Location (g U 235 )

M210 FC #1 311.2 Notch Down (to be flipped)

M225 FC #2 329.1 Notch Down

M226 FC #3 332.8 Notch Down

M242 FC #4 339.6 Notch Down

M245 FC #5 360.2 Notch Down

M239 FC #6 361.2 Notch Down

M223 FC #7 349.1 Notch Down (to be flipped)

M230 FC #8 344.5 Notch Down

M229 FC #9 335.8 Notch Down

M236 FC #10 331.9 Notch Down

M238 FC #11 327.7 Notch Down

Table 2.4: Summary of the fuel used for the 11 element configuration of the fission converter. Element FC #1
is loacated on the left side of the tank as it is viewed from the medical room.

The k-effective for the 11 elements configured as listed in the table above (FC

#1 is located on the left side of the tank as it is viewed from the medical room) is

0.2580 0.0009. The total power produced by this configuration is 89.1 0.1

kW, with an average power per plate of 0.54 kW.

The technical specifications for the facility (TS # 6.6.2.1) require that the product

of the fractional energy deposited in the fuel tank and the nuclear hot channel

factor (defined as the power produced in the hottest plate, divided by the

average power per plate) is less than 1.53. In other words

Fp x FHc 1.53

Equation2.2

Sakamoto demonstrated in an earlier calculation that the fraction

converters fission power deposited in the fuel tank is 0.88 (8).

of the

To calculate the hot channel factor, the 14 axial segments were collapsed into

three by homogenizing the material over the appropriate region. The power

was then tallied by summing the 3 axial segments in each of the 165 plates for
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this configuration. Figure 2.14 below shows the calculated power profile for the

11 element configuration.
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Figure 2.14: Transverse power profile for the 11 element fission converter. Average fuel loading of 338.5 g 235U
per element. The maximum power per plate is 0.85 kW, while the average power per plate is
0.54 kW. Error bars included on the calculated points are barely discernible.

For this configuration the nuclear hot channel factor is 1.58. The technical

specification for the 11 element configuration described above is therefore met

(1.58 x 0.88 < 1.53).

The hot channel factor requirement for the fission converter facility is overly

conservative or constraining since it does not consider the actual power in the

hottest plate, or the total power in the converter. A change to the technical

specifications is planned which will eliminate the above requirement and will

instead require a calculation to verify that the power in each plate is below an
accepted limit. The limit will probably be the onset of nucleate boiling (ONB).
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2.3.2 10 Element Configuration

During fuel loading for the fission converter, it was discovered that sufficient

tolerances in the fuel grid had not been provided to allow the eleventh fuel

element to be properly positioned. A dummy element with dimensions slightly

smaller than a typical fuel element was machined from a solid block of

aluminum and installed instead of element M239. Also, for convenience during

fuel loading, the order of some of the fuel elements was changed. The table

below summarizes the configuration for the 10 element fission converter that

was loaded into the converter fuel tank in April 2000.

Element FCB Loading Notes

Number Location (g U2 35 )

Dummy 1 N/A -
M210 2 311.2 Notch Down

M226 3 332.8 Notch Down

M225 4 329.1 Notch Down

M242 5 339.6 Notch Down

M245 6 360.2 Notch Down

M223 7 349.1 Notch Down

M230 8 344.5 Notch Down
M229 9 335.8 Notch Down

M236 10 331.9 Notch Down

M238 11 327.7 Notch Down

Table 2.5: Summary of the fuel used for the 10 element configuration of the fission converter. The dummy
element is loacated on the left side of the tank as it is viewed from the medical room.

The total fuel loading for the 10 element fission converter is 3380 g 235U, for an

average loading of 338 g U per element. The k-effective for this configuration

was calculated as 0.2656 0.0008 with a total power of 82.9 0.2 kW, or about

7% lower than that calculated for 11 spent elements. The flux at the patient

position for the 10 element converter is concomitantly lower than that for the 11

element case because the flux at the patient position approximately scales with

the power of the converter. Power in the converter was determined during

startup procedures by measuring the primary flow rate and temperature rise

between the inlet and outlet of the fuel tank. The measured power of the 10

element converter (scaled to 5 MW) is 83.5 4.5 kW. A large degree of
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uncertainty is associated with this value due to the small temperature drop (~

3.0 0C) and the significant uncertainty in the recorded flow rate. The power
observed in the converter also appears to be dependent upon the height of the
bank of shim blades used to control the reactor. The range of shim bank
heights observed thus far (- 13" to 15") have shown about a 5% change in the
measured converter power. This behavior will be studied further by collecting
fission converter power data with the shim bank at several heights.

Nevertheless, the measured and calculated values are within the estimated
uncertainties.

The transverse power profile for the 10 element converter is
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Figure 2.15: Transverse power profile for the 10 element fission converter, with an average fuel loading of 338.5
g 235U per element. The maximum power per plate is 0.81 kW, while the average power per plate
is 0.55 kW
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The technical specifications for this configuration are also met since FHC = 1.47

(average power per plate 0.55 kW, peak power per plate of 0.81 kW) which is

lower than the nuclear hot channel factor for the 11 element case.

2.3.3 Other Configurations

The technical specifications for the fission converter facility require that the

converter always maintain a k-effective of 0.90 or less (TS# 6.6.2.1 (6) ) and

that the total thermal power of the facility does not exceed 250 kW (TS#

6.6.1.1). For each configuration of the converter, a calculation of these

parameters (as well as the hot channel factor described earlier) must be

performed.

An unintentional configuration with the aluminum block in front of the fuel

removed was considered to see if the technical specifications will be violated if

the block is forgotten or inadvertently moved. MCNP calculations were

performed with fresh fuel using both D20 and 1-10 coolant. Fresh fuel was

considered to be the limiting scenario for this calculation. Table 2.6 below

summarizes the results from this calculational study by comparing the

parameters for each configuration with and without the aluminum block.

Configuration Power (kW) kg Hot Channel
Factor

Fresh Fuel D 20 104.9 0.1 0.2636 0.0008 1.53 0.014
Cooling (with block)

Fresh Fuel D2 0 141.5 0.4 0.3910 0.0010 1.57 0.007
Cooling (without

block)

Fresh Fuel H20 125.7 0.1 0.5893 0.0012 1.47 0.013
Cooling (with block)

Fresh Fuel H20 158.2 0.4 0.6698 0.0012 1.55 0.007
Cooling (without

block)

Table 2.6: Comparison of calculated parameters required by the technical specifications for configurations with
and without the aluminum block in front of the fuel. All calculations are performed with the MITR-
I at 5 MW.

Even with the aluminum block removed, using fresh fuel and light water coolant,

the fission converter facility is very far from critical (maximum k-effective of
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0.6698). None of the configurations show a hot channel factor that differ

significantly from the nominal value of -1.50. The power produced in the fission

converter does, however, increase significantly without the aluminum block in

front of the fuel. With an MITR-11 power of 5 MW the power does not exceed

the licensed power for the facility. However, if the MITR-11 is upgraded to 10

MW, the licensed power would be exceeded with the aluminum block removed

using fresh fuel and either D20 or H20 coolant. In anticipation of an upgrade in

the reactor power, administrative procedures have been implemented to insure
that the aluminum block is installed (TS #6.6.4.5).

The beamline for the fission converter facility has been constructed and

installed in a modular fashion. The first of these modules, nearest the fuel tank

is the filter/moderator and reflector assembly. The filter/moderator is installed in

part of the thermal column; a square walled cave in the biological shield of the

MITR-ll. A drawing showing the thermal column area, as well as all of the

installed modules is shown in Figure 2.16.
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The neutronic design of the filter/moderator has been thoroughly optimized in

the work of Kiger (1), Sakamoto (8) and the calculations described in this thesis.

References (1) and (8) considered a variety of materials for the filter/moderator

and reflector and made several recommendations for candidate materials

based on beam performance. Kiger and Sakmoto found that lead performed

best as a reflector considering the tradeoff between reflectivity, photon

production and price. These considerations made lead an obvious choice for

the reflector material. The studies of the filter/moderator materials found that a

wide variety of materials could be used in differing ratios to obtain beams of

good quality and high intensity. Some of the materials considered, always in

combinations, were aluminum, aluminum oxide (Ab2O3), aluminum fluoride

(AIF 3), titanium, Teflon ® (PTFE), Graphite and a proprietary material called

Fluental ® ( 69% AIF 3, 30% Al, by weight) which was developed in Finland for

this purpose. Given so many materials to choose from that can (when properly

combined) provide an excellent epithermal neutron beam, other factors such as

cost, availability, available space (because some filters are more efficient than

others) and ease of manufacture became important criteria in selecting a

filter/moderator.

The aluminum/PTFE and aluminum/graphite combinations studied by

Sakamoto (8) provided beams of good quality and high intensity while using

well known and readily available engineering materials. A drawback to these

designs are that a longer filter/moderator is required to provide a beam of equal

quality (compared to the length of an Al/AlF3 filter, for example). A longer

beamline results in some loss of intensity at the patient position due to

geometric (1/r 2) attenuation of the beam. These considerations, however, were

not so important for the fission converter facility. The thermal column provided

adequate space for a filter of a meter or more in length. The fission converter

also provides such a high epithermal neutron flux at the patient position that a

loss of 20-30% in epithermal neutron flux still yields treatment times on the

order of a few minutes. Furthermore, the intensity lost to the longer
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filter/moderator could be more than offset by using fresh fuel instead of spent
MITR-1l fuel, or by a modest increase in the reactor power.

Given the expense and/or difficulty associated with fabricating many of the other
materials, the aluminum/PTFE and aluminum/graphite filters were the focus of
our consideration. Reactor grade graphite is readily available as a surplus

material free of charge; PTFE is also readily available at a modest price, but is

also known to have poor radiation tolerance. Nevertheless, the

aluminum/PTFE design provided a beam with better quality, higher intensity

and shorter overall length than the aluminum/graphite design. The structural

properties of the PTFE and whether or not they are degraded in a radiation field

are of secondary importance for this application, provided the PTFE is able to

maintain its shape under the modest forces of supporting its own weight. The

PTFE is effective as a filter/moderator due to the presence of fluorine, which

contains a useful scattering resonance (1). Aluminum/PTFE was therefore

selected as the filter/moderator for the fission converter, provided it could

withstand the radiation field without loss of fluorine.

2A.1 Radiation Tolerance Experiments with Teflon ®

The expected lifetime radiation dose for the PTFE in the filter/moderator was

calculated using MCNP. Gamma dose rates and neutron fluxes were tallied at

several locations in the PTFE. A 10 year lifetime for the facility was assumed

with a 3% duty factor over that lifetime. Using this method, a total lifetime

gamma dose of 1.5 - 3.5 E+06 Gy (depending on location) and a lifetime fast

neutron fluence (E> 1.0 MeV, neutrons of lower energy do not cause significant

damage) of 2E+15 n/cm 2 was calculated. Note that approximately half of this

lifetime dose is received during operation of the fission converter, the remainder

is delivered while the CCS is closed (the CCS reduces dose rates in the PTFE

by a factor of -100).
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Figure 2.17: Summary of the PTFE irradiation experiment. Expected lifetime dose for the PTFE in the
filter/moderator is shown in the grey shaded area.

Three bars of virgin grade PTFE (0.6 x 0.6 x 10 cm) were irradiated in the

MITR-1l using the pneumatic tube facility near the core of the MITR-ll. The

samples received a mixed gamma and fast neutron dose in ratios that span

those expected in the filter/moderator of the FCB. The gamma and neutron

energy spectra for these experiments were not measured but are expected to

closely approximate those found in the filter/moderator. Samples were

irradiated up to about 20 times the expected lifetime gamma dose and about

100 times the expected lifetime neutron fluence. Samples were weighed,

visually inspected and analyzed for fluorine content by neutron activation

analysis at four dose levels. Figure 2.17 above summarizes the results of this

experiment.

The PTFE became brittle even at the lowest dose levels, however, fluorine loss

was not observed. Fluorine loss of less than 1.5% was observed at the highest

dose level, well above the doses expected in the filter/moderator. No significant

weight loss was observed, however, this became impossible to quantify at high
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dose levels due difficulty in handling the highly embrittled PTFE. No significant
swelling was observed except at the highest dose level where it was
approximately 1%, which can be easily accommodated in the design of the
filter/moderator. Additional details on the irradiation of PTFE in the MITR-1l can
be found in (11).

Based on the results of this experiment, PTFE was deemed acceptable for use
in the fission converter filter/moderator and is expected to last for the lifetime of

the facility.

2A.2 Monte Carlo studies of the Filter/Moderator

Though the composition and length of the filter/moderator had been thoroughly

optimized by Kiger and Sakamoto, no consideration had been given to the
height, width and shape (e.g. square vs. rectangular). A parametric study was

therefore conducted to see how the areal size of the filter/moderator affects

beam performance. The size of a square filter/moderator was varied from 105
cm on each side to 165 cm on each side in increments of 10 cm. For this study

a filter/moderator of 71 cm of aluminum followed by 22 cm of aluminum fluoride
was used. The conclusions drawn from this study are, however, applicable to

any filter/moderator. The neutron source was 11 MITR fuel elements mounted

in a single row with a 81 cm overall width and 61 cm in height.
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Figure 2.18: Epithermal flux at the patient position plotted versus width of a square filter/moderator comprised of
71 cm aluminum and 22 cm of aluminum fluoride. These calculations also use 11 spent MITR-11
fuel elements (61 cm high and 81 cm overall width, 312 g 235U per element) D20 coolant, an 8 cm
bismuth photon shield and a 15 cm thick lead walled pyramid shaped collimator that is 79 cm
long.

Figure 2.18 plots the epithermal neutron flux at the patient position versus the

dimensions of a square Al/AIF 3  filter/moderator. A larger filter/moderator

provides more flux at the patient position, but this effect begins to saturate at

about 145 cm x 145 cm. Other beam parameters such as the specific fast

neutron and gamma dose rates as well as beam directionality (J/$) show a

somewhat weaker dependence on filter/moderator size as shown in Table 2.7

below.
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Description Run ID $epi Jepi J/0 D, Dfn (cGylmln) Dy/epi Df,1epi

n/cm2 SC nhsec cGy1min epi fast total cGy cm2/n cGy cm2?/
F/M 105 cm x 105 cm skm454 1.60E+10 1.02E+10 0.639 5.6 9.6 6.7 16.3 5.80E-12 1.70E-11

1.3% 1.1% 1.7% 1.9% 1.4% 3.6% 3.8% 2.3% 3.8%

F/M 115 cm x 115 cm kjrl04 1.74E+10 1.10E+10 0.631 6.6 10.23 6.6 16.9 6.33E-12 1.61E-11
1.2% 1.1% 1.6% 1.6% 1.3% 3.7% 3.9% 2.0% 3.9%

F/M 125 cm x 125 cm kjrl02 1.85E+10 1.16E+10 0.626 7.1 10.3 6.4 16.7 6.44E-12 1.51E-11
1.2% 1.1% 1.6% 1.6% 1.3% 2.9% 3.2% 2.0% 3.1%

F/M 135 cm x 135 cm kjrl03 1.94E+10 1.20E+10 0.621 8.2 10.9 6.7 17.6 7.07E-12 1.51 E-11
1.2% 1.0% 1.6% 1.6% 1.3% 3.0% 3.3% 2.0% 3.3%

F/M 145 cm x 145 cm kjr105 2.OOE+10 1.24E+10 0.622 8.3 10.7 6.6 17.3 6.96E-12 1.44E-11
1.2% 1.0% 1.6% 1.6% 1.3% 2.9% 3.2% 2.0% 3.1%

F/M 155 cm x 155 cm kjrl06 2.01E+10 1.23E+10 0.614 8.7 10.7 6.1 16.8 7.20E-12 1.40E-11
1.2% 1.0% 1.6% 1.6% 1.3% 2.9% 3.1% 1.9% 3.1%

F/M 165 cm x 165 cm kjrl07 2.02E+10 1.22E+10 0.603 8.9 10.5 6.2 16.7 7.37E-12 1.37E-11
1.2% 1.0% 1.6% 1.5% 1.3% 3.4% 3.7% 1.9% 3.6%

Table 2.7: Calculated in-air parameters for AI/AIF 3 filter/moderators of various sizes. These calculations also
use spent MITR-II fuel (312 g 235U per element) D20 coolant, an 8 cm bismuth photon shield and
a 15 cm thick pyramid shaped lead collimator that is 79 cm long.

Specific fast neutron dose rates decrease with larger filter/moderators due to

the increased epithermal neutron flux at the patient positon. Specific gamma

dose rates tend to increase with a larger filter/moderator but the specific photon

dose rate for the largest filter/moderator is well below the design goal of 2E-1 1

cGy cm 2 . A trend in beam directionality is seen with larger filter/moderators

obtaining poorer directionality, though this trend may only be statistically

significant for the largest filter/moderators.

From this study it is clear that greater beam intensity and lower specific fast

neutron dose rate can be obtained with a filter/moderator that is 145 cm x 145

cm. A small, but insignificant increase in the specific photon dose rate is

obtained as a result of this larger filter/moderator.

Unfortunately, the available space in the thermal column would only allow a

maximum width of 125 cm for the filter moderator (allowing 10 cm on each side

for the lead reflector). Also, the installation hoist (see Section 2.4.4.2) required

space beneath the filter/moderator so that the vertical dimension was restricted

to 105 cm. MCNP simulations with rectangular filter/moderators revealed that

comparable beam performance was obtained for filter/moderators of the same
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area. A 125 cm x 105 cm filter/moderator will therefore perform much like a 115

cm x 115 cm filter/moderator.

It was deemed advantageous to raise the beam centerline for the fission

converter by about 6 inches above the centerline of the thermal column. This

would provide space beneath the filter/moderator for the installation hoist and

raise the beam line in the medical room to about 43 inches above the floor. The

additional height provides more space beneath the beam for patient positioning

devices and makes patient setup easier. MCNP simulations were therefore

performed to see if raising the beamline by 6 inches drastically affects beam

performance. Calculations showed that raising the filter/moderator and

collimator by 6" had no statistically significant impact on any of the beam

parameters (MCNP runs kjr102 and kjr200). A calculation (kjr201) with the fuel

as well as the beamline components raised by 6 inches showed a modest (8%)

decrease in the epithermal flux at the patient position. This decrease in flux is

attributed to the fact that the fuel is no longer centered on the 14" window in the

graphite region and may therefore see a lower incident thermal flux from the

MITR-11 core. It was therefore decided to raise the centerline of the beam

components (filter/moderator, photon shield and collimator) 6" above the

centerline of the thermal column. The resulting beam centerline is 43 11/16"

above the reactor floor. The fuel remains centered on the 14" window in the

graphite region.

Based on the work of Sakamoto, a filter/moderator consisting of 80 cm Al

followed by 13 cm of PTFE was selected. This choice is expected to provide

the most possible epithermal neutron flux for an AI/PTFE filter while still keeping

the specific fast neutron dose at or below 2.OE-1 1 cGy cm 2. The

filter/moderator module contains 73.6 cm (29") of aluminum, while the fuel tank

contains a 6.4 cm aluminum block between the fuel and the wall of the tank.
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2.4.2.1 Lithium Filtration Studies

Shortly after the manufacture of the filter/moderator unit, and after a brief

meeting with members of the BNCT group from Studsvik in Sweden, our group

investigated the use of lithium metal filters as a potential means of improving

beam performance. Other researchers have found that the slight hardening of

the epithermal neutron spectrum caused by 1/v absorption of low energy

neutrons in lithium leads to a better advantage depth (12).

A thin lithium metal filter could be used in the patient collimator, downstream

from the photon shield, since there are no capture gamma rays produced by the
6Li(n,p) reaction. The presence of scattering media too close to the patient

position might, however, significantly degrade beam performance.

A series of calculations (kjr324 - kjr327, kjr330, kjr600 - kjr604) were performed

with lithium metal filters of varying thickness included in the beamline on the

patient side of the water shutter (between the collimator module and the

mechanical shutter). The model for this study used spent fuel with D20 coolant,

an aluminum/PTFE filter/moderator (80 cm Al, 13 cm PTFE), a 10 cm lead

reflector, a 6 cm lead photon shield, a conical 15 cm lead walled collimator, and

lithium metal filters (95% enriched in 6Li) ranging from 0.25 to 1 cm in thickness.

The model does not include the patient collimator, the beamline ends with a 20

cm aperture in the collimator on the face of the mechanical shutter. The areal

size (and cost) of a lithium filter could be reduced if it were instead placed

between the mechanical shutter and the patient collimator. Results comparable

to those presented here can be expected for such an arrangement.

In-air figures of merit were tallied for beamlines containing 0.25, 0.5 and 1.0 cm

thick lithium metal filters. The results from these calculations, along with the

reference case without a filter are plotted in Figure 2.19.
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Figure 2.19: In-air figures of merit for lithium metal filters (95% enriched in 6Li) of varying thickness.

All of the specific dose rates are observed to increase with increased lithium

filtration. The increase in the specific fast neutron dose rate arises from

preferential attenuation of low energy neutrons due to the 1/v absorption cross

section of 6Li. For the thickest filter, the specific fast neutron dose rate is more

than double that for the case with no filter. Such a high specific dose rate,

however, is not necessarily detrimental if it can lead to improved in-phantom

performance. The rise in the specific gamma dose rate is due to the loss of

useful epithermal neutrons in the lithium filter without a concomitant attenuation

of activation photons produced in the collimator. A lithium filter placed further

upstream close to the photon shield would attenuate the epithermal neutrons

before entering the lead collimator to interact and create activation photons. A

lithium filter in this upstream location would attenuate neutrons and reduce

activation photons by approximately the same amount and may therefore not

result in the same rise in specific gamma dose rates.
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Each of the lithium filtered beams were then transported into the water filled

ellipsoidal head model (with an 8 cm semiaxis, the average width of a human

head) to calculate in-phantom figures of merit such as the advantage depth

(AD), advantage ratio (AR), and advantage depth dose rate (ADDR). An

additional figure of merit, called the minimum therapeutic ratio (TRmin) was also

calculated. TRmin is the ratio of the minimum tumor dose to the maximum

normal tissue dose for a parallel opposed irradiation of the ellipsoidal head

phantom. Figure 2.20 and Figure 2.21 below show these figures of merit

plotted versus thickness of the lithium metal filter using the RBEs from the MIT

brain tumor protocol (13) and boron concentrations that are typical for boronated

phenylalanine (BPA).

12 --

11
RBEs:

10 Boron in Tissue: 1.35
Boron in Tumor: 3.8

9 _,- Advantage Depth (cm) Neutrons: 3.2

- Advantage Ratio Photons: 1.0

0- -- Minimum Therapeutic Ratio Boron Concentrations:
0m Normal Tissue: 18.6 ppm
0)

7 Tumor: 65.0 ppm

6

5

D20 Cooling & spent fuel; F/M: 75 cm Al 13 cm Teflon;
10 cm Pb reflector; 6 cm Pb photon shield; 15 cm Pb walled collimator

0.00 0.20 0.40 0.60 0.80 1.00 1.20

Li Filter Thickness (cm)

Figure 2.20: Advantage Depth, Advantage Ratio and Minimum Therapeutic Ratio calculated in an ellipsoidal
head phantom with axes of 16, 23 and 19.6 cm using beams with lithium metal filters of varying
thickness.

86



CHAPTERTWO- MAJOR COMPONENTS OF THE FCB

700

600 35
8
2
0

ns:
.6 ppm
.0 ppm

D 20 Cooling & spent fuel; F/M: 75 cm Al 13 cm Teflon;
10 cm Pb reflector; 6 cm Pb photon shield; 15 cm Pb walled collimator

0.20 0.4 0 0.60 0.

Li Filter Thickness (cm)

80 1.00 1.20

Figure 2.21: Advantage Depth Dose Rate plotted versus thickness of the lithium metal filter.

A 1 cm thick lithium filter increases the minimum therapeutic ratio by about 10%

and the advantage depth rises from 10.2 cm to nearly 11 cm. A slight

degradation of the advantage ratio occurs due to the increase in the specific

dose rates that are observed in Figure 2.19. The effects of lithium filtration on

these figures of merit are small and the changes from one filter thickness to the

next are not outside the statistical uncertainty in the calculations. However, the

steady trend in all of the figures of merit suggest that the effect is real, albeit

small. Meanwhile, the Advantage Depth Dose Rate shows a sharp decrease

with lithium filtration due to the absorption of useful epithermal neutrons.

However, even the thickest filter is able to provide sufficient intensity to reach a

normal tissue dose of 1200 RBE cGy within about 5 minutes for the

configuration used in these calculations.

Since lithium metal is reactive with air and may present a safety concern when

installed in the beamline, a filter comprised of lithium fluoride was also
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considered. A lithium fluoride filter (95% enriched in 6Li) 0.5 cm thick (at 80% of

theoretical density) was included in the beamline at the same location used for

the metal filters. The in-air and in-phantom figures of merit tallied for this filter

are nearly identical to those for the 0.5 cm metal filter. The presence of fluorine

with the lithium filter does not seem to significantly affect beam performance.

Though further study would be required to implement a lithium fluoride filter, it

seems at least feasible to use lithium fluoride instead of lithium metal.

Although lithium filtration does improve some of the in-phantom figures of merit,
the modest gains did not seem to warrant implementing such a filter in the

fission converter beamline. The effects of lithium filtration might be more

pronounced for a boron compound with different characteristics (with, for

example, lower concentration in blood and a higher tumor to normal tissue

uptake ratio). At this time, however, BPA is the only compound likely to be used

in human clinical trials. Nevertheless, a lithium filter can be readily included in

the fission converter beamline if further studies should demonstrate that it is

desirable to do so.

Engineering and manufacture of the Filter/Moderator assembly

The filter/moderator module was manufactured by filling a shell of steel with the

appropriate material for the reflector and filter/moderator. The steel shell

contains a large rectangular aperture which is designed to contain plates of

aluminum and PTFE that comprise the filter/moderator. The shell also contains

ports beneath the filter/moderator to permit the insertion of I-beams from the

installation hoist. Figure 2.22 shows a drawing of this shell (refer to drawing

number R3K-10-4 for more detail). The lead reflector was constructed by first

welding the steel shell together, leaving one side open. Lead was then poured

into the reflector region, and ordinary concrete was used to fill the region

beneath the filter/moderator. Removable ordinary concrete plugs were also

poured for the I-beam ports. After the lead had cooled and the concrete had

cured, the remaining side was welded onto the steel shell. Twenty-nine plates
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(1" thick) of commercially pure aluminum (Al 1100) were installed in the large

rectangular aperture, followed by five 1" plates and one 3/8" plate of virgin grade

PTFE. Each plate was undersized for the aperture by about ", and small

wedges were used to press each plate firmly into the corner of the module. The

wedges were installed so that plates were alternately wedged into the upper

left, then the lower right corner of the aperture. A layer of aluminum foil (0.002"

thick) was placed between each layer of PTFE. The aluminum foil is provided

as a means to neutralize any possible release of fluorine gas from the PTFE.

Although earlier experiments did not indicate any loss of fluorine (in the form of

gas or otherwise) the inclusion of aluminum foil is simple and inexpensive. After

all of the plates were installed, a thin cover plate (1/4") of aluminum was used to

firmly press all of the plates together and then tack welded in place. Figure 2.23

shows a photograph of the filter/moderator after all the plates have been

installed.

The top of the filter/moderator is also fitted with a circular port which provides

access to a 12" diameter removable aluminum plug in the filter/moderator.

This circular port is aligned with the 12CV vertical port that is accessed from the

reactor top. This port may prove to be a useful site for experiments that wish to

access the high flux of partially filtered fission spectrum neutrons that exist in

that location. Access to the port is obtained by first removing the 12CV port

plug then the cylindrical lead plug from the top of the module. The aluminum

plug that rests in a cavity milled into the aluminum plates of the filter/moderator

can then be accessed (see Drawings R3K-9-2 and R3K-10-2 for details on the

removable plugs). This procedure was tested using the 12CV port after the

filter/moderator was installed in the thermal column and found to be successful.

At the moment no experiments are planned for this facility.

Two thermocouples were attached to the last PTFE plate (nearest the patient

position) and the leads were fed through an instrumentation port that runs from

the thermal column to the reactor utility shelf. These thermocouples were

tested and functional shortly after the filter/moderator was installed and were
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intended to monitor the temperature of the PTFE during operation of the fission

converter. Just prior to start up of the fission converter, it was discovered that

neither thermocouple was functional. It is possible, though unlikely, that the

thermocouples were damaged during the insertion of the 3He power monitor

that was installed in the same instrumentation port. Regardless, there is

currently no functional temperature monitor for the PTFE. The nearest monitor

is a thermocouple attached to the photon shield (see Section 2.5) which is not in

direct contact with the filter/moderator. The maximum temperature observed in
the photon shield is 35 C.
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Figure 2.22: Drawing of the steel shell for the filter/moderator assembly.
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Figure 2.23: Photograph of the filter/moderator after aluminum and PTFE plates (1) have been installed. A 14"

thick aluminum cover plate was installed later and was used to clamp all of the plates firmly
together. Ports at the bottom of the module (2) have been provided to insert the installation hoist.

2AA Installation of the Filter/Moderator assembly

The completed filter/moderator weighs approximately 12 tons and was installed

in the rear part of the thermal column cave of the MITR-ll. Installing such a

heavy object in an inaccessible area presented an engineering challenge. This

challenge was further complicated by the fact that dose rates in the thermal

column were expected to be very high due to many years of neutron exposure

and very little shielding from the MITR-11 core. It was therefore necessary to
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develop an easy and efficient way to install the filter/moderator which kept

worker exposure to low levels.

Site preparation

Before any installation activities could begin, the blanket test facility (BTF) that

previously occupied the thermal column had to be completely dismantled and

cleared away. All of the large shield blocks from the BTF were removed and

stored in the reactor building for re-use in the FCB medical room (see Section

3.1). Several tons of graphite, most of it slightly contaminated, were removed

from inside the BTF, as well as the steel doors in front of the thermal column

and other small structures. With the completion of all these activities the

thermal column cave could be accessed to remove old shielding and install the

new fission converter beamline. Photographs from this dismantling activity are

shown in Figure 2.24 - Figure 2.26.

Figure 2.24: Reactor operations staff is removing graphite stringers from the top of the old BTF and storing
them in large steel boxes for eventual disposal. Approximately 15 tons of graphite was removed
from the BTF.

92

2.4.4.1



CHAPTERTWO- MAJOR COMPONENTS OF THE FCB

Figure 2.25: With all of the graphite removed, the inside of the BTF is now being cleared of support structures
and other equipment.

Figure 2.26: After the large shield blocks that comprised the BTF have been removed, the steel doors that
shield the entrance to the thermal column are also removed.-
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Dose rates in the deepest part of the thermal column (on the reactor side of the

steel doors) with the MITR-11 shut down were approximately 240 R/hr. To

reduce this dose rate and permit access to the thermal column, temporary

shielding was installed in the vertical pipe tunnel.

A temporary lead shield was designed, constructed and installed in the space

now occupied by the fuel tank. This shield is a large lead slab with the same
shape as the fuel tank, but only about half the height (see drawing # R3K-01-4).

The lead slab is covered on all sides by a 0.020" layer of cadmium and a 1/8"
protective shell of steel. Several 1%/4" threaded rods have been cast into the

lead and are used to lower the shield into the vertical pipe chase. The reactor

block and biological shield form a rim on the inside of the pipe chase which is

used to support a steel plate that attaches to these rods. Figure 2.27 shows a

photograph of the lead shield just prior to its installation. The shield is large

enough to shadow most of the thermal column from the reactor core, though

two small areas on each side were unshielded due to the presence of the 7"

diameter reactor main coolant pipes. A photograph of the temporary lead

shield taken from the reactor floor looking into the thermal column is shown in

Figure 2.28. Water cooling for the lead shield was provided by copper piping

that was cast inside the lead shield. A water flow rate of 2 gallons per minute

through the shield was sufficient to keep the temperature of the lead shield

below a maximum of about 60 *C.
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Figure 2.27: Photograph of the temporary lead shield just prior to being installed in the vertical pipe chase. The
steel plate at the top (1) rests on the reactor block so that the shield (2) is suspended in front of
the thermal column port.
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Figure 2.28: Photograph of the temporary lead shield (1) after installation, taken from the reactor floor while
looking into the thermal column cave. The main coolant pipes on each side of the shield (2) are
also visible. The thermal column cave contains a 4" step on all sides (3) about two feet into the
cave.

The temporary shield provides about 7" of additional lead shielding and reduced

the maximum dose rates in the thermal column to about 1.4 R/hr. Though the
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dose rates were still quite high, the filter/moderator module could be installed in

the cave by using the module itself for shielding and by remote manipulation

using the building crane and a special installation hoist.

The presence of the temporary lead shield allowed the remaining contents of

the thermal column cave to be removed. A thin walled aluminum box

containing approximately 5000 lbs. of graphite was removed by simply dragging

the box onto the bed of a transporter. The two winches used to drag the box

were located as far as possible from the thermal column, in an area where dose

rates were modest (10 - 50 mrem/hr) so that personnel exposure was kept to a

minimum. The graphite inside the box also provided some shielding from the

very high dose rates in the thermal column. The inner walls of the thermal

column are all lined with 1/8" or '/4" Boral @ sheet. These sheets were not

removed since they would not interfere with the fission converter beamline and

the amount of labor and exposure involved in their removal would be large. The

Boral sheets also provide shielding for the steel walls of the thermal column

to limit activation.

2.4.4.2 Installation hoist

An I-beam structure was designed to install the filter/moderator (and the

collimator assembly, see Section 2.6) into the rear opening of the thermal

column (14). This hoist functions in much the same way as a forklift. The

installation hoist (see Drawing #R3K-1 1-4) is a large C-shaped structure that is

tall enough to span the distance from the reactor floor (the bottom of the thermal

column) to the reactor top, a distance of about 16 feet. The installation hoist is

positioned in the access ports on the filter/moderator module by using the small

hook on the reactor polar crane. An adjustable I-beam on the top of the hoist is

positioned so that it is directly over the center of mass for the filter/moderator.

The hoist then supports the weight of the filter/moderator when it is lifted using

the large hook of the polar crane. It is possible to lift the filter/moderator so that

it hangs within about 0.10 of perfectly level, or about 1/16" over the 36" from
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front to back of the module. Such fine control of level leaves nearly all of the %"

clearance that was allowed between the wall of the module and the thermal

column. Coarse positioning adjustments are made using the crane, while small

changes in the orientation of the module with respect to the thermal column can

be made using a long rod that attaches to the installation hoist. Remote

operation of the crane, the use of long rods for fine adjustment and the ease of

installation afforded by the hoist resulted in very little exposure to the workers

involved in the installation. The photographs below show the installation hoist

being positioned in the module as well as the module during installation.

Fred McWilliams from the Reactor Radiation Protection Office (RRPO) has

estimated that approximately 4.2 person Rem were accumulated during

construction of the fission converter project. This low collective dose is at least

partially due to the ease with which the beamline components were installed

with the installation hoist. The hoist did not require workers to be in close

proximity to the high dose rates found in the thermal column. The collective

dose has been spread out (albeit not uniformly) over a period of about two and

a half years and a staff of about 20 people.
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Figure 2.29: The installation hoist (1) being prepared for lifting the filter/moderator unit (2). The top of the I-
beam structure is high enough to go over the reactor top while the unit is suspended inside the
thermal column.
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Figure 2.30: The filter/moderator unit being installed in the thermal column. The crane operator (not shown) is
standing on the catwalk well away from the elevated dose rate region. Workers who perform fine
positioning of the module can stand behind it for shielding or use long rods that attach to the back
of the hoist.
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The module was installed as far back in the cave as possible without contacting

the main coolant pipes. This was accomplished by running a marked gauge

between the wall of the thermal column and the module itself. The module was

positioned in the cave so that the gap on each side is approximately equal (at

%") and that the front of the module is square (but not flush) with the first step in

the thermal column port. A /" thick steel plate was placed beneath the module

to provide a smoother, more rigid surface than the Boral @ at the bottom of the

cave. Additional steel plates (1/8" - 1%") were used to shim the module so that it

is ~ 1" from the top of thermal column. After the module was installed, the

thermocouple leads attached to the PTFE were fed into the instrumentation port

and drawn up to the utility shelf. The concrete plugs were installed into the I-

beam ports on the module and the gaps along the sides and on top of the

module were filled with steel sheets and lead wool. Each sheet contains keyed

slots or (if thick enough) threaded holes to facilitate their removal. The

centerline of the filter/moderator module was measured at 43 11/16" above the

reactor floor.

After the filter/moderator module was installed, a gas seal was established by

installing a 3/32" aluminum plate at the innermost step in the thermal column

port. This seal separates the CQ environment of the vertical pipe chase and

thermal column from the air of the medical room and reactor hall. This plate was

drilled with holes to match those in the step of the thermal column. A seal was

formed by using a large bead of silicone sealant that was compressed between

the smooth surfaces of the aluminum plate and the steel wall of the thermal

column (a small amount of Boral @ was cleared away from this location). The

filter/moderator module does not contact the gas seal anywhere since it is set

back about A" from the step in the thermal column. The radioactive argon

levels in the building after reactor startup from this installation indicated that this

gas seal is adequate.
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Thermal Neutron Filter and Photon Shield

Thermal neutron filters comprised of 6Li, 10B and Cd were considered by Kiger

and Sakamoto. Kiger found that cadmium provides the best transmission of

epithermal neutrons due to the steep drop in its absorption cross section at 0.5

eV. A drawback of cadmium, however, is that a more substantial photon shield

is required due to the many high energy photons that result from capture in

cadmium. Sakamoto considered a Fluental @ or AlF3 filter/moderator that

contained a homogeneous dispersion of 6Li in the form of LiF. This design had

the advantage of a lower photon dose from the aluminum in the filter/moderator,

which means that a thinner photon shield could be used, resulting in a higher

flux at the patient position. Sakamoto concluded, however, that no net

improvement in beam performance would result since the presence of the LiF

attenuated some of the useful epithermal neutron spectrum. Thermal neutron

absorbers containing 10B perform comparably with 6Li filters, but have the added

disadvantage of emitting 478 keV photons. A 0.020" layer of cadmium was

therefore found to be an inexpensive and efficient thermal neutron filter.

Early designs for the fission converter beamline made use of an 8 cm bismuth

photon shield. Since lead is a common engineering material, readily available

in large quantities and much less expensive than bismuth, design calculations

using a lead photon shield (with the 0.020" cadmium filter) were performed.

Bismuth can be obtained in sufficient quantities with fewer impurities than those

found in commercially pure lead, such as antimony which produces many

activation photons. Lead, however, is a more efficient shield due to its higher

density (11.34 g/cm 3 compared to 9.75 g/cm 3 for bismuth) and a lead shield of

only 6 cm was found to provide specific photon dose rates comparable to an 8

cm bismuth shield.

The thermal neutron filter and photon shield consist of a slab of lead 6 cm thick,

with a 0.020" layer of cadmium affixed to the reactor side. The photon shield

has been constructed by pouring molten lead into a frame constructed of steel I-
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beam and angle iron. Several steel tabs have been welded to the frame to

provide an anchor for the lead to minimize the likelihood of the lead separating

from its frame. A drawing of the photon shield is shown in Figure 2.31. The

photon shield is large enough to shadow the entire filter/moderator module, and

is installed in the thermal column with the cadmium covered side facing (though

not contacting) the aluminum gas seal and the neutron source.
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Figure 2.31: Drawing of the photon shield.

Since the photon shield is intended to absorb most of the gamma ray dose that

emanates from the fission converter fuel and filters, an estimate of the nuclear

heating in the photon shield was made. Details regarding the heating estimates

and caclulations for the photon shield can be found in the report included in

Appendix II.B. Calculations revealed that the approximately 350 W of power
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generated in the shield would result in a steady state operating temperature of

about 41 0C (using spent fuel, D20 cooling and an MITR-1l power of 5 MW).

Measurements from a thermocouple that was installed in the center of the

photon shield and near the surface on the side facing the reactor (the area

expected to be the hottest) show a maximum operating temperature of about 35

OC. This temperature was measured after about twenty minutes of continuous

fission converter operation and no further temperature rise was noted during

runs lasting up to an hour. The steady state temperature of the photon shield

with all shutters closed is 30 'C.

Collimator and Water Shutter Assembly

The collimator and water shutter comprise the second major module to be

installed in the MITR-11 thermal column. As with the filter/moderator, the bulk of

the neutronic design work was carried out by Kiger and Sakamoto. They

concluded that a 15 cm thick lead walled collimator provided the highest

epithermal neutron flux at the patient position with a minimum of photon

contamination. Further optimization regarding the shape, size and composition

of the collimator nearest the patient has been carried out as part of this thesis

(see Section 2.7). Kiger also determined that the shape of the collimator

(whether pyramid or cone-shaped) is immaterial so that this decision can be

based solely on manufacturing preference.

The conceptual design of a gravity fed water shutter was developed by

Sutharshan (3). Sutharshan found that a modest size pipe (2" pipe) could be

used to drain and fill the - 100 gallon water shutter in two minutes or less. The

mechanical shutter (Section 2.8) acts in about ten seconds and will be used to

start and stop a patient irradiation. The water shutter, (together with the CCS)

can close more slowly since it is used to further reduce dose rates inside the

medical room so that personnel may enter. Modest improvements in closing

104



CHAPTERTwO- MAJOR COMPONENTS OF THE FCB

times can be obtained from larger pipe sizes or different pumping schemes,

however the added cost and complexity of these measures is not warranted.

2.6.1 Monte Carlo Studies with the Collimator and Water Shutter

As part of the detailed engineering design of the collimator module, two

computational studies regarding this component were performed. The first of

these studies was designed to assess the impact of including a water shutter

tank in the fission converter beamline. The second study determined the

feasibility of lengthening the collimator to ease engineering and installation

concerns related to the mechanical shutter.

2.6.1.1 Monte Carlo Study of the Water Shutter

Though Kiger and Sakamoto had developed a very detailed Monte Carlo model

of the converter, their designs did not consider the inclusion of a water shutter in

the fission converter beamline. Calculations performed by Sutharshan and as

part of this thesis (see Section 3.0) indicate that a water shutter is required to

reduce in-beam dose rates to less than 1 mrem/hr when all shutters are closed.

Furthermore, an additional shutter such as the water shutter can be

advantageous under certain failure scenarios (see Section 4.2.2).

Several calculations were performed to determine if a thin walled aluminum

tank and a small residual water layer on the inside of that tank would

significantly perturb the performance of the fission converter beam. Though the

prompt gamma rays produced from the 27AI(n,y)28AI reaction are accurately

modeled in MCNP, the subsequent decay of the 28Al product nucleus is not

included and must be separately accounted for. A similar calculation was also

performed by Kiger who found that 28AI gamma rays from the filter/moderator

did not significantly affect beam quality. The photons generated by the water

shutter, however, are much closer to the patient position and will not be

attenuated by the photon shield, as are those from the filter/moderator.
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A conical tank with %" thick walls comprised of aluminum alloy was added to

the MCNP model. The actual water shutter tank used dish shaped ends to

obtain a better geometry for withstanding the pressures involved. For simplicity,

the MCNP model used flat ends, but this approximation will not significantly

affect the results. MCNP tallies of the gamma dose at the patient position were

obtained for water shutters comprised of Al 6061, Al 1100 (commercially pure

aluminum) and Al 6061 with residual water layers of various thickness. The

thickness of the residual water layer was estimated by measuring the weight of

aluminum coupons before and after being drawn from a water bath. These

simple bench tests indicated that a water film of no more than 0.030" was likely.

Subsequent tests using the actual components of the water shutter tank (15)

indicated a residual layer of 0.002" or less, revealing that the bench tests may

have been skewed by other factors such as beading.

To calculate the dose arising from delayed 28AI gamma rays, a separate MCNP

tally of the activity induced in the water shutter was performed. A hand

calculation of the dose at the patient position was then performed using this

calculated activity, (which assumed that the activity is saturated 2 8AI t12 = 2.25

min) an appropriate KERMA coefficient and assuming only geometric

attenuation of the aluminum photons. For the fission converter model used in

this calculation (spent MITR-1l fuel, D20 cooling, Al/AlF3 filter moderator, 8 cm Bi

photon shield, 15 cm Pb collimator) the dose rate at the patient position arising

from the water shutter amounts to ~ 0.5 cGy/min (see Appendix 111.C for details

on this calculation). Though the computational model used here is not identical

to the constructed FCB, important parameters such as the power produced in

the fuel are very similar to those measured in the FCB. Table 2.8 below

summarizes the results from this computational study; the 0.5 cGy/min from 28Al

decay has been included where appropriate.
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Description Run ID Oepi J.pi J/4 DY Df DI$epj Dfdepi
nIcm7 sec nlsec cG/mIn cGylmit cGY cm~in cGy cnmlin

Without water shutter kjr202 1.57E+10 1.OOE+10 0.637 5.8 13.8 6.16E-12 1.46E-11
1.3% 1.1% 1.7% 1.9% 0.9% 2.3% 3.6%

Al 1100 water shutter tank kjr212 1.54E+10 9.79E+09 0.637 7.0 13.7 7.55E-12 1.49E-11
(0.5 cm thick walls) 1.3% 1.1% 1.8% 1.8% 1.0% 2.3% 4.2%

Al 6061 water shutter tank kjr213 1.53E+10 9.81E+09 0.643 7.1 13.2 7.8E-12 1.45E-11
(0.5 cm thick walls) 1.3% 1.0% 1.6% 1.8% 0.9% 2.2% 4.3%

Al 6061 water shutter tank kjr224 1.52E+10 9.79E+09 0.644 7.2 13.2 7.94E-12 1.45E-11
(0.5 cm thick walls, 0.002" water layer) 1.3% 1.0% 1.6% 1.8% 0.9% 2.2% 4.3%

Al 6061 water shutter tank kjr214 1.42E+10 9.03E+09 0.636 7.9 11.2 9.27E-12 1.31E-11
(0.5 cm thick walls. 0.020" water laver 1.3% 1.2% 1.7% 1.6% 1.0% 2.1% 3.8%

Al 6061 water shutter tank kjr219 1.35E+10 8.64E+09 0.641 8.6 9.9 1.07E-11 1.23E-11
(0.5 cm thick walls. 0.030" water laver) 1.4% 1.2% 1.8% 1.6% 1.0% 2.1% 4.0%

Table 2.8: Summary of calculations performed using a thin walled aluminum water shutter tank in the fission
converter beamline. This study uses spent fuel, D20 cooling, an AI/AIF3 filter/moderator, 10 cm
Pb reflector, 8 cm Bi photon shield and a 15 cm Pb collimator. The results here include, where
appropriate, 0.5 cGy/min arising from delayed gamma rays in 28AI that is not accounted for by
MCNP.

The presence of a water shutter (either Al 6061 or Al 1100) is not observed to

significantly affect the epithermal flux at the patient position. The shutter does

increase the gamma dose rate at the patient position, however, the specific

photon dose is still well below what is considered a negligible background of

2E-1 1 cGy/cm2. The presence of a residual water layer does have a significant

impact on beam performance, though not until thicknesses of 0.020 - 0.030"

are reached. Neutron scattering in the water layer tends to soften the beam,

reducing the epithermal flux while the hydrogen capture reaction increases the

photon contamination. A residual water layer of 0.002" (as was measured on

the actual water tank) has no statistically significant impact on any of the beam

parameters. Based on the results from this computational study, a beamline

water shutter has virtually no impact on beam performance when empty.

2.6.1.2 Monte Carlo Study of Collimator Length

Early designs for the fission converter facility used an overall beam length of

1.9 m, which kept the entire beamline inside the thermal column port. Such a

design proved difficult, however, because it is necessary to include a fast acting,

movable shutter to control the irradiation. This shutter (described in Section

2.7) must be large enough to shadow the entire beamline so that there is no

significant radiation leakage around the shutter. The height and width of the
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thermal column are not sufficient to include a movable shutter of the size that is

necessary without removing a significant portion of the reactor floor or the

reactor biological shield. A longer collimator was therefore considered so that

the large movable shutter and all of the equipment required to move it could be

located outside the thermal column.

A simple parametric study was performed using MCNP where in-air beam

parameters were tallied at the patient position for collimators of various lengths.

These calculations made use of spent fuel, D 20 cooling, an Al/AIF 3

filter/moderator, 10 cm Pb reflector, 8 cm Bi photon shield and a lead walled (15

cm thick) collimator with a 20 cm (square) aperture. The size of the two

apertures for the pyramid shaped collimator were kept the same for each

calculation, so changing the length of the collimator required small changes in

the taper angle. Parameters were calculated for collimators ranging in length

from 80 to 120 cm for a total beamline length ranging from 1.9 to 2.3 m. The

behavior of the epithermal flux at the patient position is plotted versus collimator

length in Figure 2.32.
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Figure 2.32: Epithermal flux tallied at the patient position plotted versus collimator length. Total beamline length
ranges from 1.9 to 2.3 m. Lead collimator lengths range from 80 to 120 cm. A lead collimator
with a 20 cm aperture is used in this study.
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Longer collimators result in lower flux at the patient position due to the

increased distance from the source. However, even for a collimator 120 cm in

length (the length required to move the 40 cm thick mechanical shutter outside

the thermal column), the epithermal flux at the patient position is still nearly

1E+10 n/cm 2 s. Assuming a boron compound with characteristics like BPA (-

18 ppm 10B in blood or tissue) even a 120 cm long collimator would be capable

of delivering a tolerance dose of 1200 cGy in a few minutes (see Section 5.0 for

examples of dose versus depth curves for the fission converter beam). Longer

collimators also result in modest improvements in beam directionality (again

due to the larger distance from the source) but no statistically significant change

in specific photon or fast neutron dose rates. A 120 cm collimator will therefore

still achieve all of the parameters desired for a high quality, high intensity

epithermal neutron beam. The tremendous expense and complication of

including a movable shutter in the thermal column of the reactor is unnecessary

given the good beam performance that is obtained with a longer collimator.

Furthermore, the patient collimator included in the final design results in an even

longer beamline than those calculated here. The additional length of the patient

collimator has, however, still resulted in treatment times as short as five

minutes.

2.6.2 Engineering Design of the Collimator and Water Shutter

The collimator/water shutter module occupies the remainder of the thermal

column port and was installed in the same manner as the filter/moderator.

Access ports with removable concrete plugs are provided in the bottom of the

collimator module so that it can be lifted and installed using the installation hoist.

The module (see drawing R3K-15-4 Rev. 5) consists of a cone shaped

collimator with lead walls 15 cm thick contained within a steel walled box filled

with boron loaded concrete (50 mg/cm 2 10B). A thin walled (1/4") conical tank

(see drawing R3K-18-4) with dish shaped ends fits inside the conical collimator

and attaches to the rear of the module with a flange and circular bolt pattern.

The low point of this tank is equipped with a drain.and fill line (2" aluminum
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pipe). The vent line (3/4" aluminum pipe) at the top of the tank is slightly re-
entrant so that a small volume of air is present at the top of the tank to minimize

water hammer effects once the vent line begins to fill. Both of these lines exit
the tank at the rear (on the side facing the reactor) and pass from there to the

reactor face. The drain/fill line exits the thermal column at floor level, penetrates

the support block for the mechanical shutter and the wall of the medical room
where it mates with the drain fill loop of the water shutter system (see Section

2.6.2.1). The vent line exits at the top of the thermal column and penetrates the
steel lintel block (see Section 3.1) where it mates with the cover gas system for

the water shutter. The wall of the tank and the lead collimator contain matching

1" (radius) steps to minimize radiation streaming between the wall of the tank
and the collimator. The large aperture (125 cm diameter) of the collimator is

centered on the filter/moderator (beam centerline 43 11/16" above the reactor

floor), and the taper angle of 24.60 is chosen to provide a 20 cm diameter

aperture at the end of the mechanical shutter (1.2 m from the start of the

collimator). Small adjustments to the taper angle have been made in sections

of the collimator closest to the patient, as discussed in Sections 2.7 and 2.8.

Drawings of the collimator module and the water shutter tank are shown in

Figure 2.33 and Figure 2.34. As with all of the other lead components for the

fission converter, the lead used in this module was tested for trace impurities by

neutron activation analysis. The impurity content of the lead used for the

collimator was found to be less than 1 %. Details on the activation analysis can

be found in Appendix II.A.
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Figure 2.33: Drawing of the collimator module. See drawing R3K-14-4 for more details.
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Figure 2.34: Drawing of the water shutter tank that fits inside the collimator. See drawing R3K-18-4 for more
details.

Water Shutter System

The water shutter closes under the force of gravity by opening a valve between

a 100 gallon storage tank and the water shutter tank. This pinch valve fails in

the open position (the shutter closed position) when pneumatic pressure to the

valve is lost. The shutter is opened by pumping water from the water shutter

tank to the storage tank located on top of the medical room. The pump is

configured with a circuit that automatically shuts the pump off when the

discharge pressure drops below a preset value (indicating that the drain line is

empty). The shutter can completely open or close in approximately 100

seconds and status indication is provided by ultrasound sensors in the vent and

drain lines. A cleanup loop with a filter and an ion exchange column circulates

water at a flow rate of 0.2 gpm through both the storage tank and the water

shutter when it is closed. Indication of water purity is provided by a conductivity

probe located at the inlet of the cleanup loop. When empty, the water shutter is

filled with helium by a cover gas system that maintains a steady system

pressure of 0.5 psi. A relief valve for the system will open if pressure exceeds 2
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psi and a burst disc for the system is set at 5 psi. Water inventory for the

system is observed via a sight gage provided on the side of the storage tank.

Figure 2.35 below shows a simplified schematic of the water shutter system, a

detailed system schematic can be found in Appendix 1.C.
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Figure 2.35: Schematic of the water shutter system.
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2.6.3 Installation of the Collimator and Water Shutter

The installation hoist described in Section 2.4.4.2 was also used to install the

collimator module. The collimator module was delivered from the manufacturer

with the water shutter tank installed. The water shutter tank was equipped with

enough piping to exit the thermal column, and the module was temporarily

installed in the thermal column to layout the piping that penetrates the shielding

for the medical room. To minimize its intrusion into shielding and other

structures, the piping is located very close to the reactor face and/or the reactor

floor. It is therefore not possible to completely weld the piping in-situ, nor is it

possible to install a flange until the piping has penetrated the shielding for the

medical room. The piping was therefore laid out and tack welded in place and

the collimator was then removed from the thermal column so that the piping

could be seal welded prior to final installation. Figure 2.36 shows a photograph

of the finished drain/fill piping for the water shutter.

... ... ... ..

4

Figure 2.36: Photograph showing the drain/fill piping for the water shutter (1) as it exits the thermal column and
collimator module (2). The piping passes through a notch in the base block for the mechanical
shutter (not shown) and a cutout in the steel frame (3) before reaching the area outside the
medical room (4).
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After all of the welding was complete, the collimator was installed and shimmed

with steel plates to provide a beam centerline 43 11/16" above the reactor floor.

The collimator was centered in the thermal column port and was installed flush

with the reactor face (within - 1/8"). The gaps on each side and on top of the

module (about 1") were filled with polyethylene and lead bricks. The gap

between the module and the wall of the thermal column were filled with silicone

sealant to limit the release of any radioactive argon gas that may be produced

in that region while the fission converter is in operation. The leakage path

between the water shutter and the collimator was sealed by using silicone

sealant where the water shutter mates with the collimator at the rear (reactor

side) of the module. Figure 2.37 shows a photograph of the collimator module

during the test fit installation.
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Figure 2.37: Photograph of the collimator module (1) and water shutter (3) during a test fit installation. The
piping for the water shutter has not yet been laid out. The installation hoist (2) is still attached to
the module so that once the piping layout is complete, the module can be removed for final
welding of all piping.
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The mechanical shutter is a vital component for insuring patient safety as well

as the precise and accurate delivery of dose to the patient. The mechanical

shutter must act quickly (within - 10 sec.) so that clinical irradiations potentially

as short as 5 minutes can be reliably administered. The function of the

mechanical shutter is to open the beam by replacing a beam stop of boron

doped heavy concrete and lead with an extension of the lead lined collimator,

allowing the beam to pass toward the target. The shutter should sufficiently

shadow the thermal column cave in both the open and closed positions so that

there is no significant source of leakage radiation. It is also desirable to employ

a shutter that is fail-safe; namely a shutter that will tend toward the closed

position if it loses drive power. Such a design would suggest the use of a

vertical, guillotine type shutter that can close under the force of gravity. Other

shutter designs such as a rotating disc, weighted to stay closed, or a shutter

that translates along an incline can also be designed to close passively. The

engineering design of such shutters is further complicated by the limited space

available inside the thermal column for the shutter and its drive system. Several

shutter designs were considered in the Masters' Thesis completed by Jerry

White (16). The details of these designs will not be presented here, rather the

important considerations that led to the selection of the horizontal translating

shutter will be discussed.

Many of the designs involved removing a significant portion of the reactor floor

or biological shield just inside the thermal column. Any significant excavation of

the reactor floor would raise serious questions about the mechanical integrity of

the floor due to the high loading in that area from the beamline components and

medical room shielding walls. The extensive steel reinforcement also makes

the reactor floor difficult to excavate. Furthermore, any excavation may require

the reactor to be shut down for long periods of time (at great expense) as well

as cumbersome radiological control procedures for the workers involved. In

spite of much effort, it was simply not possible to design an adequate vertical
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shutter that did not also require at least some excavation of the reactor floor

and/or thermal column. Other designs such as a rotating disc were also

considered by White, but were all found to interfere with the reactor floor or

biological shield.

The complexity and expense of excavating the reactor floor led to the

consideration of a horizontal shutter outside the thermal column (the

lengthening of the beamline for this purpose is discussed in Section 2.6.1.2). A

horizontal mechanical shutter outside the thermal column could shadow the

entire thermal column in the open and closed positions and still have plenty of

room for travel. A major drawback to this design is that the shutter cannot

passively close under the force of gravity. White therefore considered a

horizontal shutter that translated along an incline. Unfortunately, the incline

required to overcome the coefficient of friction for common bearings was so

steep that floor excavation must again be involved. A gravity driven shutter,

however, is not required for regulatory approval, merely the presence of

redundant systems to operate the shutter in the event of failure. It can also be

demonstrated that the safety of a patient is assured in the event the mechanical

shutter cannot close (see Section 4.2.2). Since a horizontal shutter meets

regulatory requirements and can assure patient safety without requiring

excavation of the reactor floor, it was chosen for use in the fission converter

facility.

2.7.1 Design and Construction of the Mechanical Shutter

The mechanical shutter system consists of four basic components, the shutter

frame, the base block, the shutter itself, and the drive system. The shutter

frame (drawing R3K-21-4) is a steel structure that forms two large pockets in

each wall of the medical room. This steel frame is attached to the reactor face

as well as the reactor floor and contains two steel cross members that prevent

the mechanical shutter from falling over if it should ever become derailed. Each

pocket of the frame also contains an array of 20 rubber stops designed to
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cushion modest impacts from the shutter. The drive system pushes against this

rigid frame to move the shutter back and forth during normal operation. The

base block (drawing R3K-20-4) is a large solid steel block that contains

hardened rails for the shutter to ride upon. The base block mates with two pins

(one in each side of the frame) so that the mechanical shutter frame is

constrained by the base block in the event that the shutter crashes into one side

of the frame. The base block also contains 3 jacking screws so that it can be

adjusted to provide a level surface for the mechanical shutter to ride upon. The

interface between the base block and the mechanical shutter contain matching

steps to limit radiation streaming. Figure 2.38 shows the shutter frame attached

to the reactor face and the base block installed in front of the thermal column

(with the collimator and water shutter inside).

Figure 2.38: Photograph of the collimator module (1), mechanical shutter frame (2) and the base block (3) for
the mechanical shutter after installation. The aluminum water shutter tank (4) is also visible inside
the collimator. The vent pipe for the water shutter (5) exits from the top of the thermal column and
mates with the cover gas system at the utility shelf. The drain/fill line for the water shutter runs in
a cutout beneath the base block and is not visible in this photograph.
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The mechanical shutter is a large slab of shielding that consists of a steel shell

filled with 30 cm of boron doped (regular) concrete and 10 cm of lead (see

drawing R3K-19-4). Three sets of high load capacity roller bearings are

mounted on the bottom of the shield and ride along the hardened rails in the

base block. The slab also contains a beam stop with 20 cm of boron loaded

heavy concrete followed by 20 cm of lead, as well as a stepped cylindrical port

for the installation of removable collimator plugs. The circular beam stop (34"

diameter) is large enough to shadow the aperture in the lead collimator behind

it. A cylindrical plug containing an extension of the lead collimator has also

been designed for installation in the beam port of the mechanical shutter

(drawing R3K-47-3). With the mechanical shutter closed and the MITR-l1 at full

power, this plug can be removed and replaced with a different one, if so

desired. The only plug currently available contains a collimator with a large

diameter of 22.75" (to match that in the collimator module) which tapers to a

diameter of 14.32" at the patient side of the mechanical shutter. This taper

angle of 150 is slightly different than that of the collimator module and is

designed to provide an aperture diameter of 15 cm at the end of the patient

collimator (see Section 2.8). A field of virtually any size or collimation can be

obtained with the fission converter by changing the collimator plug in the

mechanical shutter and/or the final patient collimator. A drawing of the

mechanical shutter and collimator plug is shown in Figure 2.39, while Figure

2.40 shows the shutter installed on the base block with the shutter frame.
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Figure 2.39: Drawing of the mechanical shutter and collimator plug.
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Figure 2.40: Top: Photograph of the mechanical shutter and drive shaft with a temporary concrete plug
installed in place of the collimator plug. Bottom Drawing of the mechanical shutter system,
including the shutter frame, base block, shutter and drive system. A portion of the shutter frame
on the right side has been cut away to reveal the drive shaft penetration for the manual drive
system.
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The drive system for the mechanical shutter is a large ball screw device that is

located on top of the mechanical shutter. One end of the ball screw mounts to

the shutter frame so that when the motor turns, the shutter moves on its

bearings. The drive system for the mechanical shutter is equipped with a self

diagnostic indicator that signals when the motor is not able to operate (e.g. loss

of power). The location of the mechanical shutter can be determined by the

number of revolutions of the ball screw. The open position of the shutter can be

accurately reproduced to within 0.0015" with an open time of 9 seconds. The

shutter is also equipped with over travel limit switches that will turn the motor off

before the shutter strikes either of the side supports. The shutter can also be

moved manually by turning a crank located on the outside of the medical room,

near the control console. The hand crank is attached to the ball screw drive via

a shaft that penetrates the wall of the medical room and a set of chained

sprockets. One revolution of the hand crank corresponds to about 1" of shutter

travel (one revolution of the ball screw), and about 45 revolutions of the hand

crank are required to travel from open to completely closed. Approximately 20

revolutions of the hand crank will move the aperture in the mechanical shutter

past the aperture in the collimator module at which point dose rates inside the

room have been reduced by two orders of magnitude or more.

2.7.2 Installation of the Mechanical Shutter

Installation of the mechanical shutter began shortly after installation of the

collimator module was complete. The mechanical shutter frame was first

installed by placing a steel frame on each side of the thermal column. Each side

of the steel frame contains a pin designed to mate with a hole in the bottom of

the base block. Proper placement of the steel frames was insured with the use

of a gauge designed to simulate the holes in the base block. The reactor face is

separated from, but parallel to the rear surface of the frame by 3/8" - %". Each

half of the frame was checked to be plumb and square with the other half. The

two cross members that connect the two halves of the frame were temporarily

installed to insure proper fit. The frames were then attached to the reactor face
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by bolting and welding to the 3/8" steel shell of the reactor face. The bottom of

each frame did not sit flat on the floor (even though they stand plumb) due to

irregularities in the concrete surface of the reactor floor. A solid foundation for

each frame was provided by injecting epoxy into the small voids beneath each

frame.

Once the steel frame for the shutter was secured, the base block was ready to

be installed. The base block was lowered into the steel frame using the large

hook of the polar crane. Once installed, the block was adjusted to level using

the three large leveling screws that had been provided for that purpose. The

shutter was then installed for a test fit to insure that it stood plumb and square

on the base block. The shutter was rolled from one end of the base block to the

other to insure that it did not rub against either end of the steel frame. A

photograph of the shutter during this test fit is shown in Figure 2.41. After being

thoroughly tested, the shutter and the base block were removed. A bed of grout

to fill the small gap between the base block and floor was laid and the base

block was gently lowered into place. The base block was verified to be level

and plumb, and the mechanical shutter was again test fit. After the grout had

sufficiently cured, the mechanical shutter was installed and the two cross

members were securely mounted to the frame. At a later time, the drive

system was mounted on top of the shutter and the couplings to the shutter

frame as well as the manual drive system were installed. Figure 2.41 shows a

photograph of the mechanical shutter being installed.

Figure 2.42 shows a photograph of the manual drive system for the shutter

located near the fission converter control console.
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Figure 2.41: Photograph of the mechanical shutter (1) during its installation. The shutter is being rolled on its
bearings into one of the pockets in the steel frame (2). A temporary concrete plug (3) has been
installed in the port for collimator plugs.

Figure 2.42: Photograph of the manual shutter drive system located outside the medical room. Cranking the
handle (1) drives a sprocket system (2) that turns the ball screw drive for the shutter inside the
medical room. Approximately 45 revolutions (-1" per revolution) are required to completely close
the shutter.
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2.8 Patient Collimator

The field size and directionality of the beam is largely determined by the patient

collimator, a versatile system of collimators that mount to the mechanical shutter
frame. These cone shaped collimators protrude into the medical room and

allow for convenient patient setups for any conceivable target. This collimation

system has also been designed to reduce the collateral dose to the patient by
minimizing radiation leakage through its walls. The collimator consists of a

large base (-800 lbs.) and several nose pieces (- 10-40 lbs. each) that are

currently designed to provide beams with apertures of 15, 12, 10, and 8 cm in

diameter. These aperture sizes can be readily obtained by affixing the
appropriate piece(s) to the end of the large collimator section. If an aperture

larger than 15 cm is desired, or a collimator of a different shape is needed, a

new collimator base can be fabricated to replace the one now in use. The

design, manufacture and installation of this collimator is discussed in the

sections below. Calculated dose depth profiles for the various collimator

designs can be found in Section 5.0.

2.&1 Monte Carlo Design Studies for the Patient Collimator

Monte Carlo calculations were performed for collimators of various shapes,
sizes and composition. Several of these studies will be presented here, for a

thorough review of the many calculations that were performed, the reader is

referred to the thesis of J. Ali (17). The main goal of these studies was to design

a collimator that can provide good beam characteristics (with sufficient intensity,

purity and directionality) without delivering a significant dose to areas outside

the target volume (the trunk of the body, for example). This collimator must also

have an appropriate size and shape so that patient setup (particularly for

intracranial targets) is straightforward and simple.

Hypothetical patient setups were performed using the patient couch and

styrofoam collimators of various shapes and sizes mounted at the appropriate

height from the floor. A 38 cm long collimator with a base of 66 cm that tapers
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to 30 cm (15 cm aperture plus 7.5 cm thick walls) was found to be more than

adequate for positioning any conceivable intracranial field. Setups for other

target sites (such as the chest or limbs) are also quite feasible with this

collimator design. The high intensity of the fission converter provides a clean

beam with short irradiation times (- 5 min.) even for collimators as long as 38

cm. Longer collimators can also be used to provide smaller apertures, with

only modest loss of intensity. The 8 cm nose cone, for example, adds a length

of 12.7 cm to the patient collimator and results in an irradiation time of about 8

minutes.

Once the basic shape of the collimator was decided upon, it was necessary to

determine the appropriate composition of the collimator. The mixed radiation

field of the epithermal neutron beam required walls that effectively attenuate

both neutrons and gamma rays while minimizing the amount of activation

photons that are produced. A dense material with a high atomic number is

therefore desired for photon attenuation, but smaller nuclei with high scattering

cross sections are also required to slow down the epithermal neutrons, as well

as a thermal neutron absorber such as 10B. A composite collimator constructed

of lead and a boron loaded hydrogenous polymer was deemed practical to

obtain the desired attenuation. Initial designs considered simulations of various

homogeneous mixtures of lead, epoxy and 10 mg/cm 3 of 10B (17). The in-air

photon and neutron absorbed dose rate was tallied at the end of the 15 cm

diameter collimator as a function of radial displacement from the central axis of

the beam. As a figure of merit for estimating collateral dose, the full-width at

half maximum (FWHM) of this cross plane profile was determined for

lead/epoxy mixtures ranging from 100% (by volume) lead to 100% epoxy, each

containing 10 mg/cm 3 10B. The FWHM for each dose component is plotted

versus the volume percent of epoxy (with the remaining fraction comprised of

lead) in Figure 2.43.
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Figure 2.43: FWHM from cross plane profiles of the neutron and photon absorbed dose rates versus epoxy
content in the collimator. Lead with 10 mg/cm 3 10B comprises the remaining volume fraction of
each design. The collimator aperture is 15 cm in diameter.

For a collimator comprised only of epoxy, the FWHM for the photon dose is

quite high, indicating significant collateral dose; conversely for a collimator with

no epoxy (only lead) the neutron FWHM is high. At approximately 40% epoxy,

both the neutron and photon FWHM begin to asymptotically approach their

minima (at 100% and 0% epoxy, respectively). Coincidentally or

serendipitously, 60 volume percent of lead can be obtained from a single size of

close packed lead spheres. A collimator can therefore be constructed by

simply pouring boron loaded epoxy into a mold containing filled with lead shot.

Details on this process, which was used to construct the patient collimator can

be found in Section 2.8.2.

The calculations described above modeled the collimator as a homogeneous

mixture of lead, epoxy and boron. A collimator constructed of lead shot cast in

epoxy requires lead shot at least 5 mm in diameter or larger so that the epoxy

has room to flow into all the interstitial spaces. Such a composition, therefore,

may not appear homogeneous to neutrons which have a mean free paths of 2.7

and 0.3 cm in lead and water respectively. MCNP simulations were therefore
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performed for the 60/40 lead/epoxy mixture, where the heterogeneous

composition of the collimator is modeled using 9.5 mm diameter lead shot. For

simplicity, only the first five layers of spheres along the inner surface were

modeled. Neutrons that penetrate deeper than this are likely to have already

undergone a scattering reaction somewhere in the collimator and stand only a

small chance of being scattered back toward the patient position. The tallies

using this heterogeneous model showed no statistically significant difference

from the tallies in the homogeneous model.

The boron contained in the epoxy mixture is useful for absorbing thermal

neutrons that might otherwise be scattered back toward the patient position, or

produce high energy capture gamma rays from hydrogen. The capture reaction

with boron, however, also produces a 478 keV photon that will deposit

undesirable dose in the target. MCNP calculations were therefore performed to

see if the in-air photon absorbed dose rate is appreciably reduced by using

lithium (which emits no capture photon) instead of boron. When boron is

replaced with an equivalent loading of 6Li, the photon dose rate at the patient

position is reduced by about 30%. Most of this, however, was found to arise

from the first several centimeters of the collimator wall nearest the patient

position (17). Therefore, to limit the amount of costly enriched lithium (the

amount of naturally abundant lithium required is more than can be mixed with

the epoxy) that is required to manufacture the collimator, only the inner 5 cm of

the 15 cm nose piece and all of the smaller nose pieces were manufactured

using lithium instead of boron. The photon absorbed dose rate calculated for a

collimator containing only boron is 7.62 cGy/min, while that for the lithium

loaded nose pieces is 5.85 cGy/min, with a concomitant epithermal flux of

4.5E+09 n/cm 2 s.

The efficacy of the collimator in limiting collateral dose was evaluated by

calculating the dose in a water filled half-body phantom shown in Figure 2.44.
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I

Figure 2.44: Schematic of the fission converter beamline, patient collimator and half-body phantom used in to
calculate the collateral dose to the patient. The head is represented by a water filled ellipsoid,
while the neck and chest are modeled as water filled cylinders. The neck and chest are divided
into 11 segments that are each 5 cm thick.

Water filled cylinders of different size represent the patient's neck and trunk,
while a water filled ellipsoid is used to model the head. The neck and trunk are

segmented into eleven 5 cm thick slices along the axis of the cylinders. The

photon and neutron absorbed dose rates have been calculated by averaging

the dose over the entire head as well as in each segment of the neck and chest,

and are compared with the calculated in-air absorbed dose rates in Figure 2.45.
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Figure 2.45: Cross plane profile of in-air neutron and photon dose rates calculated at the end of the 15 cm
(diam.) aperture collimator (curves). These dose components are much less than that for the total
dose calculated in the body phantom (black histogram), most of which is due to photons (gray
histogram).

The total dose rate averaged over each segment of the water phantom is

shown by the black histogram in Figure 2.45. The in-phantom dose arising from

photons is represented by the gray histogram and the in-air neutron and photon

absorbed dose rates are shown by the dashed and solid lines, respectively.

Much of the in-phantom dose rate is due to photons, most likely photons that

arise from neutron capture events in the head. A significant fraction of the total

dose outside the beam aperture, however, is delivered from neutrons. A small

portion of this dose is due to neutron leakage through and around the walls of

the collimator, the remainder must arise from neutrons that scatter in the head

and subsequently interact in other parts of the body. The in-air dose rates

outside the aperture of the beam are much lower than the total dose rate for the

corresponding segment, indicating that radiation leakage through the walls of

the collimator is a small contributor to the collateral dose delivered to the trunk
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of the body. Further optimization of the collimator will not, therefore,
significantly reduce the collateral dose to the patient.

Design and Construction of the Patient Collimator

The patient collimator is mounted on a steel plate (drawing R3K-55-3) that

spans the cross members of the mechanical shutter shutter frame (see Section

2.7.1). These cross members have been reinforced by three braces (drawing

R3K- 56-3); two that attach to the steel roof plates of the medical room (see

Section 3.1) and one that attaches to the base block of the mechanical shutter.

This mounting system provides rigid support and a reliable method for

accurately repositioning the collimator after it has been removed.

The collimator itself is formed on a 1/4" steel plate that is designed to mate with a

removable male mold (drawing R3K-55-3) that forms the inner surface of the

collimator. This plate also contains a shallow groove to accommodate a thin

sheet of aluminum that is appropriately cut and rolled to form the female mold.

Short sections of threaded rod and rebar have been welded to the steel plate

inside the female mold to firmly anchor the lead/epoxy casting. The top surface

of each collimator section consists of a 1/4" steel or aluminum finish plate. Each

nose piece is designed to be bolted to the piece beneath it via 2 holes (or more

in the larger cones) that penetrate the cone and align with threaded holes in the

mating part.

Once the male and female molds have been appropriately prepared with a layer

of adhesive tape and mold release, a layer of lead shot is arranged in the

bottom of the mold a few centimeters deep. The collimator is cast in several

shallow layers to insure that epoxy has adequately flowed to all of the spaces

between the lead spheres. Once a layer of lead is laid out, the epoxy is mixed

with 170 mg/cm 3 of B4C (resulting in 10 mg/cm 3 of 10B in the collimator module)

and carefully poured over the layer of lead spheres. Pouring of the epoxy stops

just before the top of the lead spheres is reached and then allowed to cure for a

few hours. This process allows successive layers of epoxy to "interlock" via a
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bond on a shared layer of lead spheres and provides strength in case the

interface between two successive epoxy pours do not form a chemical bond.

This process of arranging lead spheres and pouring epoxy is repeated until the

top of the mold is reached. Figure 2.46 shows a photograph of boron loaded

epoxy being poured over the lead spheres during manufacture of one of the

nose pieces.

Figure 2.46: Jameel Ali pours boron loaded epoxy over a layer of lead spheres arranged in the bottom of the
mold for the 15 cm nose piece. The male mold in the center is surrounded by a
lead/epoxy/lithium fluoride mixture that was formed earlier. The lithiated mixture that forms the
inner surface of this nose piece is used to reduce photon contamination from 10B capture gamma
rays.

The finished patient collimator is mounted over an annular shield of borated

polyethylene and lead. This annular shield also houses four fission counters

that are located at the periphery of the collimator. These detectors are used to

monitor the beam and the progress of a patient irradiation (see Section 4.2). A

drawing of the collimator, including the annular shield and a beam monitor

detector is shown in Figure 2.47.
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Figure 2.47: Drawing of the patient collimator. One (of four) beam monitor detectors is shown in the annular
lead shield. The steel plate at the far left is mounted to the mechanical shutter frame and
supports the annular shield as well as the collimator.

The large section of the patient collimator is installed by raising it into position

using the chainfall and trolley inside the medical room. Once the collimator is

guided by hand onto the two mounting pins, it can be released from the chainfall

and bolted into place. The nose pieces for the collimator can either be installed
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with the collimator lying flat on the floor, or by hand with the large collimator

already mounted.

The beamline for the fission converter facility was constructed in a modular

fashion by fabricating each of the major components separately. The major

modules starting near the reactor were the filter/moderator, photon shield,

collimator (and water shutter) and mechanical shutter (including the collimator

plug). These modules weighed 12, 2, 10 and 13 Tons, respectively. The initial

design of each component (from Kiger (1), Sakamoto (8) and Sutharshan (3))

has been extensively revised to meet engineering and manufacturing

constraints. Several small optimizations, performed as part of this thesis and

described in this chapter, were necessary to ensure that the highest possible

neutronic performance was obtained from the final engineering design.

Separate modules for the filter/moderator, photon shield and collimator

(containing the water shutter) were installed in the thermal column cave using a

specially designed installation hoist. The converter fuel tank was installed

between the reactor main coolant pipes in the vertical pipe tunnel, filled with

heavy water coolant and (later) loaded with spent MITR-11 fuel. The mechanical

shutter and patient collimator have been installed outside the thermal column

cave. The conical patient collimator has been designed to provide beam

apertures ranging from 8 to 15 cm in diameter by using successive nose cones

that can be attached by hand. Different aperture sizes can be readily

constructed using lead spheres, boron or lithium loaded epoxy and male/female

molds. The entire patient collimator, as well as the collimator section contained

in the mechanical shutter, can be easily removed and replaced with collimators

of different shapes, sizes or materials
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Chapter Three
Medical Irradiation Facility

This chapter describes design, construction and performance of the fission

converter medical irradiation facility. The shielding design calculations for the

facility are reviewed which include those for the medical room, beamline

shutters and fuel tank shield. The layout and design features of the medical

room are discussed, as are the engineering and construction practices that

were used. Finally, this chapter provides a summary of the health physics dose

rates measured in and around the facility and compares them with results from

the design calculations.

3.0 Shielding Design

Much of the shielding for the fission converter facility was designed using the

Monte Carlo Code MCNP (1) in addition to hand calculations that use

conservative assumptions and approximations when necessary. The design of

the three shutters that control beam delivery as well as the shielding above the

fission converter fuel tank was completed by Sutharshan (2). Ledesma (3) and

Campos (4) developed a shielding design for the medical irradiation room that

makes use of the shield blocks from the blanket test facility (BTF) that occupied

the space where the fission converter medical room now stands. The following

sections provide a review of the shielding design as well as additional shielding

calculations that were performed for this thesis. The results obtained from

measurements in the fission converter facility are compared with calculations

from the shielding design studies. In general, the dose rates predicted from the

shielding design calculations are found to agree with those measured at the

fission converter facility. More importantly, the shielding in all areas is found to

be sufficient to permit the fission converter facility to be operated simultaneously

with other experiments at the reactor. A review of the measured dose rates in all
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areas of the facility under various operating conditions is provided in Section

3.2.

3.0.1 Medical Room Shielding

The medical room is designed to shield personnel on the reactor floor from the

intense source of neutrons from the fission converter beam. Initial shielding

design studies for the medical room were performed by Le Gal (5) and

Sutharshan (2). These studies considered a variety of layouts for the medical

room and calculated the wall thickness required for high density concrete using

analytical as well as Monte Carlo models. These studies, as well as the MCNP

calculations performed by Ledesma (3) indicate that a 0.9 m thick back wall

comprised of high density concrete (p= 3.8 g/cm 3) is sufficient to reduce dose

rates outside the medical room to less than 1 mrem/hr. Ledesma also found

that the side walls (and roof) of the medical room could be slightly thinner (75

cm) and still reduce dose rates to 1 mrem/hr or less. All of these calculations

were performed for a maximum epithermal beam intensity in the fission

converter of - 2E+10 n/cm 2 s (with an MITR-II power of 10 MW).

An initial design for the medical room that incorporated most of the shield blocks

from the BTF was developed by Ledesma (3) and Campos (4). This design

was advantageous because it reduced the material and labor costs for

manufacturing the medical room. This design also reduced the expense of

disposing the BTF as low level radioactive waste at great expense. Each

shield block from the BTF is 53.3 cm thick and comprised of high density

concrete (p=4.0 g/cm 3) made with iron ore aggregate. A single layer of these

blocks would, unfortunately, not provide adequate shielding for the medical

room. A wall comprised of two layers of BTF shield blocks provides more than

adequate shielding, however it occupies additional floor space that could

otherwise be used for a larger medical room or more space in the fission

converter control area. Nevertheless, the cost and time savings associated with

re-using the BTF shield blocks compelled further development of the design

proposed by Campos and Ledesma. As described in Section 3.1, a medical
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room of adequate size was designed and constructed from the BTF shield

blocks. This medical room (see Figure 3.1) is entered via a short hallway near

the control console and is equipped with a large viewing window (see Section

3.1.2) for direct observation of the patient. The design for the medical room

provides ample shielding (see Section 3.2) and leaves sufficient space on the

reactor floor for the beam control and patient support systems.

3.02 Beam Shutters

The shutters that control beam delivery are designed to serve two purposes.

First, the shutter(s) should rapidly and reliably terminate the patient irradiation

so that the dose delivered during shutter transit time is negligible compared to

that delivered during the treatment. Secondly, the shutters must sufficiently

reduce the dose rates inside the medical room so that personnel can enter and

occupy the room for extended periods of time without accruing significant dose

( 10 mrem per work day). Both of these goals should be achieved without

requiring the reactor to reduce power or shut down so that the fission converter

facility can operate without perturbing normal reactor operations. The first

requirement suggests that at least one relatively fast acting shutter (5-10

seconds) which can also attenuate dose rates by two orders of magnitude or

more is required to start and terminate an irradiation. The second requirement

suggests that dose rates inside the medical room with the beam off should not

be significantly higher than the nominal background of - 1 mrem/hr measured

in the reactor hall.

Sutharshan (2) (following the work of Kiger (6)) developed the three shutter

concept that is employed in the fission converter facility. These three shutters

act together to reduce the dose rate transmitted along the beam line to

negligible levels. The Converter Control Shutter (CCS) is designed to shield

the fission converter fuel from the source of thermal neutrons from the graphite

reflector region of the reactor. The CCS reduces the fission rate in the

converter fuel (as well as the downstream dose rates) by about two orders of

magnitude and is designed to act within 30 seconds. The water shutter is a
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100 gallon conical tank (68 cm long) with thin aluminum walls that occupies part

of the collimator. It is equipped with a fill and drain system that can open or

close the shutter in about 100 seconds. The water shutter closes passively

under the force of gravity if the pneumatic valve that holds it open should fail.

The water shutter attenuates neutron dose rates in the beam by more than

three orders of magnitude, but has only a minor effect on gamma dose rates.

Finally, the mechanical shutter can open and close in 9 seconds and attenuates

neutron and photon dose rates in the beam by factors of about 200 and 1000,
respectively. Sutharshan used MCNP to determine that these three shutters,

acting together, will reduce dose rates inside the medical room to less than 1

mrem/hr. Dose rates inside the medical room were calculated with MCNP for

various shutter configurations to analyze several event scenarios as part of the

work for this thesis (see Section 4.2.2). The results from these calculations are

compared with measured values in Section 3.2.

3.0.3 Fuel Tank Shielding

The area directly above the fission converter fuel tank is often occupied by

reactor personnel as well as experimenters. Though this area (the reactor top)

is controlled as a contaminated and potentially high radiation area, it is

necessary to minimize exposure to reactor personnel. Appropriate shielding

was therefore designed to shield the area directly above the fission converter

fuel tank. Sutharshan (2) determined that the photon dose rate above the fuel

tank with the CCS closed is approximately equal to that with the CCS open and

the converter operating. The cadmium in the CCS is exposed to a high thermal

neutron flux when it is closed and generates a large source of high energy

activation photons, some of which will reach the top of the fuel tank. When the

CCS is open, this activation source is reduced since the shutter has moved out

of the high thermal flux region, but it has moved closer to the top of the tank,

resulting in less geometric attenuation. Furthermore, with the CCS raised and

the converter operating, a large source of photons from the fission process

contributes to the dose at the reactor top. Sutharshan determined that a 43 cm
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thick lead slab is sufficient to reduce the dose rates above the fuel tank to only a

few mrem/hr. The coolant in the fuel tank (whether light or heavy water)

provides good neutron shielding, but the tank does not occupy the entire space

of the pipe tunnel. A steel block therefore shields the area in front of the tank

(see Figure 2.5) that would otherwise allow free passage of neutrons.

Additional neutron shielding was placed on each side of this front shield block

following measurements made during start up procedures, as described in

Section 3.2.2. Additional neutron and photon shielding is provided by a steel

support plate for the lead shield that rests on the reactor top (see Section 2.0.2).

Medical Room Layout/Construction

The footprint of the medical room occupies approximately 400 ft2 of reactor floor

space and nearly two thirds of this space is occupied by the 1.1 m thick

concrete shielding walls. The inside of the medical room is nearly square (12' x

13') with 156 ft2 of space (excluding the entry hallway). The available floor

space in the fission converter medical room is roughly equal to that available in

the basement medical room (160 ft2), but can be much more efficiently utilized.

The patient couch in the new facility is located along a wall, rather than in the

center of the room, as is the case for the basement facility. Much of the floor

space in the basement facility is also occupied by a hydraulic lift platform that is

used to raise the patient to the beam aperture located on the ceiling. The

horizontal beamline of the fission converter facility allows a fully extended 6'

patient to be positioned on a couch anywhere along a 1800 arc around the

beam isocenter. The layout of the fission converter medical room and control

area is shown in Figure 3.1.
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Figure 3.1: Floor plan of the fission converter medical room and control area.
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The fission converter control console and a patient monitoring station allow

direct observation of the patient through the shielded viewing window or via

closed circuit television monitors mounted in the console. Approximately 300 ft2

of free space (excluding the control console and patient monitoring area)

remains within the medical area boundary delineated by dashed lines in Figure

3.1 which will be used for patient preparation and storage of supplies.

The shielded entrance door slides to the right in Figure 3.1 to provide access to

the medical room. Further details regarding the medical room door and its drive

system can be found in Section 3.1.3. When the door is fully open, the space

between open door and the reactor wall narrows to approximately 26 inches

wide, which is suitable for personnel access. The medical room door can be

partially closed to provide access for large equipment, gurneys, carts, etc. To

avoid creating such a narrow passage, alternate designs for the medical room

were considered as part of this thesis. Shortening the entrance hallway

increases the width of the passage but the modest gain is offset by the need for

a thicker door. The other two sides of the medical room do not have sufficient

space for a suitable control area and it is desirable to have the entrance in close

proximity to the beam controls. A miniature maze entrance that could use a

thinner door in a less constrained location was also considered. It was not

possible, however, to develop a design that significantly increased the width of

the passage without interfering with the control console and viewing window.

Furthermore, such a design would have added to the cost and complexity of

constructing the medical room. The medical room layout shown in Figure 3.1

provides a room of adequate size with ample shielding and provides the

maximum possible floor space for the fission converter control area. The

construction of this room and all of its features are described in the sections

below.

3.1.1 Shielding Walls and Roof

The walls of the medical room are constructed primarily from concrete blocks

that formerly comprised the BTF. Many of these blocks were used without
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modification, but several were suitable for use only after being cut into two or

more pieces. Table 3.1 below lists the BTF blocks that were used in

constructing the new medical room, shows their original size, weight and

whether or not they were cut for use in the medical room. The unused portion of

the cut blocks is small, since in many cases both pieces of the cut block was

used. Several additional blocks were constructed for the facility from either high

density concrete or steel, as indicated in Table 3.2. Appendix L.D contains

drawings for each block in the medical room (BTF and new blocks) as well as a

listing of the blocks and the high density concrete mixture that was used.

Block
Designation Thickness

WidthHeight (maxh
(max.)

Weight
(T)

Location in Medical
Room

NO-2 21" 7' 4" 14' 1.5" 19.9 South Wall/North Wall

NO-3 21" 7' 4" 14' 1.5" 19.9 North Wall

NI-1 21" 7'4" 7'11" 12.5 North Wall

NI-2 21" 7' 4" 10' 7.5" 15.5 Hallway/Spacer Block

SO-2 21" 7' 4" 14' 1.5" 19.9 North Wall

SO-3 21" 7' 4" 14' 1.5" 19.9 Roof

SI-1 21" 7' 4.5" 7' 11" 12.5 Hallway

SI-2 21" 7' 4" 10' 7.5" 12.5 West Wall

WO-2 21" 6' 5" 3' 0.5" 4.2 Shadow Shield

WO-4 21" 7' 4" 12' 6" 19.9 West Wall/Hallway

WI-4 21" 7' 4" 12' 6" 19.9 Roof

FO-2 24" 9' 6" 6' 10" 16.3 South Wall

SO-1a 21" 9" 7' 0.86 North Wall

SO-1b 21" 9" 7' 0.86 North Wall

NO-1a 21" 9" 7' 0.86 North Wall

NO-1b 21" 9" 7' 0.86 North Wall

SI-4 21" 21" 7' 4" 1.4 South Wall

FI-2 24" 9' 6" 6' 6" 15.0 West Wall

TOTAL: 212.7

Table 3.1: List of blocks from the BTF that are used in the fission converter medical room. Blocks listed in bold
have been cut from their original size listed in the table. Drawings of each of these blocks,
including the cuts that were made in some, are included in Appendix l.D. Concrete blocks have a
density of 4.0 g/cm3
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Block
Designation

Volume Mass

(fte) (T)

Corner-1 32.7 4.1 Heavy Concrete

Corner-2 78.5 9.8 Heavy Concrete Ventilation, electrical conduit penetrations

Corner-3A 15.1 1.9 Heavy Concrete Water shutter pipe penetrations

Corner-3B 15.1 1.9 Heavy Concrete

Corner-3C 15.1 1.9 Heavy Concrete

Corner-3D 15.1 1.9 Heavy Concrete

Corner-4 5.4 0.7 Heavy Concrete

Lintel-1 28.2 6.9 Steel Water shutter vent penetration

Lintel-2 6.0 0.8 Heavy Concrete

Lintel-3 17.2 2.2 Heavy Concrete

Roof-1 58.6 14.3 Steel

Roof-2 50.8 12.4 Steel

Roof-3 38.9 9.5 Steel

Spacers 1-4 120.0 15.0 Heavy Concrete Drop from block NI-2 also used as spacer

Upper Roof-1 65.0 8.1 Heavy Concrete

Upper Roof-2 43.3 5.4 Heavy Concrete

Wall-1 38.7 4.8 Heavy Concrete

Wall-2 53.0 6.6 Heavy Concrete

Wall-3 10.1 1.3 Heavy Concrete Manual Drive Shaft Penetration

Wall-4 6.5 0.8 Heavy Concrete

Wall-5 15.2 1.9 Heavy Concrete

Wall-6 71.9 9.0 Heavy Concrete Electrical Conduit Penetrations

TOTAL 800.4 121.1

Table 3.2: List of blocks constructed for the fission converter medical room. See Appendix 1.D for details on
each block as well as information on the heavy concrete mixture that was used. The heavy
concrete blocks used iron ore aggregate to produce a density of 4.0 g/c 3.

Figure 3.2 - Figure 3.5 provide views of the medical facility in various states of

assembly, showing each of the blocks listed in Table 3.1 and Table 3.2.
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CIO-

Figure 3.2: Isometric drawing of the partially assembled walls of the medical room showing the blocks listed in
Table 3.1 and Table 3.2.
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Figure 3.3: Isometric drawing of the assembled walls of the medical room showing the blocks listed in Table 3.1
and Table 3.2.
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Figure 3.4 Isometric drawing of the assembled walls and a portion of the roof for the medical room showing the
blocks listed in Table 3.1 and Table 3.2.
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Figure 3.5 Isometric drawing of the fully assembled walls and roof for the medical room showing the blocks
listed in Table 3.1 and Table 3.2.

The roof of the medical room is comprised of 21" thick high density concrete

blocks supported by 6" steel plates. The steel plates provide shielding as well

as ample structural support for the weight of the concrete blocks and fission

converter equipment located on top of the medical room (primary coolant and

water shutter systems). The approach of using thick steel plates to support the

heavy roof load was found to be less expensive and simpler than using

reinforced concrete trusses, as proposed by Campos (4). A safety factor of 8

was calculated for the strength of the steel plates and concrete blocks which

comprise the roof (see Appendix Il.F for calculations). The bottom surface of the

steel plates form the ceiling of the medical room, which is 9' 5" above the

medical room floor. Two S8x15 steel I-beams have been mounted to these
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plates inside the medical room so that a trolley and winch can be used to move

heavy objects such as the patient collimator.

The steel roof plates are supported by the blocks that form the inner wall of the

medical room which are put in compression from the roof load. Mechanical

testing with the concrete mixture used for the medical room (see Appendix

I.D.vii) demonstrated that it can safely withstand stresses of up to 4000 psi in

compression (7), which is well above the load of ~ 240 psi experienced by the

medical room walls. The hallway blocks support the smallest roof block (Roof-

3) in a similar fashion, however, the hallway ceiling is only 7' 4" above the

reactor floor (or 7' 3" above the medical room floor).

The inside walls of the medical room have all been covered with a 1" layer of

borated polyethylene (Ricorad @, see Appendix I.D for material properties) to

reduce neutron induced activation of the high density concrete walls. The

Ricorad ® was affixed with adhesive (Liquid Nails) and fasteners that were

driven into the concrete walls and steel roof with a powder charge tool (Hilti). All

materials were irradiated in the pneumatic tube facility of the MITR-11 prior to

installation to ensure that significant activation would not occur. A hand

calculation by P. Binns (see Appendix II.A) demonstrated that the prompt

photons produced by the Ricorad @ have a negligible impact on the photon

dose received by the patient.

The floor of the medical room has been surfaced with a 1" layer of epoxy based

terazzo that contains 0.35 lbs/ft2 of boron carbide. In addition to providing an

attractive appearance, this surface limits activation of the concrete reactor floor

beneath. The floor in the hallway of the medical room contains a gradual 1" rise

above the medical room floor (a rise to 2" above the reactor floor) before

tapering back to the reactor floor level outside the medical room. This rise helps

to limit radiation streaming beneath the door of the medical room.
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3.1.2 Viewing Window

The wall of the medical facility near the control console is equipped with a

shielded viewing window that provides direct observation of the patient during

an irradiation. Ledesma (3) identified the window composition required to shield

the control console area from the radiation source of the fission converter beam.

A window was designed that made use of surplus components obtained from

the Westinghouse Hanford Co., the University of Virginia Research Reactor and

the Idaho National Engineering and Environment Laboratory (INEEL); a

schematic of this window is shown in Figure 3.6.

The window consists of two main components, a plain quartz glass window

donated by Hanford, and a second window comprised of leaded glass panes

and mineral oil. A stepped steel box is mounted to the Hanford window using a

gasket and silicone sealant; two layers of leaded glass (p=4 .0 g/cm 3) are then

installed inside. The other end of the steel box is closed with a gasket seal

around a piece of plain quartz glass that is clamped to the steel box. The

remaining volume inside the steel box is then filled with mineral oil. A drawing

of the window assembly is shown in Figure 3.6. Sufficient space has been left

on all sides of and between the panes of leaded glass so that the mineral oil

can fill all areas and provide optical coupling for the entire window.
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Figure 3.6: Drawing of the window assembly for the fission converter medical room. The "Hanford" window
forms a seal with a steel box that houses panes of leaded glass and mineral oil. The large end of
the window is sealed with a %" pane of quartz glass.

The window assembly (Drawing R3K-80-4) described above was installed into

a steel lined pocket in the concrete blocks (FO-2 and SO-2 in Table 3.1) that

house the window. The pocket was formed by mounting a steel weldment into

oversize cutouts in the block and securing it in place with steel reinforcements

that attach to the concrete block. The area around the weldment was

backfilled with heavy concrete and allowed to cure for a few days. The window

assembly was then gently lowered into the pocket using the overhead crane.

Steel plates were installed above the window inside the weldment to carry the

load from an additional backfill of heavy concrete above the window. The

remaining block for the south wall of the medical room (Wall-6) was installed

above the backfill, but with shims on each side of it so that none of its weight

would be transferred to the window assembly.
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The drain and fill ports for the mineral oil are accessible from inside the medical

room. Overflow that might occur due to thermal expansion of the oil is collected

in a reservoir attached to the vent line. The mineral oil and overflow system are

isolated from the ambient air by a dryer element to prevent the ingress of

moisture which might degrade the optical quality of the mineral oil.

3.1.3 Medical Room Door

Shielding calculations for the medical room door were performed by Ledesma

(3) who found that a 17" (45 cm) thick steel door is required. The final door

design of 12.25" steel, with an inner surface lining of 1" borated polyethylene

(Ricorad @) and 1%" Boral @ was determined by measurements performed with

a temporary steel door during startup. An initial mechanical design for the door

was completed by Carson (7) and subsequently refined and implemented by

project engineer Peter Stahle. The door (Drawing R3-K-74) is a 16.2 T steel

slab that moves on a trolley system (Drawings R3-K-75 through R3-K-78)

supported from the hallway roof block (Roof-3). To minimize radiation

streaming, the top and sides of the door mate with steps in the adjacent shield

blocks when closed and the bottom of the door travels -1/8" above the surface

of the reactor floor.

The door is hung from trolleys that are driven by a pneumatically operated

motor. Motorized operation of the door can be initiated by the open/close

buttons located inside and outside the room. If pneumatic power is lost, the

door can be manually operated with the chainfall outside the room after pulling

a lever to disengage the drive chain. Limit switches will stop the motor if the

door should travel past its preset stop and the rail contains mechanical stops for

the trolleys if the limit switches should fail. The door controls are also

interlocked with the shutter controls for the fission converter beam (see Section

4.0). When the door is opened all three of the fission converter beamline

shutters are signaled to close. Conversely, none of the shutters can be opened

unless the medical room door indicates closed.
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The door is equipped with bumper strips that will stop its motion if it contacts an

object. Since the door creates a narrow passage near the reactor containment

wall when it is fully open, the bumper strips are located on both the leading and

trailing edges of the door. The doorway of the medical room is also equipped

with proximity sensors that prevent motorized operation when people are in the

doorway area of the room.

3.A Ventilation

Ventilation for the medical room is provided via two paths embedded in the

shielding walls of the medical room. Air is drawn from the room by an 8" pipe in

the Corner-2 block shown in Figure 3.2. The pipe draws from the room just

above the mechanical shutter frame and mates with the ventilation register on

the face of the reactor near the floor. Measurements at the floor register

performed by F. McWilliams indicate that the register can achieve an air flow

rate of 400 - 500 ft3/min. This flow rate is capable of achieving approximately

20 volume exchanges per hour inside the medical room. Inlet to the room can

be provided through a 6" circular duct in the spacer block above the entrance

hallway. An air conditioning system can be attached to this inlet to improve

circulation and climate control inside the room, however the duct is presently left

open.

Without a blower attached to the inlet duct, the medical room remains at a

slightly negative pressure with respect to the rest of the reactor building. This is

advantageous to limit the spread of radioactive argon that is produced in the

room while the beam is on. Argon production for the most intense fission

converter beam design ($epi - 2E+10 n/cm 2 s) was estimated to determine how

much ventilation is required to keep radioactive argon levels inside the room

near or below the Derived Air Concentration (DAC). Figure 3.7 shows the 41Ar

level inside the medical room at the end of a 1 hour irradiation plotted as a

function of air flow rate through the medical room. Note that although patient

irradiations for such an intense beam would be much shorter than an hour,
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characterization measurements

regardless of the intensity.
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Figure 3.7 41Ar levels inside the medical room immediately after a one hour irradiation plotted versus air flow
rate through the room. The derived air concentration (DAC) for 41Ar is 60 Bq/L and is marked on
the graph.

Modest flow rates of only 7000 L/min (250 ft3/min) will result in argon

concentrations that are below the derived air concentration (DAC - the airborne

concentration of a radioisotope that results in a 5 rem exposure for a 40

hr/week, 50 week/year continuously exposed worker). It is also important to

note that the levels shown in Figure 3.7 will rapidly decline after the beam is

turned off due to radioactive decay and removal by air flow. The experiments

performed in the fission converter facility to date have found only a slight

increase above the background 41Ar levels of ~ 0.5 DAC typically found inside

the reactor building.
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3.2 Shielding Performance

Health physics measurements of the neutron and photon dose rates in all areas

of the reactor building were obtained during startup of the fission converter

facility on June 1, 2000. Survey instrumentation from the Reactor Radiation

Protection Office (RRPO) was employed for these measurements. Gamma

survey instruments include Geiger-MOller tubes (Ludlum Model 2 and Xetex

Telescan) and proportional counters (Eberline Ion Chamber, RO-2A). Neutron

surveys were performed with a tissue equivalent proportional counter (Far

West, REM 500). RRPO maintains a regular calibration program to ensure that

all of their instruments provide accurate readings. All dose rates measurements

presented in this section are in Rem/hr or mRem/hr, i.e. with quality factors of

1.0 for photons and 10 for neutrons applied to the physical dose.

The shielding design in all areas proved to be adequate (general area dose

rates of < 2 mrem/hr), with the exception of shielding above the fuel tank which

required augmentation that was implemented in November 2000 (see Section

3.2.2). The fission converter has been operated up to the maximum power it is

presently able to achieve (-85 kW), which is about 1/3 of its licensed full power.

The achievable power will double if the MITR-11 is upgraded to 10 MW, and

could increase another 30% if fresh MITR-1l elements are used instead of the

10 spent elements. The low dose rates observed around the facility (as

discussed below) with the beam operating at 85 kW suggest that the shielding

will also be sufficient for operation at the maximum power of 250 kW. The

sections below summarize the dose rates in and around the facility under typical

operating conditions. Details on all of the measurements described below can

be found in the RRPO survey reports included in Appendix V.

3.2.1 Control Console Area and Reactor Floor

The average background dose rate on the reactor floor with the MITR-1l

operating (but not the converter) at 4.5 MW is between 0.5 - 1.5 mrem/hr

depending on location. This dose rate arises entirely from photons; no
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significant neutron background is measured on the reactor floor. Unless

otherwise noted, the dose rates reported in this section include the background

dose rate. Special circumstances where the background dose rate is elevated

and significantly affecting the measurement will be noted.

With the reactor at 4.5 MW and all of the fission converter shutters open, dose

rates in the vicinity of the control console of 0.8 and 0 mrem/hr are measured for

photons and neutrons, respectively. The measured dose rates in the vicinity of

the control console are not significantly different from normal background dose

rates, which is consistent with the calculated results. Dose rates near the

console are low enough to allow unrestricted access by radiation workers (the

requirement for this is typically < 5 mrem/hr) and do not present a significant

source of radiological exposure.

With all shutters open, photon dose rates in the vicinity of the medical room

range from 0.7 - 1.5 mrem/hr, with no measurable neutron dose. These dose

rates along with the remainder of those on the reactor floor are not significantly

different than normal background. A slightly elevated dose rate of 5-10 mrem/hr

is observed at the bottom of the medical room door with all of the shutters open.

This is due to a small amount of radiation streaming between the bottom of the

door and the reactor floor.

3.2.2 Reactor Top and Top of Medical Room

3.2.2.1 Reactor Top

Access to the reactor top is controlled (via approval from the control room) as a

contaminated and potentially high radiation area. Prior to installation of the

fission converter fuel tank and its associated shielding, neutron dose rates in the

vicinity of the vertical pipe chase for the reactor main coolant pipes were - 5

mrem/hr while photon dose rates ranged from 2 - 20 mrem/hr. After installation

of the fuel tank dose rates measured above the main shield block (during FCB

startup on 6/1/2000) with the CCS closed ranged from 4 - 100 mrem/hr for

neutrons and 5-10 mrem/hr for photons. When the CCS was opened, a
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dramatic rise in neutron dose rates was observed, with a maximum neutron

dose rate of 1.8 Rem/hr at an MITR-Il power of 4.5 MW. Photon dose rates

with the CCS open ranged from 15 -90 mrem/hr.

The results of these measurements indicated that neutron shielding around and

above the fuel tank was insufficient. The highest neutron dose rates on top of

the main shield block were observed on the right and left hand side (dose rates

were noticeably lower in the middle of the shield) and toward the reactor core.

This dose distribution suggested a significant source of neutron leakage on

each side of the fuel tank. Access to the space above the top of the fuel tank

was gained by removing the refueling plugs from the right and left hand sides of

the main shield block. Neutron shielding (in the form of polyethylene beads

contained in bags) was added to the available space in these regions and the

refueling plugs were replaced. Subsequent measurements with the CCS raised

showed neutron dose rates approximately a factor of two lower in all areas

compared to those measured earlier.

More extensive improvements to the shielding were made during a brief reactor

outage in November 2000. During this outage the shielding above the fission

converter fuel tank was completely removed and it was discovered that two

large unshielded areas on each side of the main shield block (see Figure 2.5)

afforded a direct line of sight to the neutron source below. Custom made

shields constructed of borated polyethylene sheets (Ricorad @) were installed in

these areas. The shielding above the fission converter fuel tank was then

reassembled, with an additional 3" layer of Ricorad stacked on top of the main

shield block to provide additional neutron shielding.

Subsequent measurements above the main shield block showed a marked

reduction in both neutron and photon dose rates. With the CCS closed photon

and neutron dose rates are each approximately 5 mrem/hr. When the CCS is

raised, the neutron dose rates increase to 10 - 12 mrem/hr, while the photon

dose rate is unchanged. The dose rates from the fission converter facility on
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the reactor top have been reduced to levels that are equal to or less than those

that existed prior to installing the fission converter fuel tank. The installation of

additional neutron shielding has improved the overall shielding performance to

meet that expected from the initial design calculations. Shielding surveys

performed for the final shielding configuration with the CCS both opened and

closed can be found in Appendix V.

3.2.2.2 Top of Medical Room

The top of the fission converter medical room houses the primary cooling

system and much of the water shutter system. None of the primary system is

shielded which means that activation products, principally 16N, in the coolant

will cause increased dose rates when the fission converter is operated.

With the CCS closed, dose rates on top of the medical room are low; general

area photon dose rates range from 1 - 3 mrem/hr and no appreciable neutron

dose rates are measured. The ion exchange columns and filter in the primary

cleanup loop can show elevated contact readings of up to 150 mrem/hr on

contact, depending on how long the filter has been in use and whether or not

the converter has recently been run. The filters in the cleanup loop for the water

shutter do not show any appreciable dose rate. The high purity of the water in

the shutter and the comparatively low fluence it is exposed to keep activation

products to a minimum.

With the CCS open and the converter operating at ~ 85 kW, general area

photon dose rates on the top of the medical room range from 5 mrem/hr at the

entrance to 150 mrem/hr near the pumps on the primary skid. The roof

provides shielding approximately equivalent to the medical room walls, so all of

this increased dose rate is attributed to activation products in the primary

coolant loop. Indeed, the photon dose on contact with the primary pump

measures 1 R/hr, while the hot coolant leg of the piping reads 700 mrem/hr.

The high dose rates near the coolant system drop to a few mem/hr in less than

a minute after CCS closure. The rapid decay of this activity suggests that it is
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due almost entirely to 16N activation photons which has a half-life of 7.1

seconds. To date, no significant buildup of long lived activity has been

observed. The complex geometry and large size of the primary coolant system

make it difficult to provide additional effective shielding. This shielding would

only be useful during the short time the fission converter is in use (duty factor

-3%) and would make maintenance more difficult and time consuming.

Furthermore, it is not necessary to access to the top of the medical room during

operation of the fission converter and access can therefore be controlled.

Administrative procedures can be implemented to ensure that the top of the

medical room is clear prior to opening the CCS. A visual alarm can also be

installed to alert staff when the CCS is open and dose rates are high.

3.2.3 Inside Medical Room

When all of the fission converter beamline shutters are closed, photon dose

rates inside the medical room range from 0.1 - 5 mrem/hr with the MITR-11

operating at 4.5 MW. No significant neutron dose rates are observed inside the

room. Ambient dose rates inside the medical room are highest near the floor

directly above the main reactor cooling pipes and not near the beam aperture

as one might expect. This apparent inconsistency is due to the fact that most of

the dose arises from reactor equipment located in the basement below the

medical room. The heat exchanger and a section of the primary coolant pipes

attached to the basement ceiling are located directly beneath the medical room,

and some of the high energy 16N gamma rays produced from neutron induced

(n,p) reactions in the coolant are able to penetrate the 3 foot thick concrete

reactor floor and enter the medical room. Dose rates inside the medical room

can be reduced by shielding the heat exchanger and coolant pipes. Lead

shielding has been applied to a short section of the coolant pipes, which

reduced the concomitant dose rate inside the medical room by a factor of two.

More extensive shielding of the reactor primary equipment is planned in the

future, which should further reduce the dose rates inside the medical room.

Nevertheless, dose rates are presently low enough to permit personnel to enter
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the room for extended periods of time without requiring the MITR-1l to lower

power or shut down.

To determine the dose rates inside the medical room under various shutter

failure scenarios (see Section 4.2.2) measurements and calculations were

performed with only one or two of the shutters closed. Table 3.3 below

summarizes these data for all of the important shutter permutations with the

MITR-11 at 5 MW (-85 kW of fission converter power).

Dose Rates (Rem/hr)
FCB Shutters Measured Calculated

CCS Water Mechanical Neutron Photon Neutron Photon Reference

open open open 2880 710 3160 676 kjr306

open open 11 1.1 9.8 0.52 kjr335

open open 12 -30 17 46 kjr312

open 0.2 0.015 0.12 0.006 kjr336

open 0.2 13 0.022 28 kjr353

open 0.015 0.018 0.005 0.05 estimated

0.0013 0.0015 < 0.001 < 0.001 Sutharshan

Table 3.3: Summary of the dose rates inside the medical room at the patient position measured and calculated
for various shutter configurations with the MITR-11 at 5 MW and 10 spent fuel elements in the
converter (-85 kW converter power). Calculated results use an early, more intense beam design
and have all been scaled by a common factor to match the measured beam intensity. Photon
dose rates include dose arising from 28AI photons (Tii 2 = 2.3 min.) after an irradiation of 15
minutes or longer.

The calculated dose rates in Table 3.3 were determined using an early, more

intense design of the fission converter beam and have therefore been uniformly

scaled down by a common factor (of about 3) to compare with the measured

results. All of the calculated values include the dose arising from 28AI activation

photons. The 28AI activation photon dose is not accounted for in MCNP

calculations and was calculated by hand after estimating the saturated activity

of 28AI using MCNP (following the method of Kiger (6)). The spreadsheets from

these calculations are included in Appendix 111.C. According to these

calculations, 28AI photons contribute about 20 Rem/hr to the total photon dose

at the patient position with all shutters open, once equilibrium is reached (after
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about 15 min.) The measurements in Table 3.3 have also included 28Al

activation photons (among others) by performing measurements after running

the beam for a few minutes. Dose rates lower than those in Table 3.3 may be

observed if measurements are obtained prior to opening all shutters.

All of the measured values are within a factor of two of the calculated

parameters, and many of the results agree within 10 - 20%. Statistical

uncertainties in the MCNP results are 9% or less, but the 28Al activation photon

dose is difficult to determine and contains considerably larger uncertainties.

Uncertainty in the measured dose rates is also difficult to predict. Statistical

accuracy in the neutron dose measurements is typically 5% or better, however

TEPCs are known to over-respond to thermal and intermediate energy neutrons

(8). Photon dose rate measurements can easily be accurate to within 5-10%

with the instruments used here, however the significant neutron fields present in

some measurements may contribute as much as 30% to the detector response

(9). In light of these concerns, the calculated results have adequately predicted

the dose rates for all of the shutter configurations in the fission converter

beamline.

Table 3.3 shows that the mechanical shutter attenuates the in-beam neutron

dose rate by a factor of -200, which is markedly different from the factor of

-4000 calculated by Sutharshan (2). The beam stop containing borated

polyethylene used by Sutharshan provides for better attenuation than the high

density boron doped concrete that is used in the fission converter beam. The

concrete beam stop was originally expected to provide the same performance

as polyethylene, but it was later discovered that these calculations made use of

an incorrect removal cross section (which also contained an incorrect buildup

factor). Subsequent calculations with MCNP (shown in Table 3.3) yield results

that are consistent with measured values. Furthermore, hand calculations for

both polyethylene and concrete following the method outlined in Chilton (10)

yield results consistent with those calculated by MCNP.
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Nevertheless, the attenuation of the mechanical shutter is sufficient to

accurately start and terminate an irradiation. Figure 3.8 below shows the

measured in-beam dose rates plotted versus time during a hypothetical five

minute irradiation (which can deliver a tissue tolerance dose using the 15 cm

beam aperture).
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Figure 3.8: Measured in-beam health physics dose rates plotted versus time
irradiation with the fission converter neutron beam.

during a hypothetical five minute

At the start of an irradiation, the CCS and water shutter open together, followed

by the mechanical shutter. At the end of an irradiation, all of the shutters are

closed simultaneously. Dose rates inside the medical room have dropped to

background levels after all the shutters have closed, in less than two minutes.

The dose rates experienced by medical personnel under certain emergency

scenarios are discussed in Section 4.2.2.
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Figure 3.9: Estimated in-beam RBE weighted dose rates plotted versus time during a hypothetical five minute
BNCT irradiation with the fission converter neutron beam.

A representation of the dose delivered to the patient during a BNCT irradiation

is shown in Figure 3.9 where the peak normal tissue dose rate is plotted versus

time. In Figure 3.9 the RBE weighted dose is estimated from the measured

shutter attenuation from Table 3.3 and the peak normal tissue dose rate from

the 15 cm aperture patient collimator. Figure 3.9 assumes 18 ppm 10B in

normal tissue and uses the RBEs from the MIT clinical brain protocol. The dose

delivered to the patient during the shutter opening and closing sequence in

Figure 3.8 constitutes less than 2% of the total dose delivered during the short

five minute irradiation. The small amount of dose delivered during shutter

transit will be accounted for in the automatic control system for the fission

converter facility (see Section 4.2.1).
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3..2A Other Locations

Operation of the fission converter neutron beam does not impact the dose rates

experienced by operators in the reactor control room. Similarly, no significant

change in dose rates is observed in any of the basement areas to which access

is readily gained. There are however, two areas in the basement which show a

significant increase in dose rates as a result of operating the fission converter.

The first of these, the reactor equipment room, is not accessed during reactor

operation due to the high dose rates that prevail in the area (with or without the

fission converter operating). The increased dose rates do not therefore present

an exposure concern for reactor personnel, but effluent monitoring equipment

located in the room require relocation or additional shielding. Near the main

coolant pipes as they exit the pipe tunnel (where the fission converter fuel tank

is located) the photon dose rate increases from 1.5 to 5 Rem/hr when the CCS

is opened. A neutron dose rate of 20 Rem/hr was recorded with the CCS open,

though a background neutron dose rate for this area of the equipment room has

not been obtained by RRPO. All of the equipment room measurements were

obtained with the reactor at 50 kW and the results have been scaled to 4.5 MW.

The second area, the basement medical room, can be accessed during reactor

operation, however access must first be cleared by the reactor control room.

The vertical pipe chase that contains the fission converter fuel tank is located

directly above the back half of the basement medical room. Operation of the

fission converter therefore has a significant impact on the dose rates inside the

basement medical room. On the medical room ceiling, near the back wall,

background dose rates of 300 and 20 mrem/hr are typical for photons and

neutrons, respectively with the shutters of the basement medical room closed.

When the converter is operated at -85 kW, the photon and neutron dose rates

increase to 5.4 and 57 Rem/hr, respectively. Clearly, it is unsafe to occupy the

basement medical room while the fission converter is in use. Administrative

controls have been implemented to control access to the medical room during

fission converter operations. Shielding improvements for the basement medical
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room will be addressed during renovation of that facility to reconstitute the M11

thermal beam.

A medical room with ample interior space, a patient observation window and a

sliding shielded access door has been designed and constructed. Blocks that

formerly comprised the BTF were extensively used for the walls. A control

console and patient monitoring area are located outside the medical room

where direct observation of the patient through the viewing window is possible.

The area outside the medical room provides about 300 ft2 for patient support,

operation of the FCB and setup. Safety interlocks prevent the beam shutters

from opening while the medical room door is open, and any open beam

shutters automatically close when the door is opened.

High dose rates prevail on top of the medical room due to 16N activation

products in the coolant loop and in controlled access areas in the basement

where there is inadequate shielding from the converter fuel. However,

radiation surveys in all other areas of the building, including the control room

and reactor top, show dose levels with the fission converter operating that are

acceptable for radiation workers. The good performance of the shielding and

shutters of the fission converter facility permits it to operate without impacting

other experiments in the reactor building.

The beamline shutters attenuate dose rates in the beam to 2 mrem/hr or less

with the MITR-1l at full power. The low dose rates inside the room with all

shutters closed permit extended occupancy by medical personnel without

requiring the reactor to shut down or lower power. Measurements performed

with only one or two of the three shutters closed agree with values predicted

from calculations. The fast acting mechanical shutter will effectively start and

terminate an irradiation by acting in 9 seconds and attenuating dose rates at the

patient position by a factor of 200. The dose delivered to the patient while the

shutters are being opened and closed is less than 2% of the dose delivered
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during an irradiation. Furthermore, this small amount of dose will be properly

accounted for by the beam monitoring system. The design of the medical room

and beamline shutters allow for convenient, accurate and safe irradiations to be

completed during clinical studies of BNCT and eventual routine therapy if BNCT

is proven to be successful as a therapeutic modality.
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Chapter Four
Control and Safety Systems

The control and safety systems for the fission converter facility are described in

this chapter. An overview of the system and controls is provided in Section 4.0.

The instrumentation for the control system is discussed in Section 4.1 and a

summary of all the instrumentation and alarms is given in Section 4.1.8. Finally,
Section 4.2 provides an overview of routine operation with the fission converter

facility and an analysis of several patient related event scenarios that have been

considered.

4.0 System Overview

Clinical irradiations with the fission converter neutron beam will be conducted by

a single operator from the control console located near the entrance hallway of

the medical room. The control console is designed to function as the user

interface for delivering the neutron beam during an irradiation. A process

control panel is also located near the control console to provide status indication

of all fission converter systems. The process control panel is designed to

provide operating staff with readouts of important system parameters and alarm

indications if a problem should occur. Finally, the reactor control room is

provided with readouts of some system parameters and a notification alarm

when operator intervention is required at the fission converter process control

panel.

4.0.1 Control Console

The key switch on the fission converter control console activates the controls for

use and enables the fission converter related reactor scram circuitry. The

orange light above the key switch indicates when the controls for the facility are

enabled. Permission to raise the CCS must be obtained from the operator on

duty in the reactor control room. The reactor operator will then enable the CCS
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controls by activating the CCS operate permit key switch in the reactor control

room (see Section 4.0.3). When the key switch on the medical room control

console is turned off, all of the fission converter shutters automatically close.

Figure 4.1 shows a photograph of the control console and instrumentation

cabinet. The controls on the medical room console are shown in Figure 4.2 and

summarized in the list below.

Figure 4.1: Photograph of the fission converter control console. The control panel (1) is used to administer an
irradiation. Information collected from the beam monitors is stored to a computer and displayed
on a screen (2) during the irradiation. The electronics cabinet houses the readouts for the fission
converter power monitors (3), instrumentation modules, programmable logic controllers and
uninterruptible power supplies. Additional space in the control console (4) is provided for closed
circuit television monitors and expansion space that may be useful for future experiments.
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Figure 4.2: Photograph of the control panel on the medical room console. Each of the labeled controls is
described in the list below.

1) Control Panel Power Key Switch - When the key switch is turned on

the panel controls are enabled and the fission converter related

reactor scram circuitry is activated. The orange lamp above the key

switch turns on when the panel is powered.

2) Manual/Automatic Selector Switch - This switch selects the mode

under which the fission converter will be operated (the modes are

described below).

3) Number Entry Keypad - Target counts for each of the beam monitoring

detectors are entered with this keypad. Once the irradiation is
started, the keypad will also display the integrated counts from each

detector and its percent of the target counts.
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4) Open/Close Buttons - These buttons are active only under automatic
control and will open and close all three shutters in a prescribed
sequence. The open button is inactive unless appropriate beam
monitor target counts have been entered using the keypad. See
Section 4.2.1 for a description of operation under automatic mode.

5) Reset Button - After an irradiation has been completed under
automatic control, this button is used to clear the registers for the
beam monitoring target counts.

6) Shutter and Door Controls - The set of four buttons and lamps are
used to operate and indicate the position of the three beamline
shutters and the medical room door (from left to right: mechanical,

water, CCS and door). Each shutter is equipped with an open and
close button, while the medical room door is equipped with an open
and 'hold' button that stops the action of the door. The medical room
door must be closed using the controls located near the door. In
addition to the full open and full closed indicator lamps, the
mechanical shutter and CCS are also equipped with continuous
position readouts that display percent closed.

7) CCS Operate Permit Lamp - This blue lamp is lit when the reactor
operator in the control room has enabled the CCS for operation.

8) Mechanical Shutter Power Switch - This switch activates power for

the mechanical shutter drive system. The orange lamp above the
switch is lit when power to the drive is enabled (drive requires 5-10
seconds to power up after being switched on).

9) Reactor Scram Button - This button will scram the MITR-11 during an

emergency. The button is only enabled when the control panel key

switch is on.

4.0.1.1 Control Mode

The fission converter control console is designed to either manually or

automatically control an irradiation by selecting the appropriate mode from a

switch on the panel. In 'Manual' mode, the shutters can be arbitrarily opened

and closed, and it is not necessary to enter a target count for the beam

monitoring detectors. Manual mode is intended for use during experimental

irradiations or troubleshooting operations.
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The 'Automatic' mode will be used during clinical irradiations and requires

minimal user input. In this mode the shutters will be automatically opened by

redundant Programmable Logic Controllers (PLCs) in a prescribed sequence

once the four beam monitor target counts have been input and the start button

pressed. When any of the four target counts are reached, the shutters will be

automatically signaled to close by the PLCs. The control console is equipped

with two PLCs, each of which handles the output of the four beam monitoring

detectors. In the event that one PLC fails, an irradiation will continue under the

control of the remaining PLC. If, in the extremely unlikely event that both PLCs

should fail, the shutters will automatically close. Each PLC is also equipped

with an independent uninterruptible power supply that provides power for

several minutes to terminate an irradiation if building power is lost. The reader

is referred to reference (1) for further details on the design of the automatic

control system. See Section 4.2.1 for more details on operating under

automatic control.

Under automatic control, the shutters can only be opened by using the 'Open'

button on the lower portion of the panel (button 4 in Figure 42). Regardless of

the control mode that is selected, any of the shutters can be closed at any time

during an irradiation using the individual shutter controls on the top portion of

the panel (No. 6 in Figure 4.2). Similarly, a reactor scram can be initiated at any

time using the scram button on the control console.

4.0.1.2 Shutter Controls and Indication

Each of the beamline shutters can be operated with the pushbutton controls

located on the control panel. Power to the drive system must be enabled before

the mechanical shutter can be operated. Under automatic mode the 'Open'

button does not function unless the PLCs sense that the mechanical shutter

drive is operational (No. 8 in Figure 4.2). The positional status of each shutter is

displayed by the open (red) and closed (green) indicator lights above the

controls. Limit switches on the mechanical shutter and CCS trigger the

open/closed indicator lights, while status for the water shutter is provided by
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ultrasound sensors in the drain/fill and vent lines for the water shutter. Transient

positional readout for the CCS and mechanical shutter is provided on the

gauges next to the indicator lights. At present there are no plans for transient

indication of the water shutter.

4.0.1.3 Target Count Keypad and Display

In 'Automatic' mode, target counts for the beam monitoring detectors must be

input using the numeric keypad and LCD. A minimum number of counts (this

minimum value is yet to be determined) must be input before the 'Start' button

becomes active. During the irradiation, integrated beam monitor counts are

displayed on the LCD along with a percentage indication of the target counts.

This information, and a plot of the beam monitor count rates versus elapsed

time is displayed on the computer monitor located in the console. The

computer is also used to archive all of the displayed data. Further information

regarding the data acquisition, display and storage can be found in the S.M.

thesis by B. Wilson (1).

4.0.1.4 Other Controls

The fission converter control console is equipped with a reactor scram button

(No. 9 in Figure 4.2). When the control console is activated this button can be

used to scram the MITR-ll.

The 'Open' button located next to the key switch (No. 4 in Figure 4.2) is used to

initiate an irradiation under automatic control. Depressing the start button will

automatically open all three shutters in a prescribed sequence (see Section

4.2.1).

The 'Reset' button (No. 5 in Figure 4.2) is used to clear the registers for the

beam monitor target counts after an irradiation has been completed.

Controls for the medical room door are also provided on the control panel (No.

6, far right in Figure 4.2). The door can be opened from the medical room

control console, but can only be closed using the controls located near the
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medical room door. The 'hold' button on the control console can be used to

stop the medical room door while it is being opened.

4.0.1.5 Other Displays

The control console will also be equipped with displays from the closed circuit

television monitors located inside the medical room. These displays provide a

view of the patient and positional markers during the irradiation.

The instrumentation rack to the right of the control console contains the

electrometer readouts of the fission converter power monitors (see Section

4.1.1). In the event that the fission converter exceeds its licensed power of 250

kW, these monitors will signal an automatic closure of the CCS (at 275 kW). A

warning alarm sounds when the fission converter reaches 110% of the nominal

power for its fuel configuration (presently 85 kW).

4.0.2 Process Control Panel

The fission converter process control panel displays important fission converter

system parameters and provides audible as well as visible alarms when

setpoints are exceeded. A photograph of the process control panel is shown in

Figure 4.3.

The alarms on the process panel are triggered by the instrumentation described

in Section 4.1. A summary of each of these alarms and the associated action is

given in Section 4.1.8. The audible alarm can be cleared by pressing the 'Ack'

(Acknowledge) button on the process control panel. If the situation causing the

alarm has been corrected, the 'Reset' button will clear the alarm by turning off

the lamp. If the alarm situation persists, the lamp will remain lit until the situation

is rectified and the 'Reset' button is again pressed. The abnormal operating

procedures (AOPs) for the fission converter describe how to respond to each of

the alarms on the process control panel and have been included in Appendix

IV.D.
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Figure 4.3: Photograph of the fission converter process control panel. The process control panel provides
readouts of important system parameters which include; primary inlet (1), outlet (2), and bulk (3)
coolant temperatures, primary flow rate (4), secondary flow rate (5), primary coolant level (6), and
primary conductivity (7). The process control panel also provides alarm indicators (8) as well as
on/off controls (9) for the primary, secondary and cover gas system pumps.
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Readouts of the primary inlet, outlet, and bulk coolant temperatures, primary

flow rate, secondary flow rate, coolant level and primary conductivity are also

provided on the process control panel, as shown in Figure 4.3. The main

primary and secondary coolant pumps (two each), cleanup pumps for the

primary and water shutter systems (one each) as well as the helium cover gas

pump can all be controlled from the process control panel. A green light above

each control is lit to indicate when a pump is running.

4.0.3 Reactor Control Room

Permission to operate the CCS must be obtained from the reactor operator on

duty in the control room. The reactor control room is therefore equipped with an

operate permit key switch that must be enabled by the operator before the CCS

can be raised.

Readouts of the fission converter primary coolant level, outlet temperature and

flow rate are also provided in the control room. If an alarm on the fission

converter process control panel occurs, it is displayed in the control room as an

'FCB Trouble' informational alarm. To find out which particular alarm has

indicated, the reactor operator must send a person to the process control panel

located on the reactor floor.

4.OA Safety Interlocks

The fission converter facility is equipped with seven safety interlocks which are

required by technical specifications (TS 6.6.4-7 a through e). Four of the

interlocks relate to the CCS. Specifically, the CCS is interlocked from being

opened unless the primary flow and level scrams are enabled (TS 6.6.4-7 a,b).

These scrams are enabled when the medical room control console is turned on.

When the control console key switch is turned to off (disabling the flow and level

scrams) the CCS and other shutters close automatically (TS 6.6.4-7 c,e). The

last required interlock prevents the reactor from being started unless the CCS is

fully closed (TS 6.6.4-7 d).
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Three additional interlocks have been installed and will be required under

revised technical specifications that are to be submitted. These interlocks

prevent the three beamline shutters from being opened unless the medical

room door is closed. Similarly, if the medical room door is opened during an

irradiation, all three shutters are automatically signaled to close. Lastly, the

water shutter will be interlocked to automatically close upon loss of power.

4.1 Instrumentation

The fission converter facility is equipped with a variety of instrumentation to

monitor the status of its many systems. If an operational setpoint is exceeded,

the instrumentation described in this section will signal an alarm on the process

control panel. In some cases an action is automatically taken (such as CCS

closure or reactor scram) in addition to the alarm notification. Section 4.1.8

provides a tabular summary of all of the instrumentation for the fission converter

facility and the actions associated with each alarm condition.

4.1 Nuclear Instrumentation

4.1.1.1 Power Monitors

The power produced in the fission converter fuel is monitored by a pair of 3He

neutron detectors operating in current mode as ion chambers that are located

above the filter/moderator assembly in the fission converter beamline. These

detectors were installed through an instrumentation port that is accessible from

the utility shelf on top of the new medical room. Each detector is equipped with

a signal and voltage lead that is fed through electrical conduit to the medical

room control console. Voltage to the chamber is applied by high voltage power

supply modules in the control console, while the signal is read out on two multi-

range Keithley electrometers. After the detectors were installed in the

instrumentation port, a steady low background (< 1 pA) was observed on

channel 2, while a much higher (a few tens of pA) more erratic background was

observed on channel 1. Though this situation suggested a problem with
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channel 1, it was decided to observe the detector characteristics during

exposure to the neutron source.

During startup measurements with the fission converter facility, the signal from

each of these detectors was observed with the MITR-1l operating at 5 kW. A

current versus voltage curve for channel 2 revealed a plateau at about 200 V,

while the signal from channel 1 showed no appreciable change with the applied

voltage. Subsequent measurements performed with the reactor at various

powers showed the signal from channel 2 to scale linearly with reactor power.

The signal from channel 2 also increases by a factor of about 100 when the

CCS is opened. No response was observed from channel 1 in any of the

measurements.

The detectors were removed from the instrumentation port to try to rectify the

problem with channel 1. It was discovered that the signal lead for channel 1

was broken. The lead was repaired and both detectors were reinstalled.

Unfortunately, even after this repair, channel 1 still shows no response. It also

appears that one or both of the chambers are improperly grounded since the

signal cables seem to carry a significant potential when voltage is applied to the

chambers. Finally, these neutron detectors may be exposed to fluxes that are

beyond the range that they are designed for (they were originally ordered for

use in the M67 epithermal beam, but their specifications have not been

located). To insure that reliable power monitors are available for the fission

converter facility, new 3He detectors have been ordered and will be

characterized and installed as soon as they arrive.

Figure 4.4 shows the current measured from channel 2 with the CCS open

plotted versus MITR-1l power. The 4.5 MW measurement of 17.1 gA

corresponds to a measured fission converter power of about 85 kW. A current

reading of 55.3 pA therefore corresponds to a fission converter power of 275

kW and has been entered as the trip setpoint for the channel 2 neutronic power

monitor. An alarm setpoint has also been entered at 19 pLA, or 110% of the
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channel 2 signal expected at 5.0 MW. Channel 1, as discussed above is not

functional and no setpoint has been entered for this detector. Technical

specifications allow the fission converter to be operated with only one power

monitor.

The data in Figure 4.4 have been fitted to straight lines that use all of the data

points (solid gray line) and a subset of the data that eliminates the

measurements at 2.0 and 4.5 MW (dashed line). The latter shows a slightly

steeper slope and provides a better fit to the data obtained at lower power.

When the lower power data set is extrapolated to full power, the extrapolated

data set is about 10% higher than the measured value. This behavior may

indicate that the detector is saturating when the fission converter is operated at

full power. Although channel 2 is sufficient to detect an overpower event in the

fission converter, it is desirable to install new detectors that will provide a more

reliable monitor of fission converter power.
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Figure 4.4: Current measured from the channel 2 3He power monitor with the ccs open plotted versus MITR-I1
power. The reading of 17.1 pA at 4.5 MW was scaled to find the overpower setpoint for the
channel 2 neutronic power monitor.
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The current reading obtained from channel 2 is plotted versus height of the CCS

in Figure 4.5. These measurements were performed at an MITR-I1 power of

only 100 W and show a clear trend in the signal when the CCS is moved.
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Figure 4.5: Plot of channel 2 signal versus height of CCS from the fully closed position. The bottom of the CCS
is about 12" below the bottom of the fuel when the CCS is fully closed and the fuel is 24" tall.

No significant increase in signal is observed until the bottom of the CCS is near

the bottom of the fuel (shutter raised - 12"). Similarly, power begins to plateau

once the bottom of the CCS is a few inches above the top of the fuel (shutter

raised - 36").

Beam Monitoring Detectors

The fluence delivered during a patient irradiation is monitored by a set of four

fission chambers that are positioned at the periphery of the beam inside the

base of the patient collimator (see Figure 2.47). A patient irradiation will be

prescribed in terms of a set of target monitor counts that are determined from

treatment planning calculations performed by the medical physicist. Treatment
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planning calculations use the measured peak in-phantom dose rate per beam
monitor unit as well as parameters from the Monte Carlo treatment planning
process and boron uptake measurements to determine the prescribed counts
for a given field. A target count for each beam monitoring detector is calculated
and entered into the keypad on the control console. When any of the four beam
monitors reach the prescribed target count, all of the shutters are automatically
closed. In principle, an irradiation could continue even if three of the beam
monitoring detectors were to fail. Internal procedures will likely require at least
two operational detectors to complete an irradiation and three to commence an
irradiation. Technical specifications, however, require only two detectors to
commence and one to complete an irradiation.

The count rates of the beam monitors plotted versus elapsed time of the
irradiation will be displayed on the computer screen in the control console. The
computer screen and LCD above the keypad also provide visual indication of
the percentage of target counts that has been reached in each of the beam
monitors. The rate at which these displays are updated can be arbitrarily set,
but a refresh rate of one second is sufficient to provide essentially continuous
monitoring. The relative count rates of the four beam monitors (positioned at
the compass points of the beam aperture) can also be used to alert operators if
something goes wrong during the irradiation. If, for example, the water shutter
began to slowly fill, the count rates for the beam monitor at the bottom of the
beam would be affected before the others.

The detector performance and electronics parameters for the beam monitoring
system are described by Wilson (1). Additional information regarding the design
of the automatic control system for the fission converter medical facility can also
be found in (1). Specifications for the detectors and electronics used in the
beam monitoring system have been included in Appendix I.E.
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4.2 Primary Coolant System Instrumentation

The primary coolant system is vital to safe operation of the fission converter

facility because it removes the fission heat produced in the fuel elements.

Though the fission converter fuel can safely withstand any conceivable accident

(2), it is important to provide facility operators with reliable status indication of

the primary system.

4.1.2.1 Temperature Instrumentation

There are three temperature readouts for the fission converter primary system,

all of which are calibrated thermocouples (see Procedure 6.1.3.4A). The table

below summarizes the temperature instrumentation for the fission converter

primary system.

Location Setpoint Action
Fuel Tank 55 0C Alarm
Tank Inlet -

Tank Outlet 55 0C Alarm/CCS
Close

Table 4.1: Summary of the temperature instrumentation for the fission converter primary system.

If any of the thermocouples exceed their setpoint (55 0C) at any time, an alarm

of this condition indicates on the process control panel, as well as a general

fission converter alarm in the reactor control room. If the tank outlet

temperature setpoint is exceeded during operation of the fission converter, the

CCS is automatically signaled to close in addition to the alarms described

above.

4.1.2.2 Flow Instrumentation

Flow for the fission converter primary is monitored via a Venturi gauge located

at the output of the main coolant pumps. The readout for the gauge is

displayed on the fission converter process control panel. If the reading for this

gauge drops below the setpoint of 45 gpm while the key for the irradiation

control panel is engaged a scram of the MITR-1l will automatically occur. A

warning alarm (without reactor scram) sounds when the flow rate falls below 55
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gpm. While the fission converter is secured (CCS closed and key removed

from the irradiation control panel) the flow rate can drop below the setpoint

without causing a scram of the reactor. It is therefore not necessary to keep the

fission converter primary pumps running at all times. The cleanup pump,

however, should be left running when the FCB is secured to provide residual

heat removal for the fuel tank. The cleanup pump provides a flow rate of about

12 gpm through the fuel tank.

Flow through the primary cleanup loop is indicated via a rotometer gauge

located at the outlet of the resin columns. When flow rate through the cleanup

filters drops below 0.2 gpm an alarm (tripped by a pressure switch) is indicated

on the process control panel.

4.1.2.3 Pressure Instrumentation

Pressure in the fission converter primary system is monitored in several

locations around the primary coolant skid. All of these pressure gauges

provide only local indication of pressure. None of these readings are displayed

on the process control panel, nor do any of them signal an alarm or reactor

scram.

4.1.2.4 Level Instrumentation

The fission converter fuel tank is equipped with a continuous readout level

indicator, as well as a float switch indicator to provide an alarm if the coolant

drops below a certain level in the tank. The continuous monitor provides a

reading of the tank level (in inches below the top of the tank) on the process

control panel, while the float switch indicator will signal an alarm on the panel

and scram the reactor if the level drops more than 30" below the top of the tank

(or fewer than 114.5" above the top of the fuel).

The primary system contains a storage tank to provide a means to add or

remove D20 from the fuel tank. Level indication for this tank is provided by a

sight glass installed on the side of the tank. The sight glass provides only local
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readout and does not interface with the process control panel or the reactor

scram system.

4.1.2.5 Other Instrumentation

A leak tape is provided in the large tray for the primary coolant skid to detect

large leaks in any of the piping for the primary system. Leak tapes are also

provided in the small tray beneath the cleanup loop for the primary.

The primary and its cleanup system are also equipped with conductivity probes

to track water purity. Technical specifications require that conductivity remain at

or below 0.5 gS/cm, and an alarm on the process control panel indicates if this

level is exceeded. During transient operations (such as starting the primary

pumps or adding heavy water to the fuel tank) the conductivity may briefly

exceed 0.5 IScm, but the steady state conductivity is typically less than 0.1

gS/cm.

4.1.3 Secondary System Instrumentation

The secondary of the fission converter coolant system is a small branch of the

MITR-11 secondary. The flow rate through the fission converter branch is not

sufficient to provide adequate cooling for the primary system. Redundant

centrifugal pumps have therefore been added to the secondary loop, and the

output of one pump provides adequate heat removal. Fission converter

secondary flow rate is monitored at the inlet to the heat exchanger via a paddle

wheel. A readout is provided on the process control panel and an alarm will

indicate if the flow rate drops below 20 gpm. It is not necessary to automatically

scram the reactor or close the CCS upon loss of secondary flow since these

actions will automatically occur once the primary coolant temperature reaches

55 'C. An experiment has not yet been performed without secondary flow and

the CCS raised, though it is expected that the converter can operate for several

minutes before the temperature setpoints are exceeded.
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Secondary temperature and pressure are monitored at the heat exchanger inlet

and outlet but these readings are unimportant for routine fission converter

operation. Other information regarding the secondary, for example monitoring

for fission product activity is maintained by reactor operations.

4.A Cover Gas System Instrumentation

The helium cover gas system is equipped with a diaphragm pump to sweep

heavy hydrogen gas (D 2 , produced by radiolysis) from the top of the tank into a

recombiner. Although the production of hydrogen gas is expected to be low

and require several months of continuous converter operation to reach the

explosive limit, the process control panel is equipped with an alarm to warn

when the flow of helium has stopped. Helium flow is monitored by a ball gauge

located on the primary skid and is normally kept at 80 ft3/h. The process control

panel is set to alarm when the flow rate drops below 20 ft3/h.

Similarly, loss of pressure in the cover gas system, which indicates a significant

(potentially radioactive) leak, is also monitored. Cover gas system pressure is

kept at 0.6 psi by a gas manifold, and an inline pressure gauge will signal an

alarm on the process control panel if pressure drops below 0.3 psi.

4.1.5 Water Shutter Instrumentation

As is the case with the primary coolant system, water shutter conductivity and

flow through the water shutter cleanup system are monitored. An alarm

indicates when the conductivity probe (located at the cleanup loop inlet) senses

conductivity of more than 0.5 gS/cm. Likewise, if the flow rate through the

cleanup system falls below 0.2 gpm, the user at the process control panel is

alerted.

The pressure of the helium cover gas inside the water shutter is also monitored.

As with the primary cover gas system, a manifold maintains pressure at 0.6 psi,

and an alarm sounds if pressure drops below 0.3 psi.
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The water shutter open/closed (empty/full) indicator lights on the medical room

control console are signaled by ultrasound sensors located in the water shutter

piping. When the sensor in the vent line on top of the medical room detects

water, the shutter is full. When the sensor in the drain/fill line on the reactor

floor detects that there is no water, the shutter is empty. With these sensors, it

is not possible to determine intermediate water shutter positions.

4.1.6 CCS Instrumentation

The open/closed indicator lights for the CCS are signaled by switches located

above the fission converter fuel tank, as described in Section 2.1.2. Continuous

indication of CCS position is not presently installed, but is planned for in the

near future.

The process control panel signals a 'CCS Drive Trouble' alarm when the

slack/overtension switch is engaged or an overtravel switch has been reached

(see Section 2.1.2). This alarm indicates a potentially serious problem with the

CCS or drive system and should be investigated before further attempts to

operate the shutter are made.

4.1.7 Mechanical Shutter Instrumentation

As with the CCS, flagged switches activate the open/closed lights on the

medical room control console. The flags are affixed to the mechanical shutter

and provide positive indication of the shutters position. The same flags also

provide indication if the shutter should over travel either the open or closed

position. Mechanical shutter over travel is indicated with a light on the control

console.

The drive system for the mechanical shutter is equipped with a self diagnostic

tool that determines if the shutter is ready to operate. If there is any problem

with the shutter, a signal is sent to the PLCs and the 'Fast Shutter Drive

Trouble' alarm is indicated on the process control panel. If a problem is

detected prior to opening the shutters, the PLCs will render the 'Open' button
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inactive. If a problem occurs during an irradiation, the reactor is automatically

scrammed.

4.1.8 Summary

Table 4.2 below summarizes the instrumentation described in the previous

sections. The table provides readout locations for each instrument that is

displayed remotely (MRCC = Medical Room Control Console, PCP = Process

Control Panel, CR = Reactor Control Room). If an instrument reading is not

displayed remotely the word 'Local' is entered instead. The process control

panel alarm and setpoint associated with a given instrument is included, as is

the setpoint for any automatic action (e.g. reactor scram). A ' * ' indicates that

the instrument or alarm has not yet been implemented, though it is presently

planned for. The '-' symbol in a given column indicates that the information

does not apply to that instrument. Information regarding the procedures for

handling each alarm can be found in the AOPs included in Appendix IV.D.
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Name Instrument Reading Readout Alarm Alarm Name Action .
Type (units) Location(s) Setpoint Setpoint

Nuclear Instrumentation

Power Monitor 1 3He detector current (gA) MRCC * High F.C. Power Level * Close CCS

Power Monitor 2 3He detector current (piA) MRCC 19 High F.C. Power Level 55.3 Close CCS(& Warning)

Beam Monitor (1-4) Fission Counter corate count MRCC - target counts Chuters

Primary System

Primary Outlet Temperature RTD temperture PCP, CR 55 High Tank te F.C. 55 Close CCS

Primary Inlet Temperature RTD temperature PCP - -
( 0C)

Tank Temperature thermocouple temperature PCP 55 High Temperature F.C.
(C) Tank

Tank Level Switch float switch distance below 30 Low Coolant Level F.C. 30 MITR-I Scram
top of tank (in.) Tank

ultrasound distance below Low (or High) Coolant
Tank Level Readout sensor top of tank (in.) PCP, CR 25 (5) Level F.C. Tank -

Warninq

Flow Rate venturi meter flow rate (gpm) PCP, CR 50 Low Flow Primary 50 MITR-l1 Scram
System

Leak Monitoring leak tape - - - Leak Primary System -

Conductivity conductivity conductivity PCP 0.3 High Conductivity
probe (gS/cm) Primary System

Cleanup Loop Flow Rate flow rate (gpm) Local 0.2 Low Flow Primary
Cleanup System

Secondary System

Flow Rate paddle wheel flow rate (gpm) PCP 20 Low Flow Secondary
System
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Tn~trumAnt R~adinn RA~dnut AIRrm Act-in
Instrument Name Type (units) Location(s) Setpoint Alarm Name Setpoint

Cover Gas System

Low Flow F.C. Tank
Cover Gas Flow Rate ball gauge flow rate (cfh) Local 20 Cover Gas

Cover Gas System Pressure pressure gauge pressure (psi) Local 0.3 Low Pressure FC. Tank

CCS System

Open/Closed Position switch - MRCC, MR -

Continuous Position encoder * percent open MRCC -

Status switches - - - CCS Drive Trouble -

Water Shutter System

Open/Closed Position ultrasound - MRCC, MR -
sensors

conductivity conductivity High Conductivity Water
Conductivity probe (ptS/cm) Local 0.5 Shutter

Low Pressure Water
Cover Gas System Pressure pressure gauge pressure (psi) Local 0.3 Shutter Cover Gas

Storage Tank Level * * * * Low Level Water Shutter
Storage Tank

Low Flow Water Shutter
Cleanup Flow Rate flow rate (gpm) Local 0.2 Cleanup System

Mechanical Shutter System

Open/Closed Position switches - MRCC, MR -

Continuous Position encoder * percent open MRCC -

drive motor Fast Shutter Drive MITR-11 Scram
Statussensor PCP Trouble (failure during

sensr Trubleirradiation only)

Table 4.2: Summary of fission converter instrumentation.
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Clinical irradiations with the fission converter facility are described in this

section, which includes a description of normal operating procedures, as well as

analyses of several event scenarios.

4.2.1 Routine Operation

Patient irradiations with the fission converter facility will be conducted using the

automatic control features described in Section 4.0.1.1. The high intensity that

can be achieved with the fission converter facility necessitates the use of a

reliable and robust control system that is not prone to human operator error.

Clinical use of the fission converter facility will therefore require that a given field

is specified in terms of target monitor counts. A description of the treatment

planning procedures used to derive the desired monitor counts is beyond the

scope of this thesis. Nevertheless, such calculations will utilize the results from

Monte-Carlo based simulations in the patient as well as data from beam

characterization and boron uptake measurements that are performed on the

day of treatment (3). If parameters in the treatment plan change during an

irradiation (for example, an unexpected drop in blood boron concentration) the

control system for the fission converter will not permit the target counts to be

altered. Rather, the treatment must be stopped and a new set of target counts

calculated which accounts for the fraction of the desired dose that has already

been delivered.

The start-up procedures and checklists for the fission converter facility (attached

in Appendix IV.E) are performed by reactor personnel or other qualified staff to

enable the primary coolant system, medical room control console and CCS

operate permit switch. The target counts for each of the four beam monitoring

detectors are then entered into the system by one of the beam operators after

being certified by the Medical Physicist responsible for the treatment plan.
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Once entered, the counts are independently checked by another qualified

member of staff to ensure that they have been properly transcribed.

Once the target counts have been entered, the PLCs automatically check to

make sure that all of the following criteria are satisfied.

1) Each of the target counts is greater than Cmi, (Cmin is to be
determined, it should be a number high enough so that the shutters
are not told to close before they have completely opened)

2) The integrated counts from any previous irradiation have been
cleared.

3) The door to the medical room is closed.

4) The mechanical shutter drive system is operable.

5) The CCS operate permit switch is enabled.

The 'Open' button remains inactive until all of these criteria are met. Once the

'Open' button is active, the small green light next to it becomes lit.

The irradiation is commenced by pressing the 'Open' button, and all of the

shutters automatically open. The CCS and Water Shutter open simultaneously;

after about 100 seconds both shutters are completely open and the power

monitors should be reading approximately 18 pA (depending on reactor power).

After 110 seconds the mechanical shutter will begin to open, and is fully open 9

seconds later.

During the irradiation, the PLCs and computer store the integrated counts and

count rates collected from the beam monitors. When 99% of the target count is

reached on any of the four detectors, the PLC signals the shutters to close

automatically. Closure is initiated a bit early to account for dose that is delivered

as the shutters are being closed (see Section 3.2.3). All three of the beamline

shutters are closed simultaneously to reduce dose rates inside the room as

rapidly as possible. Within 100 seconds, all of the shutters are closed and

medical personnel can enter to remove the patient.
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The computer automatically stores all of the information at the end of the

irradiation and the display will contain the final beam monitor counts that were

delivered during the irradiation. The reset button can be pressed to clear all of

the values (integrated and target counts) or the control panel key switch can

simply be turned off. Once the panel is turned off, the fission converter primary

coolant system can be restored to its normal shutdown state.

4.2.2 Treatment Event Scenarios

The potential for equipment failure during operation of the fission converter is

small, but not negligible and must therefore be defended against. This section

considers several single event scenarios for a fission converter with the shortest

possible irradiation times (- 5 minutes) from the standpoint of both the patient

and the medical personnel that must ensure their safety. The simultaneous

failure of two components during an irradiation is not considered credible given

that there is no common mode for failure. In even the worst case analyzed,

there are no significant consequences for the patient or staff.

4.2.2.1 Worst Case Scenario - Mechanical Shutter Failure

The mechanical shutter acts quickly and its attenuation is relied upon to start

and terminate the irradiation. Clearly the failure of this shutter will have the

most significant consequences for the patient. In the worst case, the failure will

be one that is not recognized by the self-diagnostic motor control system (i.e.

jamming due to a foreign object in the bearings of the wheels which support the

12 Ton shutter) and occurs when the shutter is to be closed with the shutter

completely open.

In this instance, failure of the mechanical shutter will not be recognized until

after the shutter should already be closed, or possibly much later. Although the

CCS and water shutter provide significant attenuation, the dose delivered during

their slower closing times may be as much as 5% of the target dose. Instead of

relying on attenuation from the other shutters or intervention from the beam

operator, the control system is equipped with an automatic reactor scram that is
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triggered when 102% of the target counts is reached in any of the four beam

monitors.

After the close signal triggered when the monitors reach 99%, counts will

continue to accumulate as the water shutter and CCS begin to close. Within a

few seconds (depending on the collimator and converter power that is used) the

beam monitors will reach 102% of their target values and a reactor scram will

occur. When this occurs, the dose rate to the patient drops by two orders of

magnitude within 0.5 seconds (the time required to scram the reactor). The

remaining dose rate is partially due to delayed neutrons which decays away

with a -7 second half life. After a minute the only remaining dose is due to

beamline activation.

Under such a scenario, the patient receives only an additional 4.2 RBE cGy (to

the peak dose point in the target) after the reactor scram if they remain in the

room with the shutter open for 10 minutes (calculations have been included in

Appendix lll.D). Recall that the reactor scram is initiated at 102% of the target

dose, so the total dose delivered is 102.3% of the prescribed dose (assuming

1250 RBE cGy is prescribed). The percentage of the desired dose delivered to

the patient plotted versus elapsed time is shown in Figure 4.6. The

consequences of this scenario to the patient are small since an overdose of

only 2.3% will not result in any significant increase in acute or delayed

radiological effects. Furthermore, standard clinical practice does not deem

overexposure events to be of any significance unless they exceed 5-10%.
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Figure 4.6: Percent of target dose delivered to the patient plotted versus elapsed time during a 5 minute
irradiation that ends with a failure of the mechanical shutter. It is assumed that the patient is
removed from the room or the shutter is able to be closed after 10 minutes. The target dose in
this example is 1250 RBE cGy.

Although the dose rates inside the room with the CCS and water shutter closed

are low compared to those during treatment, the dose rates are still significant

for the personnel that must enter to retrieve the patient. In this worst case

scenario, the shutter cannot be closed and staff must enter the room to remove

the patient. Figure 4.7 shows a plot of the calculated dose rates at the beam

aperture as a function of time after the reactor scram.
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Figure 4.7: Calculated dose rates in the beam aperture with the mechanical shutter open plotted as a function
of time after reactor scram. Within a few seconds after scram, nearly all of the dose rate is due to
gamma rays.

A person directly in the beam for 10 minutes after the reactor scram will receive

an exposure of about 4 Rem. Personnel that enter the room will stay in areas

outside the direct beam where dose rates are approximately an order of

magnitude lower. Furthermore, removal of the patient should require no more

than two minutes, especially if the patient is alert and mobile. The total

exposure to medical personnel should therefore not exceed 100 mrem per

person in this unlikely scenario. An exposure of this magnitude is reasonable

for an urgent scenario; it is much lower than the 5 Rem annual exposure limit

for radiation workers and is much less than the exposure allowed for

emergency situations under NRC guidelines.

Other failure scenarios for the mechanical shutter are even less significant than

the events described above. For example, if power is lost during an irradiation,

the self diagnostic on the shutter drive immediately signals a reactor scram, so

the irradiation is terminated at less than 100% of the target counts rather than at
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102% in the earlier scenario. If power to the shutter drive is lost, the shutter can

still be closed manually to reduce dose rates inside the room to negligible

levels.

4.2.2.2 CCS or Water Shutter Failure

If the CCS or water shutter fail to close at the end of an irradiation, there are no

significant consequences to the patient or medical staff. Photon dose rates in

the beam with the mechanical shutter and either the CCS or water shutter

closed are only about 20 mrem/hr. No neutron dose is observed with the water

and mechanical shutters closed, but approximately 200 mrem/hr is measured

with the CCS and mechanical shutter closed. In either case, the dose rates

inside the medical room are low enough to permit personnel to enter the room.

The reactor power can also be lowered to reduce the modest dose rates inside

the room to negligible levels.

4.2.2.3 Medical Emergency During Therapy

It is possible that the patient will experience a medical emergency and require

immediate attention during an irradiation with the fission converter facility. In

this scenario, reactor personnel will immediately close all shutters and medical

personnel will enter the room as soon as possible. By the time medical staff

has opened the door and entered the room (about 30 seconds), the mechanical

shutter and CCS will be completely closed and the water shutter will be -1/3

full. If the beam operator does not close the shutters, they will all automatically

close when the medical room door is opened. Medical personnel will therefore

not be exposed to dose rates that are significantly higher than those at the end

of a routine irradiation. A scenario involving a medical emergency and the

simultaneous failure of one of the beamline shutters is not considered credible.

4.2.2.4 Summary

The event scenarios considered in this section are summarized in Table 4.3

below. The worst case scenario is only of modest consequence for the patient

and personnel, while most situations are of no significant consequence. No
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creditable scenarios have been discovered which would result in a reportable

event under the operative NRC regulations.

Scenario Description Consequences

Mechanical Shutter Maximum patient overexposure of
A Failure 2.4%, Possible personnel exposure

of <100 mrem

B Loss of power to Maximum patient overexposure of
Mechanical Shutter 0.4%.

C CCS Failure No significant consequences.
D Water Shutter Failure No significant consequences.

E Emergency Medical No significant consequences.
Room Entry

Table 4.3: Summary of consequences for treatment events with the fission converter facility.

The control system for the fission converter facility provides a reliable, robust

and safe means for conducting clinical irradiations. Programmable Logic

Controllers (PLCs) provide automated control of the irradiation once the target

beam monitor counts have been entered. An irradiation is automatically

terminated by the PLCs when the target monitor counts are reached, but can

also be terminated by the user at any time during the irradiation using the

shutter controls on the console. The medical room door is equipped with safety

interlocks that prevent the shutters from being opened when the door is not

closed and automatically closes all shutters when the door is opened.

The facility is also equipped with a control panel and instrumentation to operate

and monitor the fission converter process systems. The process control panel

notifies the operator of any unusual circumstances and initiates automatic

action when necessary. The CCS cannot be raised unless scram interlocks

have been enabled and the reactor operator in the control room has enabled

the CCS operate permit switch.
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Unusual events such as shutter failure during an irradiation can be easily

tolerated with the fission converter facility. The worst case scenario involving

failure of the mechanical shutter during the 9 seconds in which it is closing

results in a modest overexposure (maximum of 2.3%) to the patient and

personnel exposures of less than 100 mrem. All other envisioned event

scenarios are of no significant consequence to the patient or medical staff.
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Chapter Five
Facility Characterization

This chapter describes the results of dosimetry measurements performed to

evaluate the performance of the fission converter beam. Section 5.0 describes

the dosimetry techniques used to perform these measurements and presents

the parameters used to calculate dose rates from the raw data. The overall

uncertainty of these measurements is also presented for the measurements in

the fission converter beam. Section 5.1 presents the results of these

measurements and compares important figures of merit with those from the

M67 beam. A comparison of the calculated and measured results is also

provided in Section 5.1 while Section 5.2 shows calculated results for the final

beam configuration with the 15 cm aperture patient collimator.

5.0 Mixed Field Dosimetry Technique

The dual ion chamber technique for measuring absorbed dose rates in a mixed

field of neutrons and gamma rays is described by Attix (1). This technique

separates the neutron and photon dose rates by measuring with two

dosimeters; one that is relatively insensitive to neutrons and one that has

roughly equal response to neutrons and photons. The dual ion chamber

method has been extensively applied to the dosimetry of clinical fast neutron

sources and the ICRU has formulated nomenclature and accepted parameters

for determining the absorbed dose in these beams (2). Following the ICRU

nomenclature, the response of each chamber in the mixed field may be

expressed as follows:

Ru =huDY + k Dn Equation5.1

RT hTDY +kTD" Equation5.2
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Where R is the response of the chamber in the mixed field relative to its

calibration for photons, and the subscripts T and U refer to the neutron sensitive

and insensitive chambers, respectively. The parameters h and k represent

each chamber's response (normalized to its photon calibration) to photons and

neutrons, respectively. Equation 5.1 and Equation 5.2 can be solved to

determine the unknown neutron and photon absorbed dose rates Dn and Dy if

the coefficients hu, hT, ku and kr are known.

The values for hi and hr are commonly assumed to be unity in the mixed

radiation field. Values for ku range from 0 to 0.30 depending on the

characteristics of the detector and neutron beam (2). A value of 0.045 has been

determined by Rogus (3) for the graphite chamber used for these

measurements. kT is largely determined by the two ratios shown in Equation

5.3. A detailed description of ku and kT can be found in (2).

W Equation5.3

Wn Kt

The first term in Equation 5.3 is a ratio of the average energy expended by

incident particles to produce an ion pair in the gas of the chamber for the

calibration (c) field and the measured neutron (n) field. The latter term is the

ratio of KERMA coefficients for the wall material of the chamber (m) and the

tissue of interest (t). Each of these ratios are a function of neutron energy and

are averaged over the spectrum of the radiation field. Neutron sensitive

chambers are commonly comprised of muscle tissue equivalent A-150 plastic

for which the KERMA ratio is within a few percent of unity for all neutron

energies. However, to calculate dose in tissue such as brain (with a lower

nitrogen content than muscle), the KERMA factor ratio (KA-15/Krain) must be

determined.

Unlike fast neutron therapy, the total neutron dose in BNCT contains a

significant contribution from thermal neutron capture in nitrogen. To accurately
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determine neutron dose, the value of kT, is averaged over the entire neutron

energy distribution at the point of measurement. This calculation is required at

each measured depth in phantom because the relative contribution of thermal

neutrons and higher energy neutrons changes as a function of depth for the

epithermal neutron beams used in BNCT. Such calculations are further

complicated by the strong dependence of Wn on neutron energy in the

epithermal range (- 10 eV to 10 keV) and the scarcity of data below 20 keV. In

BNCT it is therefore advantageous to further separate the neutron dose into that

delivered from thermal neutrons (E < 1 eV) and epithermal or fast neutrons (E >

1 eV). Subtracting the thermal neutron response of each chamber then permits

the use of ku and kT data that have been obtained for fast neutron beams (2).

Rogus (3) and later Raaijmakers (4) therefore proposed the following

formulation for chamber responses.

R= h D + k D, + k K1 D Equation5.4

RT = hTDY +kTD, +kTK 1 *D Equation5.5

The detector responses from thermal neutrons relative to their photon

calibration are represented by k'u and k'T, K is the KERMA coefficient for

thermal neutrons and (D is the thermal neutron fluence. In this formulation, K

and kT are averaged only over neutron energies of ~ 1 eV and higher. In this

notation, Dn refers to the "fast" neutron dose rate from neutrons with energies

above 1 eV. Measurements of the thermal neutron fluence are commonly

performed with activation foils (5) (bare and cadmium covered gold in the work

described here) and multiplied with appropriate KERMA coefficients to obtain

the boron and nitrogen capture dose rates. The thermal neutron KERMA can

then be subtracted from the chamber responses in Equation 5.4 and Equation

5.5 to solve for the fast neutron and photon dose rates, Dn and Dy.

Except as otherwise noted, the measurements described in this chapter have

been performed using the methods and parameters described by Rogus to
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determine dose rates in muscle (or A-150 plastic) (3). The parameters for

Equation 5.4 and Equation 5.5 are summarized in Table 5.1. The KERMA

coefficients for nitrogen in A-150 plastic and 10B in tissue are 2.72 E-1 1 cGy cm 2

and 8.66 E-12 cGy cm 2/ gg/g, respectively. Details regarding the procedures

used to perform dosimetry and foil activation measurements can be found in

Appendix IV.F.

Parameter Value Uncertainty

hu, hT 1.00 2%
ku (graphite/CO2 ) 0.045 78%

kT (A-1 50/muscle tissue) 0.95 (A-150) 6%
k'uK 6.1E-12 (cGy cm2) 50%
k'-rKf 1.8E-1 1 (cGy cm 2) 50%

Table 5.1: Summary of the dosimetry parameters used in this work (from Reference (3)).

Large uncertainties are associated with the fast and thermal neutron

sensitivities of the graphite chamber. The relative neutron response of the

graphite chamber is very low and these uncertainties therefore have only a

small impact on the net uncertainties in the determined dose rate, as observed

in Table 5.2. The thermal neutron sensitivity of the A-150 chamber also

contains large error bars, which (for the M67 beam) results in a 13% uncertainty

in the determined dose. The relative contribution of the uncertainty in k'T is

even larger for the fission converter beam, as discussed in Section 5.0.1.

Measurements have been performed in-air and in an ellipsoidal water-filled

head phantom with axes of 13.6, 19.6 and 16.6 cm (6). Calculations have been

performed using an MCNP model of this head phantom to permit direct

comparison of measured and calculated results. Measurements have been

performed with the MITR-l1 at various power levels (250 kW or greater) and

have all been scaled to a power of 5 MW.
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5.0.1

Source
Electrometer

hu, hT

ku

kT

k'u

k'T

Temperature, pressure and gas
flow rate

Displacement correction factor

Positioning of chambers

Reactor Power

Power History

TOTAL

Uncertainty in Doses (%)
0.5%
2.0%

3% for photon dose

+ 4% for fast neutron dose

1% for photon dose

+ 6% for fast neutron dose

2% for photon dose

+ 3% for fast neutron dose

1% for photon dose

13% for fast neutron dose

2%

0.3%
2.0%

5.0%

2.0%

9% photon dose
17% fast neutron dose

Table 5.2: Summary of uncertainties in the fast neutron and photon dose rates, estimated for the M67 beam
(from reference (3)).

The uncertainty arising from kuT and k'U,T reported by Rogus in Table 5.2 are

determined by a parametric analysis that is valid only for the conditions under

which the measurements were performed (at 2 cm depth in an ellipsoidal head
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Measurement Uncertainties

The uncertainty associated with the boron and nitrogen capture dose rates is

determined from uncertainties in the foil activation measurement process, as

outlined by Rogus (3). The absolute uncertainty in thermal flux from these

measurements is 7.4%, with the uncertainty in detector efficiency (3%), beam

intensity (5%) and counting statistics (4% max) as the largest contributors.

Rogus also determined that the total uncertainty in fast neutron and photon

absorbed dose rate measurements in the M67 beam is approximately 17 and

9%, respectively. Table 5.2 reveals that much of this uncertainty derives from

error bars on the parameters given in Table 5.1. In particular the large error bar

on kT' comprises more than half of the total fast neutron uncertainty.
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phantom using the M67 beam). For in-air measurements, the thermal neutron

correction is small and therefore contributes very little to the total uncertainty.

The estimated uncertainties for in-air measurements of photon and fast neutron

absorbed dose rates are 7.2 and 13%, respectively.

Similarly, the different mixture of radiation components found in the fission

converter beam will produce yet another set of error bars. Since the in-phantom

fast neutron dose rate per unit of thermal flux is much lower in the fission

converter beam than in the M67 beam, the fractional uncertainty arising from k'T

becomes much larger. Conversely, the relative dose contribution from photons

in the fission converter beam has increased compared to that in the M67 beam,
which results in a slightly smaller error bar for the photon dose rate. The

estimated uncertainty for photon absorbed dose rates measured in the fission

converter beam is 7.0%, while fast neutron absorbed dose rates can only be

determined to within a factor of two. A measurement with such a large

uncertainty is clearly not sufficient for a clinical determination of dose, but is

nevertheless useful in evaluating the performance of the fission converter

beam. Furthermore, in-air measurements (which have a much smaller error

bar) can be used to determine if the dose rates measured near the surface of

the phantom are reasonable. In-air measurements can also be used to

benchmark calculations which can provide more accurate fast neutron dose

rates in phantom.

The large uncertainties in the fast neutron dose rate illustrate a drawback to the

formulation presented in Equation 5.5. In the fission converter beam, thermal

neutrons comprise about 70% of the total neutron dose rate at 1 cm depth in

the ellipsoidal phantom and 90% at 2 cm depth. A 50% uncertainty in the

thermal neutron response of the neutron sensitive chamber therefore yields a

net fast neutron dose rate with a very large uncertainty. The uncertainty can be

reduced by obtaining a more accurate measurement of k'T. However, even for

a k'T that is known to within 5%, the resultant fast neutron dose at 2 cm depth in

phantom would still contain an uncertainty of 30-40%.
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To obtain a more precise measurement of the neutron dose rate, a value of kT

in A-150 plastic, averaged over all neutron energies, was calculated at several

depths in phantom. This parameter permits calculation of total neutron

absorbed dose in A-150 plastic from the measured ion chamber currents using

Equation 5.1 and Equation 5.2. In 1997 Jansen (7) published a set of Wn

values in methane based tissue equivalent gas for neutron energies ranging

from 0.01 eV to 10 MeV. These calculations found that Wn reaches a

maximum of 150 eV at around 0.2 keV which sharply falls to about 31 eV at

energies above and below. The data from Jansen have been folded with the

calculated KERMA weighted neutron energy distribution at several depths in the

ellipsoidal head phantom (calculations included in Appendix lll.E). The value of

kT calculated from Equation 5.3 is plotted versus depth in the ellipsoidal

phantom in Figure 5.1.
0.96 -------- -...
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0.92-
0
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Figure 5.1: kT for A-150 plastic calculated with neutron energies ranging from 0.01 eV to 10 MeV plotted versus
depth in phantom.

The neutron energy spectrum near the surface of the phantom is comprised

mostly of neutrons in the epithermal range (1 eV to 10 keV) near the maximum

Wn value. kT (proportional to 1/Wn) is therefore observed to increase with depth
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in phantom as the neutron energy spectrum is softened and the average W
value is decreased. After about 5 cm deep in phantom, kT reaches a plateau of

0.95. To calculate kT for brain tissue, the ratio of KERMA coefficients for brain

and A-150 plastic must also be calculated at each depth in phantom. Though

this could readily be done with the spectra already calculated, the only dose

rates reported here are for A-1 50 plastic.

Jansen (7) provides no estimate of the uncertainty in Wn values or values of kT

calculated from their results, though other publications by some of the same

authors use an uncertainty of 3.5% for kT (ii). For the results presented here,

an uncertainty of 8% in kT is assumed which includes statistical uncertainty in

the Monte Carlo calculations of the neutron energy spectrum (7% maximum)

Using this approach, the thermal neutron corrections shown in Equations 5.4

and 5.5 are eliminated and Equations 5.1 and 5.2 can be solved for Dy and Dn.

The uncertainties associated with k'u and k'T in Table 5.2 are removed (k'u and

k'T are set to zero and ku and kT are concomitantly increased). The estimated

uncertainties in the photon and total neutron absorbed dose rates are then 7.2

and 12%, respectively. The uncertainties associated with all of the

measurements described here are summarized in Table 5.3.

Measurement Photon Dose Rate Fast Neutron Dose
Conditions Uncertainty (%) Rate Uncertainty (%)

M67 beam in-phantom 9 17
In-air (M67 or FCB) 7.2 13

FCB in-phantom 7.0 ~ 100
FCB in-phantom 7.2 12
(without k'u, k'T)

Table 5.3: Summary of uncertainties in the fast neutron and photon absorbed dose rates under various
conditions.

210



CHAPTER FIVE- FACILITY CHARACTERIZATION

Measurements were performed at the end of the mechanical shutter prior to

installation of the final patient collimator. A temporary collimator with a square

aperture of 13 x 13 cm was constructed from lead bricks to reduce the large

aperture of the collimator in the mechanical shutter (see Section 2.7). In-air and

in-phantom measurements along the central axis of the water-filled ellipsoid

were performed with the MITR-1l at 250 kW and the results have been scaled to

a reactor power of 5 MW.

An in-air epithermal neutron flux of 8.4 0.8 E+09 n/cm2 sec was obtained from

gold foil measurements, while fast neutron and photon absorbed dose rates

measured 3.9 0.6 and 11.8 0.8 cGy/min, respectively. The resultant specific

dose rates of 7.8E-12 and 2.3E-11 cGy cm 2/n are well below the inherent

hydrogen capture background dose produced in-phantom and better than or

equal to the design goals for the FCB.
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Figure 5.2: RBE weighted dose verus depth curves for the fission converter beam measured at the end of the
mechanical shutter along the central axis of the water-filled ellipsoid. Error bars have been
omitted for clarity (refer to Section 5.0.1). Measured points are connected by smooth lines. The
boron concentrations used are relevant for the BPA compound.
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Measured dose versus depth curves for the fission converter beam are shown

in Figure 5.2. The curves in these figures assume the RBEs from the MIT

clinical brain protocol, 18 gg/g of 10B in tissue and a tumor to normal tissue

uptake ratio of 3.5:1. Although these results do not represent the final beam

configuration (i.e. with the patient collimator in place), they are indicative of the

fission converter performance. The ADDR in Figure 5.2 is nearly 40 times that

of the M67 beam (refer to Figure 1.2) and the AR has increased by 50%. The

lower background in the fission converter beam also allows it to attain a higher

AD of 9.2 cm, compared with 8.3 cm in the M67 beam. No less than 88% of the

dose delivered to normal tissue arises from the boron reaction in normal tissue

or the inherent background from thermal neutron capture in hydrogen and

nitrogen.

The temporary collimator constructed for the measurements described above

was simulated in MCNP and dose rates as well as thermal neutron fluxes were

calculated along the central axis of the water filled ellipsoid. The in-air

epithermal flux, as well as fast neutron and photon dose rates were also

calculated, and are compared with measured values in Table 5.4.

Dfn Dy $epi DfnI4 epi DV~epi
(cGy/min) (cGy/min) (n/cm 2 sec) (cGy cm 2 ) (cGy cm 2 )

Measured 3.9 11.8 8.5E+09 7.75E-12 2.32E-11
% Uncertainty 13% 7% 10% 16% 12%

Calculated 7.4 4.9 7.9E+09 1.56E-11 1.03E-1 1
% Uncertainty 4% 7% 4% 6% 8%

Table 5.4: Summary of the calculated and measured in-air parameters. The physical absorbed dose (without
RBE weighting) is reported.

The measured in-air fast neutron dose rate is about a factor of two lower than

the calculated value, while the measured epithermal flux agrees with the

calculated value to within the predicted uncertainty. The reasons for this

discrepancy are not presently understood. It is possible, however, that the

value of kT (0.95) used for these calculations is too high for the in-air neutron

energy spectrum. A value of 0.76 for kT is found when the in-air neutron energy
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spectrum is folded with the data from Jansen, as described earlier. A much

lower kT value (-0.5) would, however, be necessary to make the measured and

calculated results agree. Further in-air measurements and simulations with

MCNP are required to completely resolve this issue. Nevertheless, it is clear

that the fast neutron contamination of the fission converter beam is virtually

negligible compared to the inherent, nonselective dose components which are

created when the epithermal beam enters a tissue target.

In contrast to the fast neutron dose rate, the measured in-air photon absorbed

dose rate is more than twice that calculated with MCNP. Although the dose

rate from 8Al delayed photons has been included in Table 5.4 (from hand

calculations), the MCNP model does not include impurities and some of the

structural steel found in the fission converter beamline. These details missing

from the MCNP model may contribute a significant amount of photon dose at

the patient position from activation photons. Sakamoto found that lead

impurities in the beamline will increase the specific photon dose rate by 20%

(8). This study, however, did not include the effects of a major lead impurity,
antimony, due to the lack of appropriate data in the ENDF-BN cross section

library. The beam design in the study by Sakamoto also used a bismuth photon

shield (which was not considered in the impurity analysis) rather than the lead

one that is currently used. These factors, combined with the effects of the

structural steel that is not included in the model may combine to yield in-air

photon dose rates that are higher than calculated. In spite of all this, the photon

contamination of the fission converter beam is still small compared to the

background produced from neutron capture in the hydrogen of tissue targets.

As a result, the photon absorbed dose rates measured in phantom show good

agreement with the values calculated using MCNP (refer to Figure 5.4).
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Figure 5.3: Comparison of the thermal neutron flux calculated and measured at the end of the mechanical
shutter (with temporary lead collimator) along the central axis (13.6 cm) of the ellipsoidal water
filled head phantom (remaining axes of 16.3 and 19.6 cm). The solid line represents the
calculated values scaled uniformly by a factor of 0.93. The statistical uncertainty in the calculated
results is 3%.

Figure 5.3 compares the thermal flux measured in the phantom to that

calculated with MCNP. The thermal flux is used to calculate the dose arising

from thermal neutron capture in boron and nitrogen by using the KERMA

coefficients mentioned in Section 5.0. The dashed line in Figure 5.3 represents

results from the MCNP calculations while the solid line represents the

calculated results scaled uniformly by a factor of 0.93. All of the measured data

points are within two standard deviations (-14%) of the calculated curve, and

appear generally lower. When the calculated results are arbitrarily scaled down

uniformly by a factor of 0.93, all but two of the data points fall within one

standard deviation of the curve. Therefore, the calculated and measured

shapes of the flux versus depth distributions are in excellent agreement.

Scaling of up to 10% is routinely applied to most of the dose components

calculated for the M67 beam with the Monte Carlo treatment planning code to
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achieve good agreement with measured values (9). Further measurements in
the fission converter beam with the reactor closer to full power will reveal if such
scaling will be required for treatment plans with the new facility.

70 -

* Measured Photon60-
A Measured Fast Neutron
A Measured in-air fast neutron

50. o Measured in-air photon

03 Calculated in-air fast neutron

- Calculated Fast Neutron
40-%- - - Calculated Photon

30.

0

20-

A10-

A A A

0 2 4 6 8 10 12 14
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Figure 5.4: Comparison of calculated and measured fast neutron and photon absorbed dose rates.
Calculations and measurements were performed at the end of the mechanical shutter (using the
temporary lead collimator) along the central axis of the ellipsoidal water-filled phantom. The
shaded area represents the range of uncertainty in the measured fast neutron dose rates.
Calculated and measured in-air fast neutron and photon dose rates have been plotted at 0 cm
depth for comparison with the in-phantom values.

The measured photon and fast neutron absorbed dose rates are compared with

the calculated values in Figure 5.4. The measured photon dose rate is in good

agreement with the calculated values. The small discrepancy near the peak

may be due to the large uncertainty in the thermal neutron response correction

of the graphite chamber, k'u. The thermal neutron response correction amounts

to about 5% at 1-5 cm deep in the phantom. Other researchers have measured

no significant thermal neutron response from similar graphite ionization

chambers (10) so the k'u used here may be too high. A more accurate
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determination of the thermal neutron response for the graphite ionization

chamber may result in even better agreement between the measured and

calculated photon dose rates.

The measured fast neutron absorbed dose rates do not agree with the

calculated values as well as the thermal neutron and photon dose components.

The large error bars associated with the fast neutron measurements are

represented by the shaded area in Figure 5.4. The calculated fast neutron

curve is bounded by the shaded area, except in the vicinity of the measurement

at 1 cm depth. The measurements at 1 and 2 cm depth seem peculiarly high

considering that the in-air fast neutron dose rate measures only 3.9 cGy/min

(the calculated in-air fast neutron dose rate is 7.4 cGy/min). Although the

surrounding medium will provide some albedo for fast neutrons, it is not

reasonable to expect the fast neutron dose rate at depth in phantom to exceed

that measured in air for the neutron energies in this beam. The fast neutron

dose rate calculated in-air is consistent with the fast neutron dose rates

calculated in-phantom, but is significantly higher than the measured in-air fast

neutron dose rate. Further in-air measurements are necessary to resolve the

discrepancy between the calculated and measured in-air fast neutron dose rate.

The higher fast neutron dose rates measured in phantom may be due to an

underestimate of the thermal neutron response of the A-150 chamber. The

value suggested by Rogus is 1.8E-11 cGy cm 2 (in Table 5.1) which is 50%

below the thermal neutron KERMA for A-150 plastic (2.72E-11 cGy cm 2).

Raaijmakers, etal. have, however, measured a thermal neutron sensitivity for a

similar chamber at 50% above the theoretical value (11). In spite of it's large

uncertainty, the RBE weighted fast neutron dose rate comprises only a fraction

of the total normal tissue dose rate (see Figure 5.2, for BPA). The fractional

uncertainty from fast neutrons in the total dose rate is only 10% at 1 cm depth

in-phantom. The fractional uncertainty from the fast neutron dose rate is

substantially smaller at deeper depths in phantom. A more accurate

measurement of the total neutron dose rate (rather than segregating the fast
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neutron dose rate) as suggested below will further reduce the uncertainty in the
normal tissue dose rate near the surface of the phantom.

To circumvent the problematic measurement of fast neutron dose rates, the
total neutron absorbed dose rate along the central axis of the phantom was

determined from the measured currents using Equation 5.1 and Equation 5.2
with the kT values calculated for each measurement depth, as shown in Figure
5.1. The measured total neutron dose rates are compared with those

determined from MCNP calculations in Figure 5.5

25-

A Measured Total Neutron

- Calculated Total Neutron
20-

--- Calculated Thermal Neutron

- -calculated Fast Neutron

15U - A Measured in-air Fast Neutron

10 -

5-

0

0 2 4 6 8 10 12 14

Depth in Phantom (cm)

Figure 5.5: Total neutron dose rates measured in A-150 plastic along the central axis of the phantom using the
formulation in Equation 5.1 and Equation 5.2 (without k' values). The solid black line represents
the calculated total neutron dose rate, while the fast and thermal neutron components of the total
dose rate are represented with different dashed lines. The fast neutron dose rate measured in-air

is plotted at 0 cm depth for comparison.

The total neutron dose rate measured at shallow depths in the phantom does

not agree with the calculated result, but measurements at subsequent depths

show good agreement. The measured neutron dose rate seems to attenuate
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more rapidly than the calculated dose rates, which may be due to ku changing

slightly as a function of depth as the neutron spectrum becomes thermalized.

The reason for the large discrepancy in the measured and calculated dose

rates near the surface is unclear. Further measurements near the surface of

the phantom are necessary to better establish the shape of the neutron dose

rate curve. A measurement on the surface of the phantom will help determine

whether or not the curve turns over, as predicted from calculations.

The fast neutron dose rate is plotted in Figure 5.5 and illustrates the difficulty in

obtaining an accurate measurement of such a small dose component. Only for

depths shallower than a few centimeters is the difference between the two

curves greater than the error bars on the measured neutron dose rate. It is

therefore not possible to obtain a meaningful measurement of the in-phantom

fast neutron dose rate using the fission converter beam. Clinical dosimetry

procedures at MIT to measure the total neutron dose rate should therefore be

implemented. Total neutron dose rates in brain can be measured directly with

an ion chamber constructed from brain tissue equivalent plastic (A-181) (12) or

indirectly by averaging the brain to A-150 KERMA coefficient ratio over the

neutron spectrum at each measurement depth. Estimates of the fast neutron

dose rate can be obtained by subtracting the thermal neutron dose rate

obtained from independent (gold foil) measurements from the total neutron

dose rate. Such estimates will, however, still contain large uncertainties

because the fast neutron dose rate is only a small fraction of the total neutron

dose rate. Alternatively, the fast neutron dose rate in phantom can be

calculated from Monte Carlo models that have been benchmarked against in-air

measurements of the fast neutron dose rate.

In spite of the difficulty in accurately determining the fast neutron dose rate, the

other dose rates measured in the fission converter beam show excellent

agreement with the calculated values. The Monte Carlo calculations have

accurately predicted the shape and magnitude of the photon dose rate and

thermal neutron flux profiles measured along the central axis of the ellipsoidal
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phantom which represent at least 90% of the dose delivered to normal tissue
(for BPA uptake parameters - refer to Figure 5.2). Although calculated fast
neutron dose rates agree within the large predicted uncertainty of the measured
values, further refinements in the measurement of neutron absorbed dose rates
should improve the accuracy of measurements near the surface of the
phantom.

52 Calculated Results for the Final Beam Design

This section presents calculated results for the final beam design which uses 10
spent MITR-11 fuel elements with D20 cooling, an 81 cm aluminum and 13 cm
Teflon @ filter/moderator with a 10 cm lead reflector, a 6 cm lead photon shield,
a 1.1 m long conical collimator with 15 cm thick lead walls as well as a 15 cm
aperture by 40 cm long patient collimator comprised of lead and epoxy doped
with neutron absorbing material (see Section 2.8). The in-air and in-phantom

calculations presented here for the 15 cm diameter patient collimator will, in
future work, be benchmarked against mixed field dosimetry measurements.
Similar measurements and calculations will also be performed for the smaller

aperture sizes available with the patient collimator to characterize each aperture
for clinical use.

5.21 Fission Converter Beam Characteristics

Figure 5.6 shows a plot of the three group flux calculated along the fission

converter beamline.
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Figure 5.6: Three group flux calculated along the fission converter beamline from the fuel tank to the beam
aperture in the medical room. This calculation was performed without a target at the patient
position. The patient collimator is a cone with a 15 cm diameter aperture and 40 cm length,
protruding into the medical room.

The preferential attenuation of fast neutrons in the aluminum and PTFE of the

filter/moderator is illustrated by the steep slope of the fast flux compared with

that for the epithermal neutrons. A slight buildup of thermal neutrons in the

PTFE is also observed due to moderation. The thermal flux is subsequently

attenuated by the cadmium filter that immediately follows the filter/moderator.

After passing through the cadmium filter, the neutron energy distribution has

been tailored to provide neutrons in the desired epithermal energy range. The

lead photon shield equally attenuates all of the neutron energy groups via

scattering, and as seen in Figure 5.7, greatly reduces the photon dose rate.

The lead collimator directs the filtered neutron beam toward the patient with

only a ~ 50% loss in beam intensity over its 1.1 m length. Most of this high

transmission is due to reflection from the 15 cm thick lead walls. The lead and

hydrogenous material doped with 10B or 6Li contained in the patient collimator is
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a poorer reflector than lead alone, so a larger loss of intensity is observed over

its shorter length while the collimating effect is greater.
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Figure 5.7: Photon dose rate calculated along the fission converter beamline from the fuel tank to the beam
aperture in the medical room. This calculation was performed without a target at the patient
position. The patient collimator is a cone with a 15 cm diameter aperture and 40 cm length,
protruding into the medical room.

The photon dose rate calculated along the fission converter beamline is shown

in Figure 5.7. The photon dose rate in the filter/moderator decreases with

distance from the fuel until the cadmium filter is approached. Thermal neutron

capture in cadmium results in many high energy activation photons that

increase the nearby dose rate. The lead photon shield downstream of the

cadmium, however, attenuates the photon dose rate by more than two orders of

magnitude. The photon dose rate then gradually decreases by geometric

attenuation (less than 1/r2 due to reflection from the lead walls) until the patient

position is reached. A slight buildup of photon dose rate is observed in the

patient collimator due to the capture gamma rays produced in the hydrogen and

boron that it contains.
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An in-air epithemal neutron flux of 4.5E+09 n/cm 2 s is calculated at the patient

position with 15 cm aperture, with concomitant in-air dose rates of 5.8 and 5.6

cGy/min for fast neutrons and photons, respectively. The resultant specific

dose rates for fast neutrons and photons are 2.16E-1 1 and 2.1 CE-1 1 cGy/cm 2 n

which are each an order of magnitude below the inherent background. The

current to flux ratio for the 15 cm aperture is 0.841. These values are virtually

identical to those calculated by J. Ali in the design studies for the patient

collimator (13). Table 5.5 below summarizes the neutron fluxes and dose rates

calculated in-air at several locations beyond the end of the patient collimator.

This table can be used to estimate the beam intensity for different air gaps

between the patient and the collimator.

Distance from ) epi thermal Dfn 0 y
15 cm Aperture 2 p hrml De D

(cm) (n/cm2 s) (n/cm 2 s) (cGy/min) (cGy/min)

0 4.6E+09 2.9E+08 5.8 5.6
5 3.3E+09 1.9E+08 4.2 4.5
10 2.5E+09 1.5E+08 3.2 3.6
15 2.OE+09 1.1E+08 2.5 3.0
20 1.6E+09 9.3E+07 2.1 2.5

Table 5.5: Summary of the in-air dose rates and fluxes calculated for the 15 cm patient collimator. Results are
tabulated at several locations beyond the end of the patient collimator.

5.2.2 The MIT Fission Converter Beam Compared with Other Facilities

In recent years several institutions around the world have developed epithermal

neutron beams for the purposes of conducting human clinical trials in BNCT.

With the closure of the Brookhaven Medical Research Reactor, MIT is the only

US institute that is presently capable of conducting clinical trials. Other NCT

epithermal beam facilities in the US are presently being developed. The Idaho

National Engineering and Envrionmental Lab (INEEL) and Washington State

University (WSU) are currently constructing an epithermal neutron beam in the

TRIGA reactor at WSU (14), for use in animal studies of NCT. A fission

converter based epithermal neutron irradiation facility designed for clinical use is

under construction at the TRIGA reactor located at the McClellan Air Force

Base in California (15).
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The high flux reactor in Petten, Netherlands has been operating an epithermal

neutron beam filtered with titanium, liquid argon, sulfur and aluminum for

several years. The NCT research group at Petten commenced Phase I clinical

trials in 1997 (16). Clinical trials were also recently initiated in Finland (17) using

the FiR1 reactor and a beam filtered with Fluental ®, a proprietary material

comprised of aluminum and aluminum fluoride (18). A BNCT research group in

the Czech Republic began clinical trials in October, 2000 using an epithermal

beam in the research reactor at ReZ. Finally, a fourth reactor based epithermal

neutron beam in Europe is currently under development at the R2-0 reactor in

Studsvik, Sweden (19). This facility has not yet initiated clinical trials, but is

expected to do so in the near future.

Although a Japanese clinical research program in BNCT has existed for

decades, the Japanese have only recently begun to develop epithermal neutron

beams (20) for BNCT. The Japanese have instead chosen to irradiate with

thermal neutrons through an open craniotomy, or (more recently) treat

superficial skin melanomas using thermal neutron beams. No clinical data from

Japan using epithermal neutron beams are currently available, though clinical

protocols using epithermal neutrons are currently being planned (21) for the

Kyoto University Reactor (KUR).

Facility Reactor Epithermal Dfn Dy Df4b2 D Ref.
Power Flux (cGy/min) (cGy/min) (cGy cm2 ) (cGy/cm 2)
(MW) (n/cm 2 s)

MIT FCB 5 4.5E+09 5.8 5.6 2.16E-11 2.10E-11 22
(15 cm collim. 85 kW)

BMRR 3 8.4E+08 2.3 1.0 4.6E-11 2.OE-11 23

FiR1 0.25 1.1E+09 1.6 0.33 2.4E-11 5.0E-12 18

HFR 45 3.3E+08 2.0 1.7 1.0E-10 8.4E-11 24

ReZ 15 1.1E+08 0.83 3.8 1.3E-10 5.7E-10 25

Studsvik 1 1.8E+09 0.82 5.6 7.6E-12 5.2E-11 19

INEEL/WSU 1 9.6E+08 1.9 0.92 3.3E-11 1.6E-11 26

KUR 5 1.1E+09 < 20 1.0 < 3.0E-10 1.5E-11 20

JRR-4 3.5 1.7E+09 3.4 3.1 3.3E-11 3.0E-11 27

MIT M67 5 1.5E+08 1.5 1.7 1.7E-10 1.9E-10 28

Table 5.6: Summary of the in-air figures of merit for reactor based epithermal neutron beams around the world.
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Table 5.6 summarizes the in-air figures of merit for several epithermal neutron

beams around the world. There are several facilities with beam contamination

well below the inherent background of 2.OE-1 0 cGy/cm 2 that arises from capture

gamma rays produced in hydrogen and recoil protons from the 14N(n,p)

reaction. A few of these facilities are close to or below the ideal beam

background of 2.OE-1 1 cGy/cm 2 where further reduction of beam contamination

does not improve beam performance.

1.OE+10

MIT FCB

StudsvikE
*+ JRR-4

1.AE+09 A FiR1 INEEL/WSU X KUR

BMRR

HFR4

A MIT M67

ReZ0
1.OE+08 ri a . I

1.OE-11 1.0E-10 1.OE-09

Total Specific Dose Rate (cGy cm2)

Figure 5.8: Plot of in-air figures of merit epithermal flux and total specific dose rate from photons and fast
neutrons for several epithermal neutron beam facilities around the world. An ideal epithermal
neutron beam would combine high intensity with a low total specific dose rate, placing it in the
upper left hand corner of the figure. The dashed line at 2E-10 cGy crr? represents the
unavoidable nonselective dose components created from epithermal neutrons interacting in
tissue.

No facility, however, is able to match the intensity and beam quality that is

produced by the fission converter facility at MIT. Furthermore, the results for the

FCB are for spent fuel, use of fresh fuel would increase the intensity by 30%.

The fission converter facility, currently at 85 kW, is licensed for a maximum

power of 250 kW which could be achieved with fresh fuel and a reactor power

increase. If these steps were taken, the intensity of the fission converter beam
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could be tripled over that shown in Table 5.6. A license renewal request
including a 20% increase in power is currently being considered by the US
Nuclear Regulatory Commission. Approval of this request in the next few years
will result in a 20% epithermal flux increase for the FCB with the current spent
fuel loading.

Figure 5.8 presents the epithermal flux for several NCT facilities versus the total
(fast neutron plus photon) specific in-air dose rate. The best epithermal neutron

beams are located in the upper left hand corner of this graph. Clearly, the
fission converter facility at MIT provides excellent in-air figures of merit. The

non-selective dose to normal tissue using the MIT fission converter beam for

tissue irradiation would be almost entirely (> 90%) due to the inherent

background from capture events in nitrogen and hydrogen, as illustrated in

Section 5.2.1. The fission converter facility at MIT also provides a higher beam
intensity than any other NCT facility. Clinical irradiations in the fission converter

beam can be completed in as few as five minutes, if so desired.

5.2.3 Clinical Performance of the Fission Converter Beam

The excellent in-phantom performance provided by the fission converter facility

is demonstrated in the calculated dose versus depth profiles for the FCB in an

ellipsoidal water phantom, as shown in Figure 5.9.
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Figure 5.9: Calculated dose versus depth profile for the fission converter facility using the patient collimator with
a 15 cm aperture. Dose rates have been calculated in a water filled ellipsoid with axes of 16, 23
and 19.6 cm. Parameters for boron concentration identical to those in Figure 1.2 have been used
except that thermal flux suppression due to the presence of boron is modeled by including a
uniform loading of 18 ,ig/g of 10B in the water.
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Figure 5.9 shows the dose components calculated in 1 cm3 voxels along the
central 16 cm axis of an ellipsoidal water phantom (the remaining axes are 19.6
and 23 cm) using a patient collimator (see Section 2.8) with a 15 cm aperture.
This calculation is performed with an ellipsoidal phantom larger than that used
for measurements in the beam. This larger phantom is believed to more
accurately represent the average human head (based on CT scan data
collected by J. Kaplan). The calculation also includes 18 ptg/g of 10B uniformly

dispersed in the water to account for thermal flux suppression due to the
presence of the boron absorber. This effect, however, only results in an 11 %
reduction of the thermal neutron flux near the midline of the brain (29) and has
an even smaller impact on the advantage parameters.

The AR for the 15 cm patient collimator is typical of those obtained with the

fission converter facility and is 63% higher than that for the M67 beam. The
ADDR for the new beam is nearly thirty times higher than that of the M67 beam;

allowing a single field irradiation to tissue tolerance to be completed in -5
minutes, if so desired. The lower contamination of the fission converter beam

also results in an advantage depth of 9.7 cm; well past the midline of the brain,

compared to 8.3 cm for the M67 beam.
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Figure 5.10: Dose depth profiles for a parallel opposed irradiation calculated for the 15 cm patient collimator in
the fission converter beam. Dose rates have been calculated along the 13 cm axis in a water filled
ellipsoid with axes of 16, 23 and 19.6 cm. Parameters for boron concentration identical to those
in Figure 1.3 have been used except that thermal flux suppression due to the presence of boron
has also been modeled by including a uniform loading of 18 pg/g of 10B in the water.

Figure 5.10 shows the calculated dose versus depth profiles in tumor and

normal tissue calculated for a parallel opposed irradiation to a peak tissue dose

of 1200 RBE cGy using the 15 cm patient collimator in the fission converter

facility. The minimum tumor dose near the midline of the brain is - 43 RBE Gy,
which is nearly double that achieved with the M67 beam. Such a large increase

in tumor dose could dramatically improve tumor control.

5.2.3.1 Advanced Compounds

The fission converter beam is also capable of exploiting advanced boron

compounds that may see future use in BNCT. Boron compounds suitable for

BNCT must achieve a high tumor to normal tissue uptake ratio and tumor

concentrations that are sufficient for the boron dose to dominate the dose
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delivered to tumor. A boron loading of 2.5 pg/g yields a dose rate that

approximately equals the gamma dose rate produced from thermal neutron

capture in hydrogen. The resulting normal tissue dose profile, as shown in

Figure 5.12 is comprised of approximately equal parts boron, photon and

nitrogen capture (from thermal neutrons). A loading of 25 gg/g (shown in

Figure 5.11) results in a dose rate that is large compared to the nonselective

dose components. Using such a compound with the fission converter yields an

AR of 5.7 and an AD of 9.2 cm while the M67 beam would obtain an AR of only

2.3 and an AD of 7 cm. The compound factor for BPA has not been assumed

here, so the RBEs for boron in tumor and normal tissue are the same. Not

surprisingly, the ADDR for this advanced compound is much lower than for

BPA, but a normal tissue tolerance dose of 1200 RBE cGy can still be reached

in less than 15 minutes. The low beam contamination of the fission converter

facility is well suited to clinically exploit advanced compounds that obtain high

uptake ratios but with tumor concentrations lower than those achieved with

BPA.
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Figure 5.11: Calculated dose versus depth profile in the water filled ellipsoid (axes of 16, 23 and 19.6) for an
advanced boron capture compound that can obtain a 10:1 tumor to normal tissue uptake ratio.
Note that the RBE for boron in normal tissue is the same as that for tumor because the compound
factor for BPA does not necessarily apply.
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Figure 5.12: Enlarged view of the nonselective dose components shown in Figure 5.11.

5.2A Sample Treatment Planning Calculations

Although depth dose curves provide a good indication of beam performance, a

treatment plan provides a more realistic, three dimensional representation of the

dose delivered to the patient. The MCNP model of the fission converter facility

has been used to calculate a surface source file at the patient position to use in

treatment planning calculations for the fission converter facility. An example of

a treatment plan for an actual patient from the Phase I clinical trials at MIT has

been calculated using MacNCTPIan (courtesy of W.S. Kiger 111). Figure 5.13

shows the tumor isodose contours (expressed in RBE Gy) calculated in a

coronal section of a brain tumor patient using the fission converter beam. The

maximum normal tissue dose in these calculations is kept to 12 RBE Gy or less

and boron uptake parameters typical of BPA as well as RBEs from the MIT

232



CHAPTER FIVE- FACILITY CHARACTERIZATION

clinical protocol have been used. A hypothetical tumor, indicated in white, has

been included near the midline of the brain.

Figure 5.13: Tumor isodose contours for a parallel opposed irradiation of an actual human head in the fission
converter beam. Doses are expressed in RBE Gy and normal tissue dose has been kept to 12
RBE Gy or less. 10B uptake in tissue and tumor is 18 and 65 g/g, respectively. RBEs of 1.35
for 10B in tissue, 3.8 for 10B in tumor, 3.2 for neutrons and 1.0 for photons have been used.

The tumor at the midline of the brain receives 40 RBE Gy, which is consistent

with the bilateral irradiation shown in Figure 5.10 and more than the 30 RBE Gy

suggested by Laramore (30). Tumors that are more superficial will receive an

even higher dose than the deep seated tumor shown here. The dose delivered
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to tumor can also be increased if Phase I clinical trials reveal a normal tissue
tolerance that permits irradiation to doses higher than 12 RBE Gy, or if boron

compounds with more favorable uptake characteristics are developed for use.

The fission converter facility at MIT provides a nearly optimum epithermal
neutron beam for conducting clinical trials of BNCT. In-air and in-phantom

measurements of absorbed dose rates performed at the end of the mechanical

shutter show good agreement with the values calculated using MCNP. The
calculated depth dose profiles for the final beam configuration show excellent

beam parameters. The new epithermal beam has significantly increased the

dose that can be delivered to deep seated brain tumors, as well as the average

therapeutic ratio for tumors at all depths. A sample treatment plan calculated

for the fission converter beam using BPA delivers a minimum tumor dose of

-40 RBE Gy to a midline tumor, which is 50% higher than that achieved with

the M67 beam.

The fission converter facility has achieved the highest epithermal beam intensity

of any NCT facility worldwide with construction costs of about $3 million, which

is considerably less than other recently constructed facilities. Irradiations with

this new facility can be completed in times as short as five minutes, if so

desired. Longer irradiation times can be employed by partially closing the CCS

to reduce the power produced in the converter fuel elements. The high intensity

of the fission converter beam coupled with a suitable J/$, and low beam

contamination from fast neutrons and photons make the fission converter facility

nearly ideal for neutron capture therapy. The fission converter facility is also

equipped with beamline shutters that reduce the dose rate inside the medical

room to negligible levels and a medical room that shields operators from the

high dose rates in the beam. A reliable and robust control system provides

accurate dose monitoring during the irradiation and automatically closes all

shutters when the target dose has been reached. A patient collimator provides
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beam apertures of 15, 12, 10 and 8 cm in diameter and allows for easy and

comfortable patient setup. All of the design goals for the fission converter

facility at MIT have therefore been met.

The non-selective dose components for this beam are comprised almost

entirely of the inherent dose delivered from capture events in nitrogen and

hydrogen. The dose distributions achieved with the fission converter facility are

dominated by the boron uptake characteristics of the compound that is being

used. The fission converter beam can therefore exploit boron compounds that

achieve good selective uptake in tumor but with concentrations lower than

those observed using BPA. Improvement in the clinical performance of BNCT

is, therefore, not likely to arise from further improvement in epithermal neutron

sources, but rather from development of better capture compounds and by

applying the clinical and biological information obtained thus far to exploit the

characteristics of the fission converter facility at MIT in new clinical trials.
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Chapter Six
Future Work

Although the fission converter facility is functional and able to provide the high

quality beam that was expected, several important tasks remain to ready the

facility for use in clinical trials.

As mentioned in Chapter Four, the power monitors for the fission converter

facility should be replaced with more reliable detectors. This effort is already

underway and new detectors will be installed within a few weeks. The new
3He neutron detectors are expected to provide a reliable indication of fission

converter power over its full range of power.

A value of kT averaged over all neutron energies has been determined as a

function of depth in the ellipsoidal head phantom. A similar determination of

ku that is more accurate than the presently used value of 0.045 0.035 would

reduce the uncertainties in the measured neutron and photon absorbed dose

rates. Such a determination will likely be difficult since there is very little data

available for ku below ~ 0.1 MeV. Measurements of the LET spectrum with a

graphite/CO2 proportional counter in the fission converter beam might,

however, be useful in more accurately determining ku.

Each beam aperture (8, 10, 12 and 15 cm diameter) must be characterized

with a measurement of the dose rates and thermal neutron flux along the

central axis of the ellipsoidal head phantom. The total neutron absorbed dose

rate to muscle and brain should be measured using neutron sensitive

chambers constructed from plastic simulating each of these tissues (A-150
and A-181, respectively). An estimate of the fast neutron dose rate can be

obtained by subtracting the thermal neutron dose determined with foil

measurements from the total neutron absorbed dose rate. In-air
measurements should also be performed for each aperture. The results from
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all of these measurements should be compared with those from the MCNP
model of the facility to develop appropriate scaling factors for treatment

planning calculations. Significant discrepancies between the measured and
calculated dose components should be resolved.

Measurements to estimate the collateral body dose delivered outside the

target area are necessary to ensure that the patient collimator is performing

as expected. Measurement of the thermal flux, as well as photon and neutron

absorbed dose rates with and without a partial body phantom positioned in
the beam will be useful in this regard.

A measurement of the dose delivered during transient shutter conditions

should be performed and the result incorporated into the programmed

sequence for shutter closure. A simple estimate can be obtained by

integrating the beam monitor output during the time required to close the

shutters. The signal to close shutters can then be programmed to occur at

the target count rates minus this incremental value. Thorough testing with the

control system in 'Automatic' mode will also be necessary prior to treating a

patient.

An adequate patient positioning system should be set up inside the medical

room with an identical simulation room set up for use at the hospital or other

convenient location. The medical room is currently equipped with a treatment

couch. The patient collimator will eventually include a laser crosshair that can

be used to align fiducial marks on the patient. The positioning requirements

for BNCT are not stringent, so the available equipment with some minor

augmentation may suffice.

In parallel with preparing the beam for clinical use, a variety of other

experiments can be performed in the fission converter facility, such as in-vitro

and in-vivo radiobiological studies. Such studies may eventually be useful to

compare the fission converter beam characteristics with other facilities around

the world.
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Additional possibilities with the fission converter beam can also be explored.

Some of these possibilities include:

Investigating the use of additional filtration such as the 6Li filters that

were discussed in Chapter Two. Such filters may allow the fission

converter beam to obtain greater advantage depths.

Investigating the effects of collimation on isodose contours in the target

using calculated treatment plans for the fission converter beam.

Further optimization of beam collimation could significantly improve

dose distributions in the target and can be readily implemented in the

flexible design of the patient collimator.

Increasing the power of the fission converter by using fresh MITR-1l

fuel in some or all of the 11 positions in the fuel tank.

Once the facility is ready for clinical use, the top priority will be to continue

Phase I and Phase II studies of BNCT. The facility has been designed

specifically for such studies and can perform several hundred irradiations per

year, with the proper resources. Completion of these clinical studies is, of

course, essential for determining if BNCT is a useful clinical modality. The

fission converter facility at MIT is well suited to achieve this goal.
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Glossary of Selected Abbreviations

AD - Advantage Depth

ADDR - Advantage Depth Dose Rate

AOP - Abnormal Operating Procedure

AR - Advantage Ratio

BMRR - Brookhaven Medical Research Reactor

BNCT - Boron Neutron Capture Therapy

BNL - Brookhaven National Laboratory

BPA - Boronated Phenylalanine

BTF - Blanket Test Facilty

CCS - Converter Control Shutter

DAC - Derived Air Concentration

ECCS - Emergency Core Coolant System

FCB - Fission Converter Beam

FWHM - Full Width at Half Maximum

GBM - Glioblastoma Multiforme

INEEL - Idaho National Environment and Engineering Laboratory

KERMA - Kinetic Energy Released in Matter

LET - Lineal Energy Transfer

M67 - 6 7th Measured epithermal neutron beam in the NRL basement medical facility

MIT NRL - Massachusetts Institute of Technology Nuclear Reactor Laboratory

MRCP - Medical Room Control Panel

PCP - Process Control Panel

PLC - Programmable Logic Controller

PTFE - Polytetrafluoroethylene, or Teflon @

RBE - Relative Biological Effectiveness

RRPO - Reactor Radiation Protection Office

(US)NRC - (United States) Nuclear Regulatory Commission
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Fission Converter Systems and Components
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Appendix L.A - Drawing List

Full size as-built prints of fission converter drawings can be found in the

NRL Drawing Room
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Drawing Description Comments
R3-K-01-4 Lead Shield Temporary lead shield
R3-K-02-4 Fission Converter Tank Concept drawing
R3-K-02-M-4 Mock-Up Tank (As-Built) Wooden test mockup tank
R3-K-03-4 Lower Grid Concept drawing
R3-K-04-4 Grid Support Plate Concept drawing
R3-K-05-4 Temporary Support Frame
R3-K-06
R3-K-07
R3-K-08
R3-K-09-2 Aluminum Plug Custing Module-1, Filter-Moderator
R3-K-1 0-4 Filter-Moderator Box Module-1, Filter-Moderator
R3-K-11-4 Airlift Module-1, Filter-Moderator
R3-K-12-4 Photon Shield
R3-K-13-4 Back Plate Fuel Support Plate, FCB Tank
R3-K-14-4 Rod Back Plate Rods, FCB Tank
R3-K-1 5-4 Collimator Module Module-2
R3-K-16-2 Concrete Plug Plugs for Module-1
R3-K-17-4 Skid Heat Removal System
R3-K-18-4 Water Shutter Tank Module-2
R3-K-1 9-4 Shutter Block Module-3, Fast Shutter
R3-K-20-4 Sutter Support Module-3, Fast Shutter
R3-K-21-4 Shutter Side Supports Module-3, Fast Shutter
R3-K-22-5 Cadmium Control Shutter CCS
R3-K-23-4 Left Wing Block Top Shield
R3-K-24-4 Right Wing Block Top Shield
R3-K-25-4 Main Block Top Top Shield
R3-K-26-4 Main Block Bottom Top Shield
R3-K-27-4 Face Block Top Shield
R3-K-28-4 Drive Plugs Top Shield
R3-K-29-4 Tank Support (Side) FCB Tank Support
R3-K-30-4 Tank Support Back FCB Tank Support
R3-K-31-4 Tank Front Shield Block
R3-K-32-4 Refueling Plug Left Top Shield
R3-K-33-4 Refueling Plug Right Top Shield
R3-K-34-4 Refueling Plug Center Top Shield
R3-K-35-2 Adapter Level Switch, FCB Tank
R3-K-36-2 Mounting Flamge Level Probe, FCB Tank
R3-K-37-4 Roof Block Medical Room
R3-K-38-4 Roof Block Plates Medical Room
R3-K-39-4 Lintel Block Medical Room
R3-K-40-4 Lintel Block Plates Medical Room
R3-K-41-4 Plate CCS Controls Mounting Plate
R3-K-42-4 Medical Room Window Medical Room
R3-K-43-2 Refueling Ramp Left Refueling
R3-K-44-2 Refueling Ramp Right Refueling
R3-K-45-2 Refueling Tube Refueling
R3-K-46-2 Refueling Flange Refueling
R3-K-47-3 Collimator Module-3, Fast Shutter



R3-K-48-4 Cask Support Refueling
R3-K-49-2 Lead Donut Refueling
R3-K-50-3 External Shield Block Top Shield, Block was not installed

R3-K-51-2 Basket Holder Pin Refueling
R3-K-52-2 Fuel Spacer FCB Tank
R3-K-53
R3-K-54
R3-K-55-3 Final Collimator Medical Room

R3-K-56-3 Rail Braces Module-3, Fast Shutter
R3-K-57
R3-K-58
R3-K-59
R3-K-60-2 Side Shield Block Top Shield (Lead)
R3-K-61-2 Shielding Tray 1 Top Shield (Ricorad)
R3-K-62-2 Shielding Tray 2 Top Shield (Ricorad)
R3-K-63-2 Side Shield Support Top Shield (Lead)
R3-K-64-2 Side Shield Support 2 Top Shield (Poly)

R3-K-65
R3-K-66
R3-K-67
R3-K-68-4 Primary Flow Schematic
R3-K-69-4 Cover Gas Schematic
R3-K-70-4 Water Shutter Schematic
R3-K-71
R3-K-72
R3-K-73
R3-K-74-4 Shield Door Medical Room
R3-K-75-4 Left End Support Shield Door, Medical Room

R3-K-76-4 Motor Bracket Assembly Shield Door, Medical Room

R3-K-77-4 Idler Bracket Assembly Shield Door, Medical Room

R3-K-78-3 Driver Mechanism Shield Door, Medical Room

R3-K-79
R3-K-80-4 Window Weldment Medical Room

EB-1056-01 Fission Converter Tank Manufacturing, Artisan Industries

EB-1056-02 Lid, Fission Converter Tank Manufacturing, Artisan Industries

EB-1056-03 Hatch, Fission Converter Tank Manufacturing, Artisan Industries

EB-1056-04 Grid Support Plate, FC Tank Manufacturing, Artisan Industries

EB-1056-05 Lower Grid, Fission Converter Tank Manufacturing, Artisan Industries

EB-1056-06 Sensor Tube, Fission Converter Tank Manufacturing, Artisan Industries

EB-1056-07 Flow Tube, Fission Converter Tank Manufacturing, Artisan Industries

EB-1056-08 Installation Pads, FC Tank Manufacturing, Artisan Industries

EB-1056-09 Assembly Guide Rails, FC Tank Manufacturing, Artisan Industries



Appendix LB - Fission Converter Drawings
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--- - -- -- ----- --- - -- - -- - ..-- --. -- - -- - .- .. - -- -..-....
5.1260-

LA

SD1

NOTES:

I. MATERIAL ALUMINUM

2. EUMOVE ALL SKARP EDGES A BURRS
3. P1NmSH: NONE

4. USED ON JEB1056-01

P-a AS BULT wA 10/20/we
P-4 MEMSED WATER FROW OPO"N va 3/21 /a

P-3 FE"SED LAYOUM KAM 6/14/"6
P-2 t59UED FOR APPO'fL MWB 6/1 W"P-1 PR~aAWiVa Mssu 4=/281Me

ARTISAN INDUSTRIES INC
WALT1AM. MA 02564-9103

GRID SUPPORT PLATE
FISSION CONVERTER TANK

- ("aO

D- E------04 p.-

I-
*0-9r.0182-.a

4.505 --

SECTON A-A

L



2X 05/ 8-8UNC x .50 DP
SS HELJCOT. 0 ICC 'E
TAP - D0 NOT BRAK THRU

02.44 THRU, .150 x 45' CHAMFER &
48 0/16-18UNC x .50 OP SS HEUCOIL EM 8P

40 1/2-14NP1 7MRU
fLOCA W

02.6 7M46, .150 x 4' CHAMFER &
4X 5/16-10UNC x .50 DP SS HEUCOIL E0 SP

04A 3.600 DeC AS8 .84 2X1 ICLC 'B'
TAP - DO NOT iRAKO2 THR.

/- 20X 0.343 ThRU

7750
7.280-B- - -

.00--

2.12- - ~ .
I.- -- 7 4

CENTER OF 0-RING GROO E
FAR SIDE (SEE 0ETAJL)

2H A25 . 40
C*IAMFER-REE

3 .180 x 40'

A CMAMFER-REF

01.06 1HRU, .125 8 4V CHAMIER &
4 C .0 OP S8 N80JT E0 SP

SON A 2.750 DEBC. AS 8SH0WN. 2X0 * LC VC
TA DO0 NOT BEWl ThRU

00X:.015

ii I (

22X 5/16-18UNC x .50 OP
SS HEUCOIL -

/T AP -0 DO fT BREWd 84681

T'~ I...........-'. - I I r.w>'f'A I I ld~I08I

NOTES:
1. MATOiL ALUAINUM

2. REMOME ALL SHARP EDOES & BURRS

3. FNISH: CLEAR ANOCIZE

4. USED ON PEDIV5A-01

P-4 LEL D00T0 liS MOE8 ,//

- M KLT NA /W
P-2 9M FM APPROML MA /29P-1 PP&AWM~ "aB *JA 4/=s/"

ARTIWON INDUTMS INC
VALI.TM MA B4t419

HATCH. FISSION CONVERTER TANK

URCWTU8Iw am m l =. t

F
O0-99OL83-a

[ 40 R.78

,7

00VE TAIL-
GROOVE

SEflOLNA--A

4x 5/ 618 NC x .- O
31.600 DOC AS SHOWN

++
\ , ,

\\ 0

~ f~p w ~T Of -- -
"M. = mlwwrmN

L
0 0 0

W 
0

I

I. I . I I I i V7 i -, I I I - -A-

A

I I I 006



I-
O 63-U

20X 5/16-18UNC x .50 OP
SS HELIAON

_______________________ MACIHINE TO CLEANJ FLAT
THIS AREA ONL.Y

I I

4- + + + + + -4

- - _

8
Il I

(
Ii

tiiiLPRT AlT
SCALI FPJL

4X 1/2-14NPT THRU
S. LOC 'A'

NOTES:

I. MATEIAL: ALUMNUM

L REMOVE ALL SHAWP EDGES Ac BURRIS

3. FINISH: NONE
4. USED ON OEf11O56-01

P-3 AS BUJLT RAP 40/2/00
P-2 MIMSE FR APPROOABL//0
P-1 TPW Oadmup isuE/

ARTISAN INDUSTRIES INC
WAtRAM, MA 064-193

UD, FISSION CONVERTER TANK

UK=1 -o o .
usn mm e .C-0M Mcc. n

SEE DETAIL a

L 222U?/

4X RI.00

8.810-
7.70-

6.00-
5.180-

F

I42.06

0- 
1

L

T
-- - -- -- - -- - -- -

4X R.50-

------ ------ ------

7 fm I I

l.uuu

- -- - - 1/4

I11

A A4



-50

./2

10.81

10K PL.

-22.50 ThI
BAFFLE

+

+ + i

PATCH
IE31008-02

22 .750

2x .50-- 42.00 - 14.11-

DETAIL
0IN PLACE --

0 WELL
I A

REF-INSTALAON I

#EiO0s6-07

CORNERS CLOSED

I fEflOSS-WSA 11 E81056-08

FLsO -7U ----- ----fED 1058-07

IN PLACE SEE CUPCRO1 E BOTING DETAL

SEE CUP DETAIL*- - - -- -

L ---- ---------------- --a
4

YP(4) CORNERS

L 0 -
-. 0 .50

FP

1/2A

ORID SUPPORT PLATE

3 3

~o .

4i

c.Dj

C0A SUPPORT PLATEj E81056-04

SCALEN /4

FULL~ RAO

+ 2

.63
1.31

-
CUIP OETAll

SCALE: HALF
OTY REO'D: 2

SECTION B-8
EW OF GRID SUPPORt PLATE
WITH LOWER GID RESIOVED

NOTES!

1. MAklutla: N.UMINU

2. DESIONM
*ORP1W0 PRIESIWIC: ATS4OSPINNC

: "esm , PRESSURE P
* N'080 TEST TO 10 PSKI

3. RENWE M.L SAP WDOES & BURRS

4. FNIS AS WAEO

5. NWA TRENT TANK TO T4

m %A 4 11

ARTIAN NDUMTRS IC
VALTSA. VA 0111,-01"

WELDMENT
FISSION CONVERTER TANK

woan - .a

1/6 D- E81056-01 I P- 4

L0-9901,83-(1'm -Ao

I1

-I __ -_ __ -

GRI D O S.rH
10 1THIS SIDE)

1/8- DIP
TOO--N

4i

I

P-4 Ia At A I RUp 1130m

i 2 im.!HN I m wo"a LJW M2 FM APPROWL

P- --LWM



D 0.94 D

29.010 3 43.00
0:00 420010.

f0.94

C 0750.066.50 0.50C

824.00 -1 06

5.8

43.25t0.06

69 0.50

A .75 0.06 .0A

24.0*0.ox BOX 2 -A L - MASSACHUSETTS INSTJTJTE OF
.4 E TECHNOLOGY REACTOR

WLNDOW WEOD4T
MBE MEDICAL ROOM

-~ RS-80-=4 2

1+ 2I-4



2 3 4 5

0.50 - - -
Typ. I

2.19

22.7510.13 27
0.0038

28.13
(Ref)

1.0 2.19

1Cx003, 0.00 0.06 -5.50 0.06

C 20.75 0.06C

35.56 0.06

- 0o:0 0 23.000.0 -0.00~

0.50
Typ. F1.00 21

A1000 0.06 5.501 0.06A

r 20.75 0.06; tMSAHSr 

NTEOTECNOLGY RACTOR

I-SK-aO -41

AL2 3 4ll



[T~] Assembly View

-- g1.64

1.00 -
Re.

-4 -- 0.50

r-3.50

I 

j--ETj

FL 

-
- 4-----

2.37/--

0.18 N h

D"etail I

Ostofl 
I

CNN

0.3160 Drill
6 Holes as

0.75

Left Side

u'0

2'
C2

+

Thru
Shown

Detail 3

LO
.N

-0.75

See Tooth Detail

II

Drift & Tap for
1.19 38-16NC-2B 0.623M

2.37t! Depth 1I"3ff

Tooth Details

Detail 4

Right Side

Imait 1~11 2 3 4

C

31C2

o 0

01 10

0 0

0 00 0o o
0 0

o 02

C

B

4

A

B

A

4 Drive Rack 1 Steel 2.38 x 1.5 x .63
3Left Hand Guide Steel .75 x 3.25 x .36_
3Right Hand Guide 1 teal .75 x 3.25 x .38
2 Toggle Clump P Prch CL-350-SPC

1 Bass Steel 10 x 3.5 x 1.75
Detl D rition OtA Mgterial I Stock

0 XMA.".W 01- MASSACHUSETTS INSTITUTE OF
Dow& TECHNOLOGY REACTOR

W Wt nsau M.OW Dr-iver Mechanism

R3K-78 -3 1 Ti
I- -|.en 1 er1

I 2

I
1 2 3 4

L-- - , C"C I aIU" NM

W. I ts FIB" .I T'" . | M



5
1.1- 1 - - I- I-d

5.00.s-1 -2 )
1.4" 2.00 - r

Detail 4

7.

r0 0

5.93

2.62--.

- T"

0.4-

Detail 1

Detail 2 4

7.2

1.25
I-

6.98 1.22

Edges Need not be Machined

MASSACHUrT NM OF

Ider Draaket Amembly
'Shield Door)

Q 3 4 5

2 3 4

D

C

4

B

N4.25

A-

D

I-

C

B

A

PMgnmmnt

0.640 DrIll Thna
'2 Plocee as Shown

W iK u~c 9/0 I
A

A J--k 0-ft L IN 8-6 . IfPw-

1 1) I

1

u
--4 -

4 5q2 31

I N L :::=

0 0

0 0 Q



2

D J6

; 

-----

6

5

3/8

2

0.09
Mot

Pitot for
or

0.89 Drill Thru o

4.0+O.O

65

-. 5 x 45 Chomfer

7if
2.750 4.

.50 1- 2.582

S... . Detail 1

7

4

1.25 0.06x45' Chamfer 
T

yp.

.i Centers Permissible
Detail 6

1' Dri Thru

9

- - 8

3

.5 6 Drlt 7hWu-..

0.0-

0.532 Dril Thru
4 Places as-

Shown

86.37

t 2 .62

Detail 2

-r olThru &TopFor 3/8-1840-20
4 Nola. ad Show.

6.23

--

-4.00 4.00---

Detail 3

COaw 1/16 v .5 wk4. for algament
of detall 2 prior to .0dn10

Detail 4
8

Edges of Parts Need Not
Be Machined

9 3 4

11

5

7C

-4

A

- a *- t - - - 1 --C

in Idler Smrkgt Purch Torr b1a-4018-S
" ""''. 1Purch un* add F3=14E

jL nrhv samas, 1 Punch WU-C 62"O125
-L s nAJ , 1 aiu~.nvnT
JL - -af I Su Offsft

Q. D acipton

3

1= :WI DMASCUETTS INS OFTECHNOLOGY REACTOR
Tr-Lv. I Motor Bracket Ameembly

(Shield Door)

1 9

31

A

5D3 41 2

-0.



4 5'

I... - - - -

"iI-\

f/4

1400

-- --. 7> - a
e al 3A

1.310 DOi Th'u 13 02

Moles an ShownI

15.00

Detil1.27

Detail 7

]

I

Detail 2

150Detail 38

3. 10.225

DO Thru & Top +.00

for 1.25-2B-8-[~
2 Holes as Shown

13.00

Detail 4
MASSACEUS I1= OF

Left Sd Support
SShSeld Door)

2 3 4

D

C

B

I I

D

C-

C

4-

B

A

13

211 8 , BAG , 112

t-19-7NC Nit --- bnh-

I WI--7NC a 14

Sftd -LI-JLA-

Id
2u 2.16.

ksr=n

I P.-k

ul FW Pkt, 121 m-1 9.1gleg

1 3

1I 2 3 4

A
I- I I I WI&M M.

2 ! Utm I StA&

n3 421

Ck,

9

4

3



2

I

3 4 5

~1

25.6.

.8120 Dil25.86

120Coe.5D. 2..8120011 Drill & N
1.Hole Casa Sh5ow. 8 1.250 C'Sare .75 Op. 23.84
2 HaM, a Shown 1 ' .

28.03

2.75 --

D -A.il 
40

Detail 6

c-

Detail 5

12.00 - 8.00

2.)0

1.06*010 Thr.2 Ploces an Shown

5

D

2 4.50-T

-zoo -

Detail 9

0

-t

.8120 Drill thru & 7.50 2.00
1.250 C'Bore .75 Dp.
2 Holes as Shown

---- 15.25-rn

Detail 1

6 1/8

14.50 14.50 14.50

.8120 Drill thru &
1.250 C'Bore .75 Dp.
3 Holes as Shown

4.25

Detail 7

-rA96,

c

B

A

4-

B

4-

A

MlS=l*IOLOOY REACTORlASAHETSINSTIIUE OF

Shield DoorFSINCONVEIRM PRoJnT

1 0

1 4

ULU u

52 3 41 Ar



L 4

r.. I

Drill & Top for
314-10NC-28 1 50
1 Deep 1 Hole
as Shown

View B Edges of Plates Need Not

Drill & Top for
3/4-1ONC-28 .0
1 Deep 1 Hole
as Shown

View Abe Machined

Match With Holes in Detail 3
Back Sd.

jtI

1.06 Drill Thru A 1.0
C'Sore I' Deep 4 H~
Bock Side

77.56-

Drill & Top for 1-BNC-28
SHoe s mrked1.5" Deep In Bock Sodo

for Ufhing

28.03 -1

0430 -+V I

-+ + I

25 1

300 +
0.00

Detail 2

14.76 L COJO 1. 00 s r 4o WN

Paecn, SMd.

Drill & Top for 1-BNC-28
4 Holes Marked 'WIn
Facing Side 02 Sgown
Depth 1.5'

Dre A Top for 1-8HC-20 77.56-4 Hole Marked If In
Back SIde as Shrown
Depth 1.5

28.03-

0.00-

94.38-

Note: Dril & Top for

-ked, .
2

5 Deo, 77.56-

1.06 Drl Theu h 1.A8
C'Bor 1 Deep 4 Hole
Marked

All Holes to be
from One Sid@

51.88-

Match With Holes
in Detail 3 V

28.03-

0.00

8

Detail 3

MASSACHUSETTS IHSThTM OF
TECHNOLOGY RECTOR
.hield Door

MBIOT191N CoNvmrm2 PROA=C

1 45

D D

4-

C

B

A

S
.4

V V V

V
+ +

S8*1/D

v IV- ~t VT -V

y I7

C

I-

B

4-

A

W

Detail 4

1I 2Z 3 4 5

Facing Side

3

2 3I 4 51



2 
4 5

k- z - . ,

Assembly

zzK

)

View

S + + + + +

0 ++

+

+

+

58 1/8

. Al

D

C

B

-i

A

4

15.25

7

3

C

4-

B

A

-I

I

N.

+4

~L2L

A- 2etVria hedi sa 7.3a x 4 1X 4.25

- ASSACHUSETS INSTMITE OF~ ~~jjj TECHNOLOGY REACTOR
Shield Door

- FISSION CONVERTER PROJECT
WJta 1
a sau, mRSK-74e -j!J

I 0

4 51 2

D

AN
4-

r

52 3 4A1
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CD C-)

TO REACTORG RELEF
VENT ATON

FGV-24

FGV-5

LOW PRESS
BURST ALAJG1 SWITCH
DISK

FGPS-2

FGV-22 FGP-2

FGV-23

SUPPLY-10 PS FWLS-

FILTER REGULTOR LAI

FW V-9

-i T A,9NKFWL-I
FILL SIGHT

GAGE

FWV-2

FW-

FW V- FWV-21

FWY-10

SOUNMt VALVE

FVWV-11 FWF-2 FWV-t2 FWVV-*3

kLO AnWI ______ ______

PRESSM FFPP-

FWFS-1 Simo# FWV-23 FW26 V-

FW V-253 
AW- 4 A E

OtFET RESTM-T FW_-4

19 klT FtT-

FWV-9

FWM4

FWS-I
SBW*

T fw7 FW4

-N I I- I

4-

N)

f-

C-,j

4-

4-

('4

(I)

C-3

I;i~

3

\\t8'MAN FWW

FWP4 - 1 FW V-K4

FWV-;$

A

21
13

I

0w



m C)

40

TLBE TO
BOTTOM OF
FC. TAWE

-

BURST
DISK

LOW PRESS
ALARM SWITCH

FGPS-I

FGV-4 FGP-I

FGV-5

1
STORAGE IxFGV-I

FQPRESSURE

TO REACTOR
VENTILATION --------- !!V6FGV-6

FGV-7

020
TANK

HELIUMI FGM-I

FGGVF--10G-3

IFi

FGV-14

LEVEL SENSOR G-
CAL VALVES

lFGV-'A

FGV-13
SwGF-I

FGITCH

SETECINT
ADJ

LOW FLOW
FGV-12 FGFS-1 SWITCH

FGV-15

RECOMBINER

FGV-16 FL- C-

FV-18

LEVEL CAL-
FITTINGFLER

WATER TRAP

Low ANK

SWITCH

T AK LVEL
INYtCATOR

J -~
C-)mJ

REACTOR HELILFI
SIFIPLY -to PSI

i

+4

(31

I'---

CJ4

Cl

CD

E
zc0 (A

I



D
FCV-m

FCL-4 STMAW
3 T-
Gw

Ft"
FC-V.?9

FCV-3 ftN -M

FCV-U

FCV44 ro-M

Fcv 7c;-G
Mi-2

FCV-47 FC-V-3iA

FCV-30A

FCV-I&A
FCV4A

FCV-M FCP44A

MASCA SINSnnTIT OF

r tu ECNOWGY RCETO

- FMSSIM CON1'Zr7 PROJECT

2 3 4 5

D

4-

C

4-

B

4-

A

L 4.

I PCV4S6

C

B

A

l l
FCV42 FCV43

FCV-6 0
p FCF-4

JCV12 

ICV41

cv
Kr-7

FCV-9 FCV40

F C, 

low

M7 FCV4

WENTLA

wt-a

W-761
X

14V.79
A k IO

-N---
FCP

_V_

1 

-3

F-CV 31

CV-29

FCVW

FCV46_0.1 _ _,M-2

Fcv-n FCP44

-I- rllip

I

I

I A

x FCV-V

i FCV-29

FIC.C4 Fe"

,C,_.

FCPS4
Pa.*

1.4

rcv-m
WRIT ftm

"AT DO."
FLM CAAMQ



2
REVISIONS

ZONE REV DESCRIPT1ON DATE APPRWNED

I-.4

40.44-

Polyethylene 1" thick
Quantity 8

DRAWN DATE
- Y 0srouk 61/07/00

OrCHEOkED

Y. Ostrovsky 12/07/00

FISSION CONVERTER PROJECT
SIZE ALE NO.

C

scAJ.E None

NO. R3K-64 -2 17
SHEET 1 O1

1 2

1

38.63

11.00

B

+

A

3.50

19.40I -

B

A

DES"SIOENSAE S NCED: MASSACHUSETTS INSTITUTE OF
DIESOSLE INCES

DECIMLS ANCGUI. TECHNOLOGY REACTOR
N5 1 .015 A 0. IU

.5m1 * .005
D0 NOT SCALE DRAWING SIDE SHIELD SUPPORT BLOCK 2

- I

i

21I

7.0 -/U



2
-3.25

+1
ZONE REV DESCRIPfiON DATE APPROVED

7.25

4.00

7.25

j 4.00 2 _ight Support Bloc 1 Lead 45x7.25x4
1-Left Sup~port Block I ea 45x7,25x4

Det Description tyMtral Stock
UNLESS OTHERWISE SPECIFIED.SCUSlSINTTUEO

DIMENSONS ARE IN INCHES MASSACHUSETTS INSTITUTE OF
TOLERAICES

DECMA AN , TECHNOLOGY REACTOR
Axx 5 .015 0.5*
.)0( * .005

DO NOT__AE AN SIDE SHIELD SUPPORT BLOCK
AMG PROJECTION y4 /mw 2/O7/oo FISSION CONVERTER PROJECT

CHECKED SIZE FILE NO. DWO NO. E

D I B R3K-63 -2 1
Y. Ostrovsky 12/07/00 SCALE None SI 1 OF 

2

45.00

5.38 K-

B

4

A

DETAIL 1

45.00

DETAIL 2

1

B

A
i "



1 2

9.75

.11

-3.1

B

A

Notes:
1. Material
2. Quantity

Steel 0.125" thick.
2.

NSIS OAERWE CHED: MASSACHUSETTS INSTITUTE OF
DMLERANCE L TECHNOLOGY REACTOR

Dx .0N6 A 0.5
.555 .015
Do NOT SCALE DRAWING SHIELDING TRA Y 2

THIRO ANGLE PROJECONI Y OSOVSkY 0/130/00
CHECKED

DESIGN

FISSION CONVERTER PROJECT
SIZE FILE NO.

R
DWG NO. R REV

R3K-62 -21
SCALE None I SHEET 1 OF 1

12

REvISIONS

ZONE REV DESCRIPniON DATE APPROVED

45.00

+0.00
-0.13

B

4-

A
-1 "

GK & YO 10130100

21



12.00

I

B

A 45.00

Notes:
Material Steel
Quantity 2.

0.125 thick.
UNLESS OTHERWISE SPECED: MASSACHUSETTS INSTITUTE OF

DIMENSIONS ARE IN INCHES M SA H STS ISIU E O
TOLERANCES R

DECIMALS ANO1LAR TECHNOLOGY REACTOR
SNOT SCALEO SHIELDING TRAY 1

DRAWN DATE
[;IDANAL PROJECTION Y Ostrovsky 130/00

CHECKED

DESI/N
CK & YO 6/30/0C

1

SIZE ILE NO.

SCALE None I
ItNO. R3K-61 -2 17

SHEET 1 OF I

B

A-

2

1 2
REVISIONS

ZONE REV DESCRIPTION DATE APPROVED

3.13+0.00' -0.13

1.
2.

FISSION CONVERTER PROJECT

i
I



2
ZONE REV

II REVISIONS

I r-SIN

45.00

9.7

1L

4.00

5.25
-4.00

0.50 12.75

Notes:
1. Flatness 0.032" all surfaces.

3 U cer Block 2 Lead 45x4x5.25
2 Lower Block 2 Lead 45x12.75x4
1 Base 2 Steel 45x12.75x0.5

netI Dlescription I~tVI Mnterinl

FISSION CONVERTER PROJECT
R3K-60 -2 2

SHEET 1 or 2

Stock
UNLESS OTHERWISE SPECIFIED: fl M SAH ETS NTIUE O

DIMENSIONS ARE IN IE: MASSACHUSETTS INSTITUTE OF
DECIML ANA TECHNOLOGY REACTOR

XX * .063 0 .5'
"XXX * . AN SIDE SHIELD BLOCKDO NOT SCALE DRAWINGSIEHELBOC

THIRO ANGLE PROJECTION Y Ostmwwky 0/26/00

DESIG/N
G K & YO 10120100

SC A LE NO.

2

1

B

o 0

0 0

DATE APPROVED

+

5

2

A

B

4-

1

A

IHE F

+
DESCRIPTION

1 -$+ -C& SCALE None I



2
REVISIONS

ZONE REV DESCRIPnON DATE APPROVED

2 ) )r,)

2.00

Drill thru & tap
1/2-13 NC-2B 12.7!

2.00 3 places
Typ.

I 4..)U I .00 I 0.50

45.00

DETAIL 1

I2') r

2.
00

0-f- Drill thru 0.75
three places
to match holes 12.75

2.00 in detail 1

Typ.

14.50 16.00
4.00

45.00

DETAIL 2

A

F4.
00

4 +1
14.50 16.00

5.25

45.00-

DETAIL 3

Notes:
1. Flatness 0.032" all surfaces.

3 Upper Block 2 Lead 45x4x5.25
2 Lower Block 2 Lead 45x12.75x4
1 Base 2 Steel 45x 12.75x0.5

Det Description IQtvI Material I Stock
UNLESS OTHERWISE SPEOIED: k A~CUICT MTT F O

DIMENSIONS ARE IN INCHES MASSACHUSETTS INSTITUTE OF
TOLERANCES I~I

DECIMALS ANGULAR TECHNOLOGY REACTOR
."D .063 R 0.5xxx .015SIESIL BOC

DO NOT SCALE DRAWINGSIEHELBOC

D ANGE PROECn Y Ostrovsky [l DATE0/26/00
CHECKED

DESIGN
GK & YO 0/20,/00

1

FISSION CONVERTER PROJECT
SIZE ILE NO. DRG NO. REV

R3K-60 -2 2
SCALE None I ISHEET 20F2

2

1

Drill & tap
1/2-13 NC-2B
2.5" deep min.

B

4-

A

,

I DWG NO. R3K-60 -2 rR ;



2 'V. 4
1

4.00 0.50

1/4

37.36 1/4

Item 3

4.00

1/41/4 fItem 

2
Iitem 2

Item

4.00

-E0.50

100 113

.5470 Onll Thru
2 Places as Shown

Item 3

30'

1/4

1/4

4.00

1.00

.5470 Drill Thru
2 Places as Sh

QUANTITY 2
1.50

1.00

1.00

3 Foot 4 Steel 1 /2x1x4

Angle Brace 2 Steel 1xx38

1 Vertical 2 Steel 1x1x37

tm Description ty Material Stock
Utl5ThmoSWflK- 3 MASSACHUSETTS INSTITUTE OF

OLL NQTECHNOLOGY REACTOR

0O A ORA0 Top Brace
w e I 5AMoo FISSION CONVERTER PROJECT

P.jUN Aesbo. R3K-e 0

R3K- 56 -3 1 N1
A tae 5/1"/00WAC None 1O

1234

1

C

B

I 166

4-

A

B

A

2 4

ZOE I M COCMPTION WMOS OAT APPR.0

+

C

I

-r 42 31



4
SCat MV COWTIOW bClt DPPMVD

C

B

3.50 3.50 -1-.3.50
.5470 Drift Thru

9 Plcs as Shown

.5470 Oril Thru
6 PIcs. as Shown

-- 3.50 3.50 3.50 -4

Detail 1 De t TIl

Note:
1. All edges sawcut and sanded

2Bottom Spacer i steel 6x14x1
1 Bottom Brace L-Sttcl- 14x06,x0/2

bet Depcription lOtyl Material I Stock
"m|om| | M i. k m, MASSACHUSETTS INSTITUTE OF

MOO" f L~J1 TECHNOLOGY REACTOR
-' "MWA Bottom Brace

P Stahl. 16/16/00 FISSION CONVERTER PROJECT

P a, S s/hr/ - Jf O. I

R3K-56 -3 1
1m. 2 or2

2 3 4

1 + 2

2.00

2.00

-i

14.00

16.50

0 0 0

o 0

C

10.50

-- 0

2'.

6.00

14.00

0 0 0

0 0

11-

B

A

2
4-

A

ii
Il42 31
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ZONE IEM DEUCMP"M wAct APPeNE

37.00

1.0C 21.00

0 0 0 0 0 0

Typ

18.50-

0 .

-27.a a -27.611

20.4-- A

016.13
Flamecut +

Sanded

8ITEM3 
31.11

-7-3 ...2

a 27.98 v -27.68

~-2O.42

4,

A

T A 10-0.04
-4B2 -2 -0.52

8 8 4.11A

0-2t.67
A

Ba -9.02

~*~5.S8

IDO 0I'8*
I0

0.00- -I

0~ a
t. .. 29TV.0uj Item

7.0C -21.00110.

2

_____5.19

4.69 1.19

-CA

0,ril & Top for
'/2-1JNC-28

Item 3 .88 Op.

View A-A

3 Mount Pin 2 sti 1 3/160 x 5.5
2 Mounting Tob 4 StI 5.25x7x1 /2

1 Mount Plate 1 st 37x49.5x1/2
itm Description Qty Material Stock
W04N MASSACHUSETTS INSTITUTE OF

0 1W U3M ARC IN M A T E C H N O L O G Y R EA C T O R
00 NaO V^ aaPwa Colimator Mounting Plate

a P. 61b.e 3//0oo Final Colimator

P Stahlesx 
ZE. N o 

.

P. stw~ /600MENn

R3K-55 -3
SHET 1 or 8

1 * 2 * 3 4

C

1 2 3

C

A

B3

A

ITEM 3

A

Item 1

OsIN Thru & Tap far
0.3-13 NC-29 a H..

P-aakla A ash-maa

WI~ 801 0 apla
a.25-20NC-2014I H..

P"taMao a ". shao

ry;W _0E4a,"WE-

1 .111

1 5



1 +2 +3 4

C C

0.22

-00.27
45.0- 0.50

0.5650 Drill Thru & View B
0.7650 C'Bore 0.565 Dp.

4 Pics. Eq. Sp. on 8.500' Rod.

B B

74'41' 2.86
KTyp-i

2 .00

13.03 0
14.13 0
20.00 0

A A
Section A-A

W", Nf MASSACHUSETTS INSTITUTE OF
OEM&" M" TECHNOLOGY REACTOR

00'aar .O. WLead Plug
Im. Aa A"koo Final Colimator

1 +1
| R3K-55 -31

O.narina S/15/00 '0M NonW Me ow 2 r 8

2 +3 +4
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REVSONS

ZONE IRV DESCRITON DATE I APW'

C 35.0
29.688

28.50

21.00
14.00

- 6.50
-5.13.-!;

1/0

04

0 0

4 
'

S I N4MASSACHUSETTS INSTITUTE OF
1mA fiB TECHNOLOGY REACTOR

-O *OT SN OR.Ricorad Shielding
P. SUMhJ. 31..oo Final Colimator

CHEWE A Sta. 1m0 . I N..6
p as s /1l. 5/ s SCALE fNooe I

1

R3K-55 -3 1
ISHEE 3 or 8

1 2 3

1.250 drill thru
Align with Mount Pins

Holes to be matched up with colimator
-base, drilled & c'bored for 1/4-20 socket

head cap screws

Note: Cut lines shown are intended
for making these pieces from standard
14" x 22 ricorod blocks

020.13 Thru

B

A

C

A

I
1 2 3 4



2

Drill thru & c'bore
for 7/2" Socket Head
Cap Screw 4 Holes on

4

C

14.000"R

0

45*

0

20.13 Thru

035.00

htm Description IQtvI Moterial I Stock
Dm.sam ME 0 MASSACHUSETTS INSTITUTE OF

TECHNOLOGY REACTOR
0WYsm MAYANLead Facing

A tah. 31so Final Colimator

P. Stable 8/1/oo 3 .C Im.

1 2 '3 4

R3K-55 -3 7
I 00 4 OF 8

0.25

View A-A

1 Lead Facin Lead 350x

B

A

1

C

B

A

3

+

4-0

1 2 3 4
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-zr n-

-5. 1

A

C

B

17.50
13.500

3/8-16 NC-28
ON 7.31 RAO

4 PLACES

8.00 -

+ 2 + 3

3 4

A

A

013.24 Thru--

.

1
ZoNE tV nDOmpno DAM MEo

1/4 0.93x45' Chamfer

d--L

--- .50 -

- - -- 0.50

Section A-A

13.36 Rod

0.25

Section B-8

C

2 Guide 2 StI 2.250 x1.5
1 Colimotor Bose 1 Stl 35x35x /2

tm1  Description QtV Moterial Stock
"1Ws THCIZSPAIN ,f MASSACHUSETTS INSTITUTE OF

ommki tI TECHNOLOGY REACTOR

ea0 "m s Otnpe Colima tor Base

A eM 3/o Final Colimator

C R3K-55 -3 1
P 3C. Sh) 3/15/00 S Nov. if 6 a' 8

41I

C

B

A



+ :3

3/80 Drill thru on
3" Rod 3 Pcs. as shown

3/80 Drill thru on
2.5" Rod. 1 Plc as shown

U~)
N
c

3. 50

-1-4----

f.

1

2 i a

6.04 0

II I
I I II
II I
I I II

II
I~I
II
II
II
II
II
II

Parting Line: Upper and lower
cones to separate at
this point.

1. -

II
II
II
II
II
II
II
II

II ls

Note: cone may be made from
Single piece or built up layers.
Choice of material is optional
except that metal may not be
used. Cone must separate at
parting line to permit construction
of inner and ouoter colimator.
Upper and lower sections to be
held together with 3/8 "" dia.
threaded rods. Holes for threaded
rods maybe drilled before
turning cone, and need not
be concentric with cone.

12.82
13.24

C ,A It

-- fl MASSACHUSETTS INSTITUTE OF
"Z".i TECHNOLOGY REACTOR

Male Mold0

,.111G, 
WG. RK-5 - I

IARMGIMCMI N~. I 34111 6~8

A

I '2 f) LF

2 1W

C

..4

4

A

13.OORe

C

B

A

'+')')1I

ZONE It M OCAM"MN AE APMI

I

li M

1

I I I

Final Colimatoru u.
SZEI " N. -- R3K-55 -3 1 '

In e .. | I am 6 OF 8



1 +2 +3 4
ZONE I WVmO N D

CDrill Thru & Top
for 1/4-20NC-28
4 Pics on 5.50 Rod

25/640 Drill Thru
4 Pics on 7.31 Rod016.62

08.40
Th ru

2" Dia Drill Thru 4 Pics.
on 6.56 Rad. as Shown
Location Not Critical B

0

LC)
CN 30'

A A

OMM E MASSACHUSETTS INSTITUTE OF
2B TECHNOLOGY REACTOR

DO W 0 St" OPAWAMid Plate
uo peu .Sta.w. 3 14/00 Final Colima tor

c R3K-55 -3 1
0. HWrIno 3/14/00 W-"0 None 1smw 70F8

2 +3 +41 +



REVISIONS

ZONE REV DESCRIPTION DATE APPROVED

3/14/00

~1

9 20 Drill Thru
3 Plcs. as Shown

R4.75

45'

012.29
0.2560 Drill Thru &
0.480 C'Sink .16 dp
4 Places on 5.50 Rod. os Shown

Th ru

U-)

View A

30,

View A
T-

MATERIAL: AL606 1-T6

UNLESS OTHERWISE SPECIFIED: MASSACHUSETTS INSTITUTE OF
DIMENSIONS ARE IN INCHES MSAHSTSISIUEO

TOLERANCES II
DECIMALS ANGULAR TECHNOLOGY R EACTO R
.XX .015 0.5'
XXX .005
DO NOT SCALE DRAWING _ TopPlate

DRAWN
P. Stahle

DATE
03/14/00 Final Colimator

-TR ANGLE__PROJECTIONCHECKED

DESIGN
0. Harling

SIZE FILE NO.

A
DWG NO.

R3K-55 -1
REV

1

SCALE None SHEET 8 0F8

I I j I I I

2

THRDf ANOLE PROJECTION

I _w I -c:y-

,-(P-El
SCALE None I SHEET 8 OF 8



REVISIONS

ZONE REV DESCRIPTION DATE APPROVED

-1.31350
0.50

+O5

0.50

1/2-13NC
1 DEEP MIN.

30'

30'

1/2-13NC
1" DEEP MIN.

1.306-

2.261

1 SPACER 2 1 AL6061-T6 Stock
1 SPACER 1 1 L6061-T6 Stock

Det Description IQtvI Material |

UNSS OHRSE EINS CFED: MASSACHUSETTS INSTITUTE OF
EOLMRANCEG TECHNOLOGY REACTOR
xN .0 R AW U.5E.XSS .O0FE05r.~uot
DO NOT SCALE DRAWINGFULSAE

T DRAWN
THIRD ANGLE PRDJECI1ON YOstrovsky 3/20/00

CHECKED

DESIGN
Y Ostro vaky /120 I/I -- I SCEET NonDPI

FISSION CONVERTER PROJECT
SIZE FiLE NO.

IB
OWG NO. REV

R3K-52 -2 1
sCALE None I

2

1

B 2.274

25.25

DETAIL 1

A 25.25

B

4-

A
DETAIL 2

1
I'w

2

Stock

SHEET 1 OF 1 I



2
REVISIONS

ZONE REV DESCRIPION DATE APPROVED

CHAMFER
.188x45

DRILL
0.13 THRU

00.750

B

+

A

1.13

1.75

PIN 3 SS316 3 /4 ROD
beti DescriDtion I0tvl Material I Stock

UNESS RE IN INClHE MASSACHUSETTS INSTITUTE OF
TOLERANCES

DECIMALS NOLAR TECHNOLOGY REACTOR
.N * B E D I

DO NO CL DRAWING BASKET HOLDER PIN
3/17/00 FISSION CONVERTER PROJECT

SCALE None
I DWG NO R3K-51 -2 1

SHEET 1 Of 1

1 2

1

1.00

5/8-1 1UNC-2A

B

4-

.A

R DRAWN
[;;RD AmoLIE PRDJEC?0Nj Y. Ostroviwky

CHECKED

DESIGN
Y Ostrovsky -- 3/17/00

I -
SIZE FI r NO.



2

DRILL & TAP 3/4-10NC 2" DEEP MIN
4 LIFTING HOLES AS SHOWN

0- 0-_

l10--

3 4

Notes:
1. Materials: lead, steel.
2. Quantity: 1.
3. Do not machine outside surfaces.
4. Finish: industrial primer, paint.
5. Weight -4000 Lbs.

C

B
0.5" STEEL TYP.- __ .13 A

4.00

40.00

F-

THESE TWO 0
SIDES ONLY

U"D amufl2,3 t Spwm01 MASSACHUSETTS INSTITUTE OF
.AL"'" U TECHNOLOGY REACTOR

00 WTOU ~o EXTERNAL SHIELD BLOCK
mm -. Y0vtn,'",k, 3/10/00

Y Es- 0030k ky 3/10/00 st", Moo.o

1 * 2 3 4

1

18.00

LEAD

C

4-

A

B

A

FISSION CONVERTER PROJECT

R3K-50 -3 1
1 H"T I or i

ZONE I EY DOMCPTION CAE APR D

+14

1

1 +ll 2 3
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REVISIONS

ZONE REV DESCRIPTION DATE APPROVED

DRILL THRU & TAP
1/2-13NC 3 PLACES

EVENLY SPACED ON 20.00 DBC

Notes:
1. Material: Lead
2. Quantity: 1
3. Do not machine
inner diameters

outer and

0.063

2.250

UNLESS OTHERWISE SPECIFIED: ~ l M SA H STS ISIUE ODIMENSIONS ARE IN INCHES MASSACHUSETTS INSTITUTE OF
DECIMALS ANUA TECHNOLOGY REACTOR
.55 * .25 A 0.5

DO NOT SCAIE DRAWINGLACO U
T DRAWN

CHECKED

DESIGN
Y ostrmysk q3/1In

DATE
3/0/00 FISSION CONVERTER PROJECT

OWG NO. REV

R3K-49 -2 1
4NLaj F

y-SCALE Nn

SIZE FILE NO.

B

2

A

B

020.00

13.250

A

B

4-

1

I.L1,

08.25 

031.13

THRU 
3

I

i

2



4

31.00
Typ.

45' 45'

40' 40*

12.96(Ref.)

S2.00 032.50

1.00

I

H
I 06

14.00

0.50

13.00

l. 0
__

- 11.00
----- 13.25

LCHAMFER
.25x45' TYP.

2 3 4

D

..Ll

C

B

A
L

06

109.65(Ref.)

*29.50

I z 3 0.55

T Ip

F A-

3 1 soce 4 A-38 01.9! xI' Lbna
2 i aia A-36 .s2 e

c1 s oo nart A-36.L,,di Stock
-IIMASSCHUS- INST OF

TECHNOLOGY REACTOR
CASK SuT UE
lVB PROJECT

R3K-48 -4 1
0th 00e ot 1 &J

5

3

1 2 3 4



2,Nj amw0

15.750
15.687

-- 8.563
8.500

COLLIMATOR
CENTER
LINE

-188 -

CONE
CENTER
LINE

C

B

15
85

.031A

DRILL & TAP
5/8-11NC

1" DEEP MIN
4 PLACES

LEAD

p. HEX BOLT 4.00 -
1.25-7 x 4
4 PLACES

Notes:
1. Materials: Steel A-36, lead.
2. Quantity: 1.

". mmINMASSACHUSETTS INSTITUTE OF
M""m L TECHNOLOGY REACTOR

nu~ a W-*-- FCOLLIMATOR
on,,r .f 1 2 FISSION CONVERTER PROJECT~~a mI~mitj I u N& W

El IR3K-47 -3 1
r~ou,, )9/o& -eM ... I |e" I or

1 2 3 4

~1 + 2 .15 4

014.34 023.0
14.28 22.9

019.00

o0.031
-A-

26.125
26.062

.78

.72

0.
Ty

4-

B

A

I/I

/

A

C

5)

2 3 41
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B
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REViSIONS

ZONE REV DESCRIPTION DATE APPROVEDO

CHAMFER
.063x45'

CHAMFER _
.125x45'

06.625

CHAMFER 60' 1.50

.063x45' 7

1NI
06.000
06.875

1 TUBE 1 STEEL 7"ODx.5"WALL TUBE
Description IQtV Material I Stock

UNLESS OTHERWISE SPECIFIED: MASSACHUSETTS INSTITUTE OF
DIMENSIONS ARE IN INCHES MA SA H SET ISTT TE O

TOLERANCES IP~I
DECIMALS ANGULAR TECHNOLOGY REACTOR
Ax .015 G 0.5

DO NOT SCALE DRAWING RFEIGFAG

2/08/00 FISSION CONVERTER PROJECT
SIZE FiLE NO.

B
SCALE None I

DWG NO. REV

R3K-46 -2 1
SHEET 1 oF1

1 2

4

4

A

B

A
IDet I

TITRD ANGLE PROJECTiON Y Otrovsky
CHECKED

DESIGN
Y.Os ro vs ky 12/08/00

2

' '
-

- 0N YO-ltro-j"y

I

1
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REVISIONS

ZONE REV DESCRIPTION DATE APPROVED

CHAMFER
.50x45'

i/

-~ ~z4
_CHAMFER

.13x45'

II

DRILL THRU
00.50 Typ. CHAMFER

.13x45'

- 07.50

30'p7 ~1
24.50

1 TUBE 1 STEEL 8"ODxl"WALL TUBE
I~)ptI flprnBrsn ICtvI MntRrinI I Stock

UNLESS OTHERWISE SPECIFIED,
DIMENSIONS ARE IN INCHES MASSACHUSETTS INSTITUTE OF

TOLERANCES (1
DECIMALS AULAR TECHNOLOGY REACTOR
xx t .1 D E.5E
XXX * .005 RFEIGTB
DO NOT SCALE DRAWING RFEIGTB

I DATE2/08/00 FISSION CONVERTER PROJECT
SE FILE NO.

SCALE None

DWG NO. IREV

R3K-45 -2 2
SHEET 1 OF 1

2

1

07.88 06.00

B

A

A ~

B

4-

A

1

DRAWN
ITHIRD ANGLE PROJECION. YOstrovsky

CHECKED

DESIGN
YOstrovsky 2/08/00

-4r+

A-lRi7--Q-
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REVISIONS

ZONE REV DESCRIPTION DATE APPROVED

1 5
72. 5

16.00

FRONT

1/8" THICK
THIS PLATE ONLY

R0.19
2.0 Typ.

2.00
0.50 ______________

12.00

RIGHT HAND SIDE VIEW

Aluminum sheet 1/16" thick

UNLESS OTHERWISE SPECIFIED:
DIMENSIONS ARE IN INCHES MASSACHUSETTS INSTITUTE OF
DECIMALS AGLR i TECHNOLOGY REACTOR
. N5 1 A015 .U

DO NOT SCALE DRAWING RFEIGRM IH

28/00 FISSION CONVERTER PROJECT
DWG NO. REV

R3K-44 -22
SHEET 1 OF 1

SIZE IRLE NO.

SCALE None

2

T DRAWN
ITHiRD ANGL.E PROJECTIONI YOsLrovsky

1

CHECKED

DESIGN
YOstrovsky 1/80

1

B

A

B

A

VIEW

IRT7
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REVISIONS

ZONE REV DESCRIPTION DATE APPROVED

1.50

TH.S P15' ONLY

1/8" THICK_/ c
THIS PLATE ONLY

5.00

1.50 Typ.

0.25

12.00

Aluminum sheet 1/16"

UNLESS OTHERWISE SPECPIED:
DIMENSIONS ARE IN INC:ES MASSACHUSETTS INSTITUTE OF

TOLERANCES (~
DECMALS RANGAR . TECHNOLOGY REACTOR

x A .015 A .U
*Xx .005

DO NOT SCALE DRAWING REFUELING RAMP LEFT
1/28/00

CHECKED

DESIGN
Y0strovsky 1/28/00

SIZE PILE ND

B
SCALE None

DWD NO. REV

S NO. R3K-43 -2 2
SHEET 1 Of i

2

1 +

B

A

B

thick

1

A

DRAWN
ITHIRD ANGLE PROJECTION Y Ostrovsky FISSION CONVERTER PROJECT

15*

27.7s

I 
DATE
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2 '5 4

31.25 
-8.25 5.25

6.25 1.25J

0.94 57

0.94 -- -14.00 ---

-- 8.25 -
- 8.25 ----00 40.250

19.00270
25.63 - -. - .- - - -. - --- - -- - 41.00

25.1 3 38.50

-...- . 0.75
.i . Typ. ,1

0.941 6.25

/-- - A .-- -- -

DRILL THRU 05/16
& CSORE FROM INSIDE

7/P6 E3/8 DEEP
lPLES

I/
DRILL THRU 07/16
& CBORE FROM INSIDES5/8 x 1/2 DEEP
4 PACES

1.31

4.250 4.250
Typ. Typ.

19.688 Squor 26.6

21.313 Square

-- I- 9.0o squars,

26.63

-28.50

3

C7 .010
_ .063 A

41.00 19.00
- 26.83 -

31.225

-- 8.25 8.25 -a

5.88 12

1-31 r1.06 5.63

T 1.00
- -14.00 - - - -

8.5 - - .5--

27.25 40.2450

-- --. -- - ----- -.-- ---- - - 1-- 41.00

25.13 38.50

0.75

1.06 

Tp

6.13 12

.06-A-A

DRILL & TAP 5/16-18 NC-28 x 3/4 DEEP 28 PLACES
TRANSFER FROM FLANGE REF. DWG R3K-22-4 SHEET 2

6.250 6.250Typ. It yp.

6.25 6.25

14.00
Typ.

6.25 6.25

== -- MASSACHUSETTS INSTITUTE OF
"M L TECHNOLOGY REACTOR

- SION CONVERTER
esMEDICAL ROOM WWNDOW

R3K- 
4

.- -4

A6.|, 
Q

D

C

D

C

29.00

B

A

4-

13

A

31 3f

-L-

41 .00 I

I 4

53 42

542 3



DRILL THRU 03/8 28

6.250 6.250
D

1. 063 E

+4*

+

.4

.4

38.25
SQUARE

I- -- +_ - 24

.4 .4 4. .4 .4 .4.
.4

41.25 SQUARE

_ .063 E

|7 .010

1.50
Ref.

~EITI ~ flMASSACHUSETTS INSTITUTE OF~ -. ~LLJJ TECHNOLOGY REACTOR
ii - FISSION CONMETErR

MEDICAL ROOM WINDOW FLANGE
P.31C)tq-42 -42

61m, - - 2
AL a-II R

.4

.4

*

.4

C

B

A

- 40.250
Typ.

.4

D

C

B

A0.50 -

1 2

--- 4 -

,

A c

PLACES7

I

I 2 3 4 5



2 '5 4 S

R,34.75 1 ,0.04

309Rf

13.44
Ref.

7.13
4.75

50.00

Material A36 Steel 0.5" Thick

I-= MAASSTm OF

I . .J 
j J s s C H N O L O G Y R E A C T O R

1 R3K-41 -4f 1

D

B

4-

A

9I 4 5

2

C

B

A

I

I 5

3 4 51

D

52 3 41



'5 4
..

134.00 0.25

'5+0.00PLT3
0.25 4" THICK 300+0.25

67 .2 5+000 4.00t0.2

134.00 0.25

9" THICK

67.2513-

3.00+0.25-I 0-0.00
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5
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I-
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4-

B

142.00 0.25
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71,25+0.00-0.13

K 0+0.25
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2 oo~
0 2 5

2. 00+0.25
-0.00

6.50 0.25 -
15.50 0.25 .

Notes:

1. Material Steel A36.

r.JAA MASSACHUSETTS INSTITTE OF
TECHNOLOGY REACTOR~WLA&. - LW7T BLOCK PLATES

iflum JK-40 -417

17D

C

B

21.13 0.25
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2 ':5 4 5
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2
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PLATE 3
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18.00+0.25'-0.00
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71.082 5

-15.13+0'0

Notes:

1. Material Steel A36
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D

C
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07.875

6.450
+ I 7.450

R3.063 R2.063

LEAD

3.86

3.5

FILL

DRILL THRU AND TAP
3/8-1 6NC

2.513 --- 0.38

0.25
Typ.

4

F - 0.88

.13

1.50

9 5 4

4 5
- I - I -

Notes;
1. Material A36 Steel.

2. Quantity required - 1.
3. Outer welds to be ground flush

within 0.03.
4. Upper and lower parts to be

concentric within 0.03.
5. Part to fit assembly R3K-25-4.
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4.50

3.87

Notes:
1. Material A36 steel.
2. Upper and lower portions of

plug to be concentric within 0.06.
3. Outer surfaces of welds to be

ground to flat surface within 0.03.
4. Port to fit assembly R3K-25-4.

8.38
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1.00

4.00
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Notes:
1. Material A36 steel.
2. Upper and lower portions of

plug to be concentric within 0.06.
3. Outer surfaces of welds to be

ground to flat surface within 0.03.
4. Part to fit assembly R3K-25-4.
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FLWTL2.19

t"LFILL WITH LEAD
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1.00 6.38
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4.88
Ref.
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DRILL THRU
AND TAP

3/8-16NC

0.38-
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C

-2
0.2511

0.50
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0.25-

DO NOT
WELD HERE

2

19.75

16.75

II
Il
II

----

B

A

Notes:
1. Break sharp corners.
2. Finish: grit blast, prime

and point the assembly.

3888

Beam 10 A36J 'le SG,3xNo

-1 Plate A36 Stl .25" Plate
Jet Description Qtv1 Moterial I Stock
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1 2
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Typ.
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I-
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CHAMFER
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T
I

00.75
Typ-

0.50 Min
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8.25

CHA MER
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1 2 3
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C

B

4

A

1 25.2

INEIM ' in PIOW~.| -a e

Notes:
1. Quantity required - 2.
2. Break sharp corners.
3. Finish: grit blast, prime

and point the assembly.

Base 2 A36 Steel 2.5" Plate
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2 PLACES

+

LEAD FILL
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0.25

DETAIL 1

3/8-1 6NC
.38 DP MIN

2 PLACES

\/ +

03.00

I-
LEAD FILL

0.38

05.875 -

DETAIL 2

Notes:
1. Outer welds to be ground flush

within 0.03.
2. Parts to be made to fit assembly

R3K-25-4.
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C
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D
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38.69
--8,5o 21.31
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04.00 1. ,- 2.EE

i' STEEL
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25.56 5.58
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H
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SECTION B-8
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D
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SECTION C-C
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VIEW A
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6.25 10 01.75

S.00 E O F
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SECTION F-F

SOME HIDDEN UNES REMOVED FOR CLARITY

Notes:

1. Machine grove to fit Thomson 60 Cas

Shafting (2' Dia. x 84" Long) model T22735.
Maxinmum gap between Shafting and grove side

not to exceed 0.003'.
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2 + '3
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47 .125 D
ALL FACES 3.7UNLESS OTHERWISE . ..SPECIFIED T

PPECIFIE Typ.-C-- - ----------- - --------------t-------------------- --
----------------- ---------------------------------- I-

P 1 7.88 Ty1 IP

132. 00
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--------------- 4-----------1------------------
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VIEW A
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VIEW D
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+h +-- -_
+ +

40.00

-I.

L:7.125
ALL FACES
UNLESS OTHERWISE
SPECIFIED 1

VIEW C

RO.25 typ.

65.00 ....

Notes:

1. Details of sod and concrete pours to be
ogreed upon with MIT to minimize voids.

2. Lead sample to be provided to MIT for
analyses prior to pouring.

3. Concrete mix to be provided by MIT.

4. Port to be assembled with port drawing
R3K-20-4 and tested per specification
R3K-19-4-PR Rev.1 to insure free
operation.
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SECTION 8-BSECTION A-A

3 4 5
15.75 DRILL & TAP15.75 38-16 UNC

.75 DEEP
053 4 PLACES

1-00000:000 4.500 - 15.75
2250!3 2.125 0.75

2.750 TYP0

3.625 2.50

T 3.250 R/8 Max 2.281
6.000

. . ., . .. , .,/ I 3 7 5 d E8.000 6.000 \

3.04:a 2.938 
8,75 J0.9386.0010.0

2.000+006 DRILL & TAP -. 38 10 .063 .1
6.0+00 0 5/16-18 UNC_ 2.500

-0.13 .75 DEEP -2.000
4 PLACES- VIEW E

VIEW 0 2.50

-15.75-

--- .008

VIEW A

D

2.S0
2.750- DRILL & TAP

3/8-16 UNC .75 DEEP
4 PLACES

7.500 10.000

1.250 . . .
6.000

I \ \ RO/U0 Mae 1Te

.4.750 0 .13
-0.00

1/4 THICK VIEW B
STEEL CASMNG

LEAD ANNULAR RING

0E 4.0O

LEA -A ,,-CONCRETE

-7.50

-0-50

4.. .3.0
- -- ----026.00 7- -7 -

-8.25- 0.50 4
WALL -

31,75

0.25
WALL,,

4.0 4.0---- 2.00

LINES REMOVED
LARITY

Notes:

1. Details of lead and concrete pours to be
ogreed upon with MIT to minimize voids.

2. Leod sample to be provided to MIT for
analyses prior to pouring.

3. Concrete mix to be provided by MIT.

4. Port to be ossembled with port drawing
R3K-20-4 and tested per specificotlon
R3K-19-4-PR Rev.1 to insure free
operation.
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VIEW A
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Imr

-R(2 A

041.15

LOAE 

40 (LLIPO

34 ILIPKS

CLIPTIC. HEAD DETAILS

+ - 5

D

Notes:

1. Materials should adhere to applicable
specifications in ASME Boiler and Pressure
Vessel Code, Section I1. Certifications to be
provided to MIT.

2. Welding procedures and quality assurance
should adhere to applicable specifications in
ASME Boiler and Pressure Vessel Code,
Section IX. Certifications to be provided to
MIT. Copies of quality assurance
documentation to be provided to MIT.

3. Fabricator to supply appropriate
reinforcement at pipe penetrations.

4. Hydrotest the tank to 15 psig.

5. Joint between cone and elliptical head.
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(DO NOT WELD, PUT IN PLACE
AT FINAL ASSEMBLY)
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sECTI N A-A 
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SECTION B-B
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SECTION A-A

036.20(Ref)

023.00 +0 -j
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10 5 1.5 285011.50 10 75
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SECTION B-B
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(Ref)Q

3.(
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0.5 WALL
U-SHAPE
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3.00(Ref)
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SECTION C-C
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QUANTITY: 2

MASSACHUSETTS INSTITVTE OF~ I~ILI TECHNOLOGY REATOR_
if LiL.. FISSON CONVETE

1 3 - r5

D D

C

B

A

C

4-

B

A

ROD
R3K- 14 4 1 -1

I I L-- 8/01/00 1 1

1 2 3 4 5

1 52 3 4



L 
4

.- - I . I ..
.375-16UNC
.50 DEEP
2 PLACES A.005

\\i .0051

26.00

- 1.010

10.000 0.50 J
20.000

31.790

2.520+00000.2-0010~ 0 0.010 C 01.000 00.625

R0.13 TYP.

+ + 0.50

.005 B

0.75 -

VIEW A

25.25 MATERIAL: AL6061-T6
QUANTITY: 1

TE
-wg-MF= h MASSACHUSES INSTITUTE OF

FISSION CONERTER
[~1I BACK PLATE

1 2 3 4 5

j+-Q-ljjZ 7- K-13 -413I-A I I- i-1

D

VIEW A

_L .005 B

1.000

C

B

A

D

C

It-

B

A
LU

I

o

I 2z 3 4 5

i.6 ~~~~ ~ -- -- --- ~.-.- -

W I

2 3 4 51



2 3 4 5

1.~~~ - .- ~- - -

Front View

4.0 0.25

3-1/2" x 3-1/2" x 1/4"
structural steel angle

(typical - 4 sides)

3/8" steel plate stock
(typical - size & location

TBD by APEC)

10.00 0.125

A

1-i 71-i

Section A-A

U

II
68.0 0.25

2E
m m(

Li jl

11/16" thru hole
/_(typical)

A

pure lead
(sheet or cast)

S5 x 10
steel I-beam

3/8" steel stock
(typical)

A

Top
3/4 - 10
threaded hole

(typical)
A

View 1-1/2" x 2"
steel barstock

..' " ; | f| MASSACHUSETTS INS UTE OF
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2 25 4

86.0

48.0 0 48.0 53.1(REF)

45.5
W8X40 21.75

IOX8.5X.5
PLATE

W4X13
2X1X75

BAR

12X10.5X.5
PLATE

2X 1X00
BAR

69

10X8.5X.5
PLATE

W8X40 43

35

8X8X1
OFFSET PLATE

8 PLACES

197.25

4X4X .5
SPLATE

TYP.

S02.0
TYP.

12

31

40.00

-29.93

214.8(REF)

Notes:
1. All members are

two vertical bear
2. All welded plate,
3. All bolts are 5/81

except for Auxit
horizontal crosst
1/2" A490 bolts.

A36 Structural Steel, except
Is, which are 50Ksi beams.
are 1/2" thick.
A490 high strength bolts
1 Hoist connections and
am connections, which are
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D D
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Section E-E
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Section B-B
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Notes:
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Block
Designation

Thickness Height
Width Weight Location in Medical
(max.) (T) Room

NO-2 21" 7' 4" 14' 1.5" 19.9 South Wall/North Wall

NO-3 21" 7' 4" 14' 1.5" 19.9 North Wall

NI-I 21" 7' 4" 7' 11" 12.5 North Wall

NI-2 21" 7' 4" 10' 7.5" 15.5 Hallway/Spacer Block

SO-2 21" 7' 4" 14' 1.5" 19.9 North Wall

SO-3 21" 7' 4" 14' 1.5" 19.9 Roof

SI-I 21" 7' 4.5" 7' 11" 12.5 Hallway

SI-2 21" 7'4" 10' 7.5" 12.5 West Wall

WO-2 21" 6' 5" 3' 0.5" 4.2 Shadow Shield

WO-4 21" 7' 4" 12' 6" 19.9 West Wall/Hallway

WI-4 21" 7' 4" 12'6" 19.9 Roof

FO-2 24" 9' 6" 6' 10" 16.3 South Wall

SO-1a 21" 9" 7' 0.86 North Wall

SO-1b 21" 9" 7' 0.86 North Wall

NO-1a 21" 9" 7' 0.86 North Wall

NO-1b 21" 9" 7' 0.86 North Wall

SI-4 21" 21" 7'4" 1.4 South Wall

FI-2 24" 9' 6" 6' 6" 15.0 West Wall

TOTAL: 212.7
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Block Volume Mass Comments
Designation (ft3) (T)

Corner-1 32.7 4.1 Heavy Concrete

Corner-2 78.5 9.8 Heavy Concrete Ventilation, electrical conduit penetrations

Corner-3A 15.1 1.9 Heavy Concrete Water shutter pipe penetrations

Corner-3B 15.1 1.9 Heavy Concrete

Corner-3C 15.1 1.9 Heavy Concrete

Corner-3D 15.1 1.9 Heavy Concrete

Corner-4 5.4 0.7 Heavy Concrete

Lintel-1 28.2 6.9 Steel Water shutter vent penetration

Lintel-2 6.0 0.8 Heavy Concrete

Lintel-3 17.2 2.2 Heavy Concrete

Roof-1 58.6 14.3 Steel

Roof-2 50.8 12.4 Steel

Roof-3 38.9 9.5 Steel

Spacers 1-4 120.0 15.0 Heavy Concrete Drop from block NI-2 also used as spacer

Upper Roof-1 65.0 8.1 Heavy Concrete

Upper Roof-2 43.3 5.4 Heavy Concrete

Wall-1 38.7 4.8 Heavy Concrete

Wall-2 53.0 6.6 Heavy Concrete

Wall-3 10.1 1.3 Heavy Concrete Manual Drive Shaft Penetration

Wall-4 6.5 0.8 Heavy Concrete

Wall-5 15.2 1.9 Heavy Concrete

Wall-6 71.9 9.0 Heavy Concrete Electrical Conduit Penetrations

TOTAL 800.4 121.1

Material





Appendix L.D.iv - Drawings of Blocks for Medical Room

W7



12'-4.0

1' -9.0'



Wa. 1

0~

'- ."

I



Corner- 1

5

26 132*

32

26

a

i



W1llm 6

7'-0,3"

7- 2.3/"



21"



480'

1 8.0'JL



1 217 3 4
I RI ov -mDIT )PO

M 5 Chwud Mb, O Ou p W ill WW WIN

A

SECTMHN S-B

162

32 I '27~

A
0

B SECTMo A-A B

2 17

BB

A 2--
-- 161,, d

Dimensons In Inches unless otherwise noted
Dimensional Tolerance +1- 1/4" unless otherwise noted

1 2 32

".." e AK IN IMCMMASSACHUSETTS INSTITUTE OF
.VLMMI TECHNOLOGY REACTOR

A KFB Medical Room Shield Block
.. 1 &at Block Corner 3B

-EC -3 B
Roat Ai 4

Part ReF. Materia Comments
4 Dwg.__________

Steet "

3 Steel C4'%'bar

4 Concrete M .), o

A



2

A

14

Snmm c A-A

"nONK?""Aw I MO"OMASSACHUSETTS INSTITUTE OF
OaMMU- TECHNOLOGY REACTOR

x' $ FCB Medical Room Shield Block
BDom Cornr 3qADimensIons In Inches unless otherwise noted C"VAW

Dimensional Tolerance +/- 1/4" unless otherwise noted W - .
9011 "Y, A/

1 9 2 3 4

1 ~l7
31

V 14-f

A-

L

0

F
B

3 -
4 .06

6

B

Part Ref' Material Comments
# Dwg.

I Steet 3/4-l0 "'' ' J-44W

2 Stee( 40%

3 Steet 34-1" C',V*g ""

4 Concrete 25 Ib/C. W' ""'tt'' Mvt'

IM"0 -3B

1i7 4

a a W m .w, "BW Im. -. M d vim1

'6

1 Z1 2 3 4

C

1-

B

A



~1~ 4

M 8 Owwd vb Eq pwm ma*M

A

16 4

A

~7-

-20

---
1B

SECTm A-A

Dimensions in Inches unless otherwise noted
Dimensional Tolerance +/- 1/4" unless otherwise noted

1 2 3

Part ReF Material Comments
# Dwg,

I Steet 3/4- '

2 Steel 14Rrt

3 Steel C.4"MgW

4 Steel 0 ID

Concrete 2, lb*/cF. jxI -tl tq

014S" I. MASSACHUSETTS INSTITUTE OF
ocau''"

4
'' L TECHNOLOGY REACTOR

D aOrzu 0AM FCB Medical Room Shield Block
Ma" u-" W "'" Block Corner 3D

54. Ue I'~ h

W11

1 V17 2 ~4v 35

C

B

A

0

-II

F
13

C

B

K

A

0

0

rL7

I- i
1 2 3 4

00

0 0



3

SmCTo m A-A

47 4

A

0RAM1"? MO I| MASSACHUSETTS INSTITUTE OF
OMaJ LT' TECHNOLOGY REACTOR

OOWTWA OPMNO FCB Medical Room Shield Block
Il k c.L ofL cr q

Dimensions in Inches unless otherwIse noted I 9
Dimensional Tolerance +1- 1/4" unless otherwise noted W - 0 I ~/"/ 5

2 LI.

A

1 1I7 2

0

16

32

27J

A

L

C

B

A

L

F
B

3

B

Part ReF. Materiol Comments
# Dwg.

Steet /-Th"" J"o

2 Stee " 111

3 Steel Cv,'g N'o

4 Concrete " Ibs/CF. dx' ""8t *W"gpt

2W t v I orrooN Dot I A".
SS OWd r.-, dAo i aw I. vim

SECTMo B-9

0

C

I
I IYA

B



6'-I1.5'



42.

1 8.54

0*

-2' -8.4"

Linte,-=3





Dper RooE2

2'-5.5'

7T-4,00





Appendix L.D.v - High Density Concrete Mixture Used for the Medical Room

403





High Density Concrete Mixture used for Medical Room Walls
April - October, 1999

Mixed in 1000 lb batches in a 1/3 yd3 mixer:

935 lbs iron ore aggregate (Evtac Mines, Eveleth, MN)
100 lbs portland cement
35 lbs water
250 ml Duracem @ Super Plasticizer (Boston Sand and Gravel, Boston, MA)

Slump test: - 1" slump
Cured Density: 4.0 g/cm3

Add water to mixer.
Add iron ore aggregate, allow it to be coated in water.
Add portland cement.
The resultant mixture should be very dry, addition of the plasticizer will make the cement
flow more easily and provide the desired slump.

No segregation of the iron ore aggregate was observed during vibration.
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SEP-04-1998 12:4G SEABROOK DOSIMETRY P. 02/0EI3
7'55 e9:04 FR (WJ) ENERGY CTR (44 IQ

EXPERIMENTS, FA M T91NAL , N CX f CA NMU.U3 us4 flM yin "

Bulletin S-58N
September 1982

RICORAD Nutron Shielding

# HIGH Hydrogen Cotent--contorns more hydrgen
then water

a HIGH Temperature Resistcnce-350*F (1771C) conttinuous
550"F (2880C) Intermittent

& HIGH Boron Content-suppresses capture gammas

RICORAD combines exceptionally high hydrogen concentration with high ten-
perature rusistnc*-a most unusual combination, in addition, the presence of
2% boron gives additional shielding against thermal neutrons and reduces gamma
radiation resulting from netron capture,

RICORAD I1 especially suited for applicattons requiring elevated temperatures
and effective neutron shielding. The material has been used to shiefd against
neutron streaming nearh*t piping In nulear power reactors. It has application
In housings to protect senstive eisletronic components agalnst high neutron flux
and as shutters for themal columns of research recctors.

RICORAD is supplied In standard sheets " x 240 x 36' (25 x 610 x 914mm). It
is a phystkolly strong, hard material that can bk machined using standard tools.

RICORAD (Catalog No..293) SPECIFICATIONS

Density: 0.945 g/ca (59 lbk/cu t)
Hydrogen Atoii/cc: 6. V 1022
Baron Atom/ee: 1. 05 x I
Water Egwivalenht 102%
Contlnuous Temperature Rasistance: 350'F (1770C)
Intorinittent Thmpereture Rsstance 5500F (2880C)

IMPORTANT: lecuase of spOIaf production requIrements, RICORAD can only
be proJuced in quent1tiez on the order oF 75,000 lbs (34,000 kg). Smaller
quantiti can be supplIed if ordered atthe same tbethat a largebotch is being
processed. Thus, delivery Can generally be made within 6 to 12 months.

Prices on request.

MUIPMErp Ko 0 RACTOM 0 ACELERA# [ :ABOPAORIEB M NUCLA M=CtNg



SEP-04-1998 12:46 SEABROOK DOSIMETRY P 03/03

JOR EXPERIMENTS, INC 'X ! "it - X%= *A aw"M - Man. -MM&

June, 1983

TYPICAL ELEMVNTAL ANALYSIS

CATALOG NO. -293 - RICORAD

Blement

C
Al-
Fe

Si

WeIght Percent

12,.06%
2.00>

0.20
0.48
0.20

100.00%Total

jq~c 1
A'l C7 ~-II

lydrogen Atoms per cc = 6.81 x 1022

Density.=.43 g/cc

Boron Atoms pei ec 21.05 x 1021

GOUPMENT FR 0 PMACMRS Q ACzeLwM S NUCLEAR MEDOWN I
TOTAL P.03

EU





Appendix I.D.vii - Concrete Load Testing Report

411



William Waller Carson
September 9, 1999
Strength of cement blocks, Corner 3 A and C

On June 17, 1999 the first of three blocks was formed and poured in the parking lot of
MITRII. The mix for the concrete was 38 lbs of water, 930 lbs of iron ore aggregate and
one bag of concrete with one bottle of thinner solution. This mix was used with all of the
concrete blocks produced at MITRII between that date and the present. The first block

to be poured was the corner block "Corner 3 A"*, which was poured on the 1711 of June

1999. The second block to be poured was "Comer 3 B", which was poured on the 24' of

June and the third block, which was "Corner 3 C", which was poured on the 16' oF JulV.
These blocks are located at the corner of the Med Room next to the 6RH1 port. There
where a total of 5 samples taken, one 6" diameter cylinder (sample A2) and one 4-
diameter cylinder (sample Al) was taken from block Corner 3 A. one 6- diameter eyilinder
(sample B1) from block Corner 3 B, and two 4" diameters cylinder (sample C l and C2)
from block Corner 3 C. The testing equipment that tests for the strength of the larger

samples was not in operating condition on the 101h of August, 1999 when the samples
where tested so only the three smaller blocks where tested to discover their yield point in
compression. The yield forces for the small samples (Al. Cl. C2) where (60.47 Kip.
58.76 Kip, approximately 50 Kip). The last reading was taken as the last visual siuhtin2
of the display before the final termination of the block, and the equipment was not reset
so the data was not stored appropriately. however some time past after the 50 Kip
reading. To determine the strength of the concrete the pressure is found by dividinu the
force by the surface area of the cross-section of the cylinder. The resulting strengths
where: Al = 4812 psi, C1 = 4676 psi. C2 3978 psi. Since these measurements where
not taken 28 days after the pouring of the concrete a conversion was used to generate
their 28 day strength which is: the strength measured divided by the quantity of the
exponential of s multiplied by the quantity of one minus the square root of 28 divided by
the number of days after the concrete has been poured.

fcm(28 days) fcm (t) / [ exp ( s * (1 - ( 28 / t ) ̂ 0.5 ))]

where s is a constant depending on the type of cement used to make the
concrete.

s = 0.2 for rapped dry high strength cement
s = 0.25 for normal and rapped hardening cement
s 0.38 for slow hardening cement

t is the number of days after the concrete was poured
fcm(t) is the strength of the concrete after t days of being poured

The 28 day strengths for the concrete samples are: Al = 4487 psi, CI = 4745 psi. C2 =

4037 psi*. Steve Rudolph, a Technical Assistant for the department of Civil and

See attached drawing of the Med Room
See the attached sheet of calculations for more detailed work



Environmental Engineering Department helped in the laboratory in running the test
equipment. Principal Research Associate John T. Germaine, of the Civil and
Environmental Engineering Department helped by reviewing work that was done for these
tests and for his assistance throughout the process.

The strength of concrete is generally divided into three categories, low. medium.
and high strength. Low strength concrete is below 2000 psi, and is generally used when
there is a rather low weight being applied to it, or is fully supported, such as on a side
walk. Medium strength concrete is around the area of 4000 psi. High strength concrete is
upward of 6000 psi, and is used for over hangs and areas that are expected to be under
high loads. In general the concrete that MITRII workers produced is a bit above medium
strength concrete. This material would be acceptable to be used in the roof design that
was proposed for the medical room that called for 3000 psi concrete.

William Waller Carson IV (Research Assistant in the Mechanical Engineering Department tbr Otto Harling. Prolcssr
in the Nuclear Engineering Department)

Yohn T. Germaine (Principal Research Associate for the Civil and Environmental Engineering Department)



Sheet of Calculations

tAl -54

c = .25

BccAl =exp c-, 1 -

fcmAl 4812
BccAl

Corner 3 Block A & C

Al = Bottom Block
C1 = Third Block from the bottom

first sample
C2 = Third Block from the bottom

second sample
All sample sizes are 4" diameter cylinders

28

tAl,

fcmAl = 4.48?10 psi

tCI :25

28
BccCl exp: c- I

tC I

fcmCI
4676

BccCl

fcmCl = 4.745-103

tC2 : 25

BccC2 :exp c-, 1 -

psi

28 5

tC2/;

fcmC2 3978.7

BccC2

fcmC2= 4.037'10 1 psi



Drawing of Med

Ccorner 3

Coxrncr 3
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Room w/o roof
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LND 30753
FISSION COUNTER

GENERAL SPECIFICATIONS

Maximum Diameter (inch/mm)

Effective Diameter (inch/mm)

Maximum Length (inch/mm)

Sensitive Length (inch/mm)

Cathode Material

Fill Gas

Fill Pressure (Torr)

Connector

0.25 / 6.4

0.18/4.6

1.5/38.1

0.75/19.1

Aluminum

Argon

760

Flying Lead

NEUTRON SENSITIVE MA TERIA L

Material

Enrichment(%)

Total Quantity (mg)

u235

>93

2.3

OPERATING CHARACTERISTICS

Neutron Sensitivity (Counts/103 Neutrons)

Recommended Operating Voltage (volts)

Operating Voltage Range (volts)

Background (Counts/hr)

Pulse Rise Time (nanoseconds)

1

500

200-800

0.6

200

THE LND 30753 IS AVAILABLE WITH DIFFERENT NEUTRON SENSITIVITIES:

Detector Type Neutron Sensitivity

30754 One Count/10 4 Neutrons

30755 One Count/10 5 Neutrons

30756 One Count/10 6 Neutrons

30757 One Count/1O 7 Neutrons

30758 One Count/10 Neutrons

2/8/01 12:06 PM





Appendix I.F - List of Manufacturers and Vendors

421



Manufacturers and Vendors

Alyn Corporation
Contact: Bill Harrigan
Phone: (949) 475 1525
16761 Hale Ave.
Irvine, CA 92606
boron loaded aluminum (neutron shielding material)

APEC (American Processing Equipment Corp.)
Contact: Paul X. O'Neill
Phone: (781) 749 9111
295 Lincoln St, Route 3A
Hingham, MA 02043
manufacturing of heavy equipment

Artisan Engineering, Inc.
Contact: Ralph Bailey
(781) 893 6800 x236

73 Pond St.
Waltham, MA 02451
www.artisanind.com
manufacturing of heavy equipment and large process systems

Canberra
Contact: Karyl McGeehan
Phone: (401) 841 5735
800 Research Parkway
Meriden, CT 06450
nuclear instrumentation and electronics

DePaoli Mosaic Co.
Contact: Fred Morgan
Phone: (617) 445 2381
126 Magazine St.
Boston, MA 02119
epoxy terazzo flooring (Q28-31 color pattern used in medical room)

EVTAC Mining Co.
Contact: Ken Stocco
Phone: (218) 744-7838
P.O. Box 180
Eveleth, MN
iron ore



Fluoro-Plastics Inc.
Contact: Jeff Steyer
Phone: (215) 425 5500
G and Venango Streets
Philadelphia, PA 19134
Teflon @, and other plastics

G & L Steel Fabricating Corp.
Contact: Steven Levinson
Phone: (617) 389 7170
30 Commercial St.
Everett, MA 02149
steel supplier

General Electric (Fanuc)
Contact: Chris Cook
Phone: (781) 279 8178
Supply Division
85 Maple St.
Stoneham, MA 02180
industrial controls, programmable logic controllers

Hot Cell Services
Contact: Jeffrey Butler
Phone: (253) 854-4945
Kent, WA
hot cell windows, lead glass, mineral oil

INEEL (Idaho National Environment and Engineering Lab)
Contact: Dave Nigg, Rick Driever
Phone: (208) 526-6898
surplus lead glass

LND Inc.
Contact: Johanna Lund
Phone: 516-678-6141
3230 Lawson Blvd.
Oceanside, New York 11572
nuclear instrumentation



Lockheed Martin Energy Systems, Inc.
Contact: A.P. (Tony) Keller
Phone: (423) 574 2077
P.O. Box 2009 Building 9113, MS 8208
Oak Ridge, TN 37831
surplus heavy water

National Instruments
Contact: Mariela Koenig
Phone: (781) 939 0714 Ext.4808
800 West Cummings Park, Suite 1800
Woburn, MA 01801
Data acquisition software and hardware

Nuclead, Inc.
Contact:
Phone: 617-876-7717
P.O. Box 390668
Cambridge, MA 02139-0008

lead bricks, sheets and castings

Nuclear Shielding and Supplies Inc.
Contact: Jordy Ensio
Phone: (520) 748 0405
4820 South Coach Drive
Tuscon, AZ 85714
boron carbide and other nuclear shielding materials

Pasternack Enterprises
Phone: (949) 261 1920
P.O Box 16759
Irvine, CA 92623-6759
cables, connectors and adapters

Ramsay Welding
Contact: Brent Marks
Phone: (781) 933 4900
38 Sixth Rd.
Woburn, MA 01801
welding, light industrialfabrication

R.S. Corcoran Co.
Phone: 1800 637 1067
P.O. Box 429 - 500 N. Vine Street
New Lenox, IL 60451
pumps and supplies



Tuner Steel Co. Inc.
Contact: Laurie Jones
Phone: 800 521 8881
128 North Main St.
West Bridgewater, MA 02379
steel (common shapes)

Wayne Industries, Inc.
Contact: John B. Grossi
Phone: (413) 786 0252
61 Industrial Lane
P.O. Box 246
Agawam, MA 01001-0246
industrial fabrication and production

Wemco Machine Inc.
Contact: Ron Kukura
(781) 329 1122
68 McDonald St.
Dedham, MA 02026
precision machining

Westinghouse Hanford Co. (DOE)
Contact: Jim Steffen
Phone: (509) 376-0484.
Richland, WA
surplus shielding window
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To:

From:

Date:

Subject:

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Environmental Medical Service
Reactor Radiation Protection

FCB Group

Frederick F. McWilliams, CHP
Reactor Radiation Protection Officer

12/12/97

Activation of Pb Samples

Two lead samples were irradiated for activation comparison. The two samples of lead
were obtained from APEC as the proposed lead for the FCB temporary shield and from a
brick of lead identified as "DOE" respectively. The "DOE" lead sample was chosen as
the baseline sample, since it had been chosen earlier for In Core Experiments and had been
previously characterized by Bill Fecych. Each lead sample was acid etched with 10%
HNO 3, rinsed with distilled water and then with methanol. The samples were then placed
into polyethylene bags, wrapped together, and placed into the same rabbit for irradiation
within the 1 PH2 facility. It is expected and assumed that the samples were irradiated to
the same fluence with minimal variation. The irradiation time was for 3 hours in order to
establish a saturation activity of 12 4 Sb for which its precursor, antimony, was of interest.
The principal isotopes identified were 5 6 Mn, 4Mn, 9Fe, 2 4Na, and 2 04'Pb and were of
comparable activity and resultant dose rate at a distance of one foot. The isotopes of
antimony were not identified as expected.

It cold be generally concluded that the two lead samples are similar and hence the lead
proposed for use by APEC in the temporary shield should be acceptable.

138 Albany Street, Cambridge, Massachusetts 02139 Phone: (617)253-4203 Fax:
(617)252-1533

6-AP74J- ?7-





Component 12Sb specific count rate Estimated Sb

(cps/mg @ 564 keV) Content (at.%)

Temporary Lead Shield N/A ~
Collimator Module 2540 0.0121%
Mechanical Shutter 271 0.0013%
Collimator Plug 197 0.0009%

Ua 1Sb (b): 0.1
thermal neutron flux in 1PH1 (n/cm2 s): 8.00E+13

detector efficiency: 0.05
121Sb isotopic abundance: 0.573

density of lead (g/cm 3): 11.34
122Sb half-life (d): 2.7

% equillibrium reached in 3 hr irradiation: 0.0316





QUALITY PRODUCTS SINCE 1867

Ney Products Inc.
MTALS - VYHITE METAL ALLOYS - SOLDERS - FLUXES

269 FREEMAN STREET - BROOKLYN. NY 11222-1295 TEL: (718)389-4900 FAX: (718) 349-2313
Manufacturing : New York, USA

http:,%-.noymetals.com E-mall neymetals@erols.com

FEB 3 1999

ARTISAN INDUSTIRES
ATTN: DANSCIDIT

RE: TYPICAL CHEMISTRY REPORT

Certificate of Analysis 4n 3PHI-

LEAD -BRAS

Lead - Minimum

Antimony - max

Tin - max-
Copper - max

Silver - max

Bismuth, max
Zinc - max
Telenium - max

Nickel - max

Iron, max

PO# PS-614505-MA

99.99%
0.0023%

<0)02%-

0 0001%
<0.0)02%
0.0) 1S%
<0.0)05%

<0 0)01%
<0 0)01%
'0 0 ;1%

kc- -* (6337-

SPECIFY NEY "ENVIRONMENTALLY CORREC '.A .=PEE ALLOYS, METALS & PRODUCTS

Cadmium Free Alityl,
Cadmium
Centrifugal (Spin Cost) Alloys

Flu s
Fusible Alloys
High Purity Nietats

Jc : : - -l

L c ,:'

Le.. F. r I y

Lead Fret Solders
Low Temperature Alloys

Paste Solders
Pewter
Phosphor Tin
Powdered Nicula

ASK FOR US BY NAME' N.Y.0 rEYLITE 'NEY380

NEW WHITE METAL ALLOYS AND C: Tu\I '2.ULAS PRODUCED TO ORDER

RON MAYER

lumaiaum Solder
Antimoa,
Babbin
Be Metals..

is athb.
Brana

Solder

Special Alto)$
Tin
T) pe .IeLal

Zia I Alumassur
Zinc Die Cast



***** ** **** ********** *** ********** ***** ***** ***** *** *** **** ***** ** ***** ***

P E A K A N A L Y S I S R E P O R T

Detector Name: DEFCON1
Sample Title: Planchet
Peak Analysis Performed on: 2/08/99 12:26:12 PM

Peak Analysis From Channel: 1
Peak Analysis To Channel: 8192

Peak ROI ROI
No. start end

1 44- 52
M 2 281- 317
m 3 281- 317
M 4 328- 360
m 5 328- 360

6 1114- 1126
7 1492- 1509
8 1750- 1765
9 2024- 2065

M 10 2205- 2278
m 11 2205- 2278

12 2403- 2423
13 2552- 2569
14 2579- 2592
15 2621- 2640
16 2759- 2786
17 2848- 2866
18 2882- 2901
19 3100- 3115-
20 3148- 3159
21 3372- 3406
22 3 88- 3604
23 3616- 3659
24 3862- 3883
25 4169- 4193

M 26 4354- 4399
m 27 4354- 4399

28 4496- 4525
29 4549- 4575

M 30 4841- 4877
m 31 4841- 4877

32 4906- 4923
33 5012- 5046
34 5161- 5185
35 5292- 5311
36 5369- 5393
37 5406- 5434
38 5460- 5491
39 6088- 6113
40 6396- 6426
41 6751- 6783
42 6912- 6941

Peak
centroid

48.60
295.05
303.69
342.94
353.03

1119.43
1500.86
1755.90
2045.23
2237.54
2257.44
2411.84
2556.87
2584.31
2629.25
2771.62
2855.22
2891.75
3106.49
3154.94
3387.27
3596.88
3646.31
3873.60
4180.05
4364.17
4388.47
4510.42
4561.46
4850.88
4863.93
4913.95
5026.62
5173.31
5301.29
5382.72
5420.23
5473.59
6097.89
6406.78
6762.20
6925.90

Energ Net Peak Net Area
(ke) T Area Uncert.

11.15
72.81
74.98
84.80
87.32

279.07
374.51
438.32
510.71
558.83.
563.80
602.43
638.72
645.59
656.83
692.45
713.37
722.51
776.24
788.36
846.49
898.93
911.30
968.17

1044.84
1090.91
1096.99
1127.50
1140.27
1212.68
1215.95
1228.46
1256.65
1293.36
1325.38
1345.75
1355.14
1368.49
1524.69
1601.97
1690.90
1731 .86

5.01E+003
1. 18E+005
2. 13E+005
I . 10E+005
3. 93E+004
2.02E+003
3. 04E+003
1 .,39E+003
1 . 79E+005
6.83E+004
2. 54E+006
7.17E+004
-1..78E+002
3. 85E+003
8.41E+003
1 .03E+005
1 .29E+003
6.06E+003
1 . 22E+003
5. 79E+002
2.67E+005
1 . 56E+003
1 . 33E+003
6.80E+002
8. 24E+002
9.85E+002
9.06E+002
2. 16E+003
1 . 60E+004
1 .08E+003
3. 19E+003
7. OOE+002
I . 87E+004
9.93E+002
8.84E+002
1. 13E+003
4.78E+002
2.14E+004
1. 17E+003
8. 80E+002
1 . 50E+004
1 . 22E+003

231.07
411.49
511.51
392.08
290.31
438.89
645.95
374.71
813.63
299..24
1564.28
464.35
328.06
265.27
323.71
500.00
258.47
271.72
192.36
149.99
636-.10
183.41
242.29
197.36
205.87
76.42
75.80

236.84
225.22
61.30
80.48

116.96
240.32
143.93
117.21
139.35
157.18
224.47
139.65
148.96
182.97
121.48

Continuum
Counts

2.28E+004
1.06E+005
1.12E+005
1.27E+005
1.16E+005
7.26E+004
1.27E+005
4.63E+004,
7.73E+004
4.21E+004
5.07E+004
3.97E+004
3.32E+004
2.42E+004
2.75E+004
3.27E+004
1.94E+004
1.94E+004
1.19E+004
8.77E+003
2.57E+004
1.03E+004
1.43E+004
1.02E+004
1.O1E+004
7.50E+003
9.04E+003
1.14E+004
7.94E+003
4.56E+003
5.11E+003
3.99E+003
7.26E+003
4.78E+003
3.67E+003
4.43E+003
5.24E+003
5.79E+003
4.31E+003
4.37E+003
3.60E+003
2.85E+003

2/08/99 12:26:12 PMPeak Analysis Report Page 2!



********* * ** ***** * ** * * ** **** ******** ******* **** * *** **** *** *** ***********
***** G A M M A S P E C T R U M A N A L Y S I S***

** ********** ** ********* *** ******** ********************** *****************

Report Generated On

Sample Title
Spectrum Description
Sample Identification
Sample Type
Sample Geometry

Peak Locate Threshold
Peak Locate Range (in channels)
Peak Area Range (in channels)
Identification Energy Tolerance

Sample Size

Sample Taken On
Acquisition Started

Live Time
Real Time

2/08/99 12:26:12 PM

Planchet

GK Pb
PLN
Planchet @ 1cm

5.00
: 1 - 8192
: 1 - 8192

1.000 keV

1.000E+000 gm

2/08/99 12:03:35 PM
2/08/99 12:03.:.35 PM

1000.0 sec.onds
1355.1 seconds

Energy Calibration Used Done On
Efficiency Calibration Used Done On

: 9/15/98
: 9/15/98

emey, /

-3-7 7 -

14. 00* 00 26
j .:15 24 S

If INA1A-TDIj W -



6/27/00 3:03:43 PM

+ ++ P E A K A N A L Y S I S R E P 0 R T .++

Detector Name: REGE
Sample Title: Misc. samples
Peak Analysis Performed on: 6/27/00 3:03:43 PM

Peak Analysis From Channel: 1
Peak Analysis To Channel: 8192

Peak ROI ROI
No. start end

1
2

M 3
m 4
M 5
m 6
M 7
m 8

9
10
11
12
13
14

M 15
m 16
m 17

18
19
20
21
22

M 23
m 24

25
26
27
28
29
30

M 31
m 32

33
34
35
36
37
38
39
40
41
42

88-
97-

145-
145-
283-
283-
340-
340-
489-

1113-
1646-
1753-
1913-
2026-
2214-
2214-
2214-
2406-
2476-
2581-
2623-
2735-
2764-
2764-
2885-
3101-
3305-
3380-
4166-
4549-
4843-
4843-
5016-
5150-
5255-
5370-
5457-
6088-
6375-
6742-
6914-
7226-

96
114
179
179
319
319
364
364
503

1132
1671
1768
1931
2071
2279
2279
2279
2424
2491
2595
2640
2756
2805
2805
2904
3118
3324
3402
4189
4573
4877
4877
5041
5189
5280
5395
5489
6111
6394
6777
6940
7255

Peak
centroid

92.53
108.75
156.08
167.88
298.96
307.63
346.96
357.01
495.55

1123.45
1653.00
1759.87
1923.69
2049.05
2221.98
2241.26
2261.09
2415.46
2480.77
2587.61
2632.44
2746.98
2774.95
2797.36
2894.41
3109.54
3314.08
3390.03
4178.62
4562.96
4852.40
4865.04
5027.82
5174.57
5269.99
5383.37
5474.48
6097.54
6384.07
6762.38
6926.29
7240.80

Enerqy Net Peak Net Area
(keV) Area Uncert.

21.20
25.26
37.11
40.07
72.87
75.05
84.89
87.40

122.08
279.25
411.80
438.55
479.56
510.94
554.22
559.05
564.01
602.65
619.00
645.75
656.97
685.64
692.64
698.25
722.54
776.39
827.59
846.60

1043.99
1140.19
1212.64
1215.81
1256.55
1293.28
1317.17
1345.55
1368.36
1524.31
1596.03
1690.73
1731.76
1810.48

1.26E+003
1.32E+003
4. 34E+003
1. 64E+003
2. 62E+004
4. 47E+004
2. 07E+004
6. 99E+003
5. 31E+002
4.58E+003
1.39E+003
1. 11E+003
4. 67E+002
2.40E+005
1.52E+003
2.05E+004
1. 97E+005
6. 11E+003
6. 84E+002
2.92E+002
2.29E+003
4.73E+002
8. 17E+003
3. 90E+002
6.03E+002
1. 39E+003
3. 98E+002
4.24E+003
4. 18E+002
1.27E+003
2. 98E+002
8.78E+002
1.41E+003
4.37E+004
3. 36E+002
1. 61E+003
2.41E+004
5. 42E+002
2.42E+002
1.35E+003
1. 65E+003
5. 81E+002

104.63
246.96
113.30

95.46
190.25
233.16
176.01
123.79
203.11
255.82
213.75
128.97
126.02
556.07

57.46
147.05
437.46
117.72
84.96
73.98
92.90
96.07
96.49
38.88
86.74
82.59
84.26

113.85
118.74
107.58
29.57
39.18
70.51

223.42
54.54
62.55

167.98
43.29
35.82
60.45
56.70
50.75

Continuum
Counts

4.56E+003
1.84E+004
1.41E+004
1.55E+004
2.02E+004
1.97E+004
1.89E+004
1.84E+004
1.42E+004
1.74E+004
1.04E+004
5.18E+003
4.57E+003
1.03E+004
2.90E+003
3.09E+003
3.07E+003
2.30E+003
2.18E+003
1.80E+003
1.95E+003
2.33E+003
2.09E+003
2.12E+003
1.98E+003
1.67E+003
1.92E+003
2.25E+003
3.42E+003
2.50E+003
9.31E+002
9.44E+002
8.39E+002
1.04E+003
6.21E+002
5.43E+002
8.OOE+002
3.33E+002
2.98E+002
4.19E+002
3.58E+002
4.20E+002

Peak Analysis Report Page 2



+ +++ G A M M A S P E C T R U M A N A L Y S I S

Report Generated On

Sample Title
Spectrum Description
Sample Identification
Sample Type
Sample Geometry

Peak Locate Threshold
Peak Locate Ranqe (in channels)
Peak Area Range (in channels)
Identification Energy Tolerance

Sample Size

Sample Taken On
Acquisition Started

Live Time
Real Time

: 6/27/00 3:03:43 PM

Misc. samples

FC DELIM LEAD
MSN
Misc @ 1cm

: 5.00
: 1 - 8192
: 1 - 8192
: 1.000 keV

: 1.OOOE+000 gram

: 6/27/00 2:46:18 PM
: 6/27/00 2:46:18 PM

: 1000.0 seconds
: 1043.1 seconds

Energy Calibration Used Done On
Efficiency Calibration Used Done On

2/03/00
2/03/00

z1:4I1I0O

03O

COLc K T-U \ ?LxC



Peak Analysis Report

*********** * * * * * ** ** * * * *** ** * * * * ***** * *****************************
***** PE AK A NA LY S IS R E P ORT **

*************************** *** * ***** ***:* * **** ** * ** ******* ** **** ** **** * ****

Detector Name: DEFCON1
Sample Title: Misc. s
Peak Analysis Performed

Peak Analysis
Peak Analysis

amples
on: 4/09/99
From Channel:
To Channel:

Peak ROI ROI
No. start end

M 2
m 3

M 4
m 5

6
'7

9
10
11
12
13

M 14
in 15

16
17
18
19
20
21
22
23
24
25

M 26
m 27

28
29
30

M 31
m 32

33
34
35
36
37
38
39
40
41

139-
280-
280-
328-
328-
375-
550-
624-
659-

1489-
1659-
1746-
2023-
2201-
2201-
2399-
2471-
2759-
3089-
3140-

3300-
3367-
3585-
3632-
4350-
4350-
4 549-
4941-
5012-
5153-
5153-
5368-
5455-
6015-
6084-
6388-
6551-
6745-
6906-
7217-

157
316
316
366
366
391
565
641
673

1515
1678
1763
2064
2276
2276
2420
2487
2783
3112
3168
3282
3319
3408
3613
3659
4401
4401
4566
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MEMORANDUM

TO: Otto K. Harling

FROM: Peter Binns

SUBJECT: Med Room activation after applying 1" Ricorad plate

DATE: March 8, 2000

Lining the new medical room with 1 in. thick pieces of Ricorad will create a source
of prompt gamma radiation from thermal neutron interactions with the constituent elements
hydrogen and boron. A patient undergoing BNCT will be exposed to this radiation and the
magnitude of this source was estimated using the following simple and conservative
assumptions.

I. Assume epithermal flux of 1010 n cm S
II. Large field size of 176.7 cm 2 (15 cm diameter field)
III. Neutrons scatter isotropically from treatment volume
IV. No neutron absorption inside patient (actually there will be a great deal of

absorption)
V. All scattered epithermal neutrons are thermalized and captured in the ricorad
VI. Geometry of med. room is a cube of length 3.65 m (6x13. 32 in2 )

VII. In air gamma dose rate from the beam is 10 cGy min-

Assumption (v) was based upon the following:
Ricorad contains 6.81 x 102 H atoms per cm and 1.05 x 102 B atoms per cm3

Absorption coefficient for ricorad pt = 10 24 n cy cm-1

Y H = 20 barns p = 10 x 6.81 X 102 x 20 cm-'= 1.36 cm-
Mean free path is 0.7 cm
So, the unscattered fraction of epithermal neutrons traversing 2.5 cm is 3.3% and 3.5 cm is

0.9% (assumes a 45 degree angle of incidence for neutrons ie. 2.5 x 1.4 = 3.5)
Single scattering is assumed to thermalize an epithermal neutron.

PROMPT PHOTONS FROM RICORAD

(n, y) cross section for H is 0.332 x 10 2 4 cm 2

(n, cx) cross section for B is 767 x 10-24 cm2
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Photons produced per cm3 of ricorad per second of neutron irradiation via
i) H(n, y) is 6.81 x 10 x 0.332 x 104 x 1.77x 10 /79.9x104 = 5.0 x 104 s Icm~3

ii) B(n, x) is 1.05 x 102 x 767 x 104 x 1.77x 102 /79.9x10 4 = 1.77 x 106 S-ICm1-3

Ensuing photon flux impinging per cm 3 on patient at an arbitrary distance of 1.8m from
room surfaces is

79.9 x 104(5 + 177) x 1/47t x 1/180 x 1/180 = 3 x 106 s-

Resulting photon dose assuming a kerma coefficient for 0.5 MeV photons of 2.8x10-l' cGy.' -
is 5 x 10-2 cGy min'

SUMMARY

The additional dose to the patient resulting from prompt photon emissions due to neutron
capture reactions in a Ricorad lining of the medical room is 5 x 10- cGy min-. This is
small (0.5%) compared to the in air photon component of the beam of 10 cGy min-.

Neutron interactions and absorption in the patient will increase the photon dose rate
attributable to the beam. Prompt photon emission from H capture in the patient will produce
additional photons (2.2x108 cm-2 s1, assuming all neutrons captured in phantom), which is
about 100 times larger than that from the Ricorad. The kerma coefficient for these 2 MeV
photons is also a factor of at least 3 higher than for 0.5 MeV photons that come from the
Ricorad. Absorption within the patient will also reduce the neutron flux impinging upon the
room surfaces, which directly decreases the prompt gamma dose from the room background.

Lining the medical room with Ricorad does not appear to produce any significant
increase in dose to the patient during therapy.

The patient photon dose can be broadly partitioned as

I. In air beam component = 10 cGy min-'

II. Prompt emissions from neutron capture in Ricord = 5x10 2 cGy min-'

III. Prompt emissions from neutron capture in patient = 10 cGy min-

C:\Med Room Activation 2
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The photon shield being constructed for the beam line of the Fission
Converter based epithermal neutron beam consists of a 2.375" (6 cm)
thick slab of lead, supported by a frame of structural steel. This report
summarizes the engineering analyses that were carried out to insure that
the photon shield will function properly. In particular, stress analyses for
the members of the supporting frame, deflection analyses for relevant
members and the lead slab, and an analysis of the heat load (due to
nuclear heating) carried by the lead slab have been completed. These
analyses show that the photon shield will perform adequately in service,
with large margins of safety.



A drawing of the photon shield is shown in Figure 1. It consists of a lead
slab measuring 2.375" x 68" x 55", which rests on an S5 x 10 I-beam with
three support legs (also S5 x 10). In addition to supporting the lead slab at
the proper height, the support legs allow for 10" of clearance under the
cross beam. This clearance permits access of a forked lifting device to
move the photon shield into the thermal column cave. A frame of angle
iron (3.5" x 3.5" x 0.25") surrounds the lead slab on all four sides. The
angle iron is welded together at the corner joints and is also welded to the
support I-beam. Several small steel plates (referred to as "clips")are
welded onto the angle iron at intermittent locations. These clips serve to
prevent the lead from tipping or sliding out of the frame. Small steel blocks
are welded to the top left and right corner of the frame. These blocks
contain % - 10 threaded holes for lifting the photon shield and 11/16"
through holes for anchoring the photon shield once it is in place. The total
weight of the photon shield is 3850 lbs, consisting of 3720 lbs of lead, and
130 lbs of steel.

This report will present the results of the engineering analysis carried out
to insure that the structural integrity of the photon shield will be safely
maintained. Stress analyses were carried out for important members,
including the vertical members of the angle iron frame, the cross I-beam
that supports the lead slab, and the threaded holes for hoisting the photon
shield. A deflection analysis of the lead slab was carried out to insure that
the lead would not sag when raised from the "lying flat" position (in which it
will be manufactured and shipped) to the "standing up" position (the in-
service position). Finally, an estimate of the operating temperature of the
lead slab in the photon shield was calculated from conservative estimates
of the power generated in the lead due to nuclear heating. The estimated
temperature was used to verify that creep and/or softening of the lead
would not be significant.

2



4.0 0.25Z -

10 00 0 125

I

Section A- AFront View
I I11/16" thru hole

/(typical)

LtL

68 0 0.25 5

71 0 0.25

I
F7j

II

Top View
3/4 - 10
threaded hole
(typical)

F77

Figure 1: Schematic drawing of the photon shield.

Common engineering formulae and methodologies were used to carry out
the analyses, as described below. References for important formulae and
material properties are cited and listed in the Reference section. This
section presents the important results from each of the analyses
mentioned in the Introduction.

Stress and Deflection Calculations

Lifting Members

As mentioned earlier, two lifting points with % - 10 threaded holes are
provided at the top comers of the photon shield. If we conservatively
assume that the entire weight of the photon shield will be supported by a
single % - 10 threaded rod, and we know the tensile stress area of that rod
[1], we can calculate the induced stress.

a = 3850/0.334 = 1 1,500[psi]

3
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Clearly, the calculated stress is much less than the yield strength of steel
(36,000 psi) [2].

Vertical Members

When the photon shield is hoisted using the lifting points at the top
corners, the two side members (3.5 x 3.5 x 0.25 angle iron) will carry the
weight of the lead slab under tension. Using the same relation shown
above, we can verify that these members will not yield. We know that the
cross sectional load carrying area of the angle iron is 1.75 in2 (2 * 3.5 *
0.25), and we again conservatively assume that a single member will carry
the load.

0- = 3850/1.75 = 2,200[psi]

Again, the calculated stress is much lower than the yield strength of
structural steel.

Horizontal I-beam

The horizontal I-beam will support the weight of the lead when the photon
shield is in the upright (in-service) position. The maximum stresses for the
I-beam have been calculated for a beam that is simply supported at both
ends; no credit is taken for the structural integrity of the lead, or the middle
leg of the support structure. The maximum normal stress in the beam can
be calculated from the following formula [31:

Equation I

In the equation above, c is the distance from the loaded surface to the
neutral axis of the beam (the beam midline) (2.5 in), I is the moment of
inertia for the beam (12.4 in4) [1], and Mmax is the maximum bending
moment induced in the beam, which is given by the following equation:

wL 2

MEuo =28
Equation 2
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Where w is load per unit length of the beam (56.6 lbs/in), and L is the
length of the beam (68 in). If we plug Equation 1 into Equation 2 and
insert all of the relevant parameters for the S5 x 10 beam, we obtain the
following result:

max = 6,650[psi]

Again, this result is much lower than the yield strength of structural steel.

A similar calculation of the maximum shear stress reveals that the
maximum shear stress is below the shear yield strength of structural steel
(21,000 psi) [2].

The following equation can be used to calculate the maximum amount of
deflection that the beam will experience, following the same conservative
assumptions that were used for the stress calculation [4]:

5wL4

= 384EI
Equation 3

In the above equation, E is the modulus of elasticity (29 x 106 psi) [2], I is
the moment of inertia for the beam, w is the load per unit length, and L the
total length of the beam. Inserting all of the parameters, we find that the
maximum deflection is 0.009" at the center of the beam, which is perfectly
acceptable for this design.

Lead Slab

The photon shield will be manufactured by pouring the lead into the steel
frame, which will be lying flat on a stainless steel surface. After the molten
lead has thoroughly cooled, the photon shield will be raised to the upright
position using a hoist attached at the top left and right comers. While the
shield is being raised, the lead in the center of the shield may deflect
slightly due to its own weight. If the deflection is severe enough, the lead
may simply fall out of the frame. The maximum deflection likely to be
experienced by the lead has been calculated in a conservative fashion by
considering a horizontal plate of lead that is supported only around its
perimeter. The actual photon shield will only approach this condition while
it is being raised to the upright position; it will never be suspended in air
without additional support in the center of the shield. The paragraphs
below describe the deflection analysis for a flat plate of lead.

5



The engineering handbook Formulas for Stress and Strain, by Raymond
Roark [5] provides a set of equations that can be used to calculate the
deflection for a plate. The equations require that the following
assumptions hold true:

" Flat plate of uniform thickness

" Homogeneous, isotropic material

. The plate thickness is less than 1/4th the least traverse dimension

. Maximum deflection is less than 1/2 the thickness

" The loading is normal to the plane of the plate and includes the weight
of the plate

" The plate is not stressed beyond the elastic limit

As we will see, the above conditions are met for the situation that we are
considering. Although the edges of the lead slab will be somewhat better
than simply supported, they will not be fixed. The calculation therefore
makes the conservative assumption that the edges of the lead plate are
simply supported. Poisson's ratio is conservatively estimated to be 0.35.

The modulus of elasticity for chemical lead (99% pure lead) is 1.89 x 106
psi [6], and the yield strength for chemical lead is approximately 1,000 psi
[7].

The calculations show a maximum deflection at the intersection of the
plate diagonals of 0.041" and a maximum stress at the corners of the plate
of 235 psi. A deflection of 0.041" is acceptable since it amounts to less
than 2% of the total thickness of the shield. The lead can also easily
withstand a stress of 235 psi. This provides a safety factor of
approximately 4 before reaching the elastic limit.

Nuclear Heating Calculations

Once the photon shield is in service, it will be exposed to large amounts of
ionizing radiation. Ionizing radiation will generate a significant amount of
heat as it interacts in the lead slab. To determine if this heating will
significantly raise the temperature of the lead shield, the power produced
per unit volume in the lead shield was calculated/estimated by several
different means. A conservative value for the power is then used to
calculate the steady state operating temperature of the lead shield,
considering all three modes of heat transfer. Even under the most
conservative assumptions, the steady state operating temperature of the
lead rises only a few degrees Centigrade above the ambient temperature.
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Calculation of the Power Generated by Nuclear Heating

The most straightforward means to estimate the power generated in the
photon shield is to scale the nuclear heat generation rate in the MITR-11
core (a reasonably well known quantity) by the ratio of the gamma dose
rate seen by the photon shield to the gamma dose rate in the MITR-1l
core. The nuclear heat generation rate in the MITR-1l is approximately 2
W/g for a wide variety of materials, with a gamma ray dose rate of about
109 R/hr. The photon shield will be exposed to a gamma ray dose rate of
approximately 18,000 R/hr, as calculated by the MCNP [8] model of the
fission converter beam. Scaling the power in the MITR-l1 core by the
photon dose rate yields 3.6x1 0 W/g, or about 310 W over the entire
shield (68" x 56" x 2.375'). This range of power is a conservative estimate
since the 18,000 R/hr photon dose rate is calculated by averaging over a
small surface at the beam centerline. A calculation which averages over
the entire surface of the photon shield would yield a result much lower
than 18,000 R/hr.

This analysis assumes that the nuclear heating rate scales with the
gamma ray dose rate, and neglects heating due to neutrons. This
assumption is likely valid for lead since absorption cross sections other
than (n,y) (gamma rays which are accounted for in the 109 and 18,000
R/hr) are very low for all stable isotopes of lead. Neutron scattering
interactions with lead are not likely to deposit significant amounts of
energy since the heavy lead recoil nucleus will absorb only a very small
fraction of the incident neutron energy. The vast majority of deposited
energy will therefore arise from photon interactions in the lead.

Another estimate of the power generated in the photon shield was
calculated with the monte carlo modelling software, MCNP. An MCNP
type 6 tally was used to calculate the power generated per unit mass in
the photon shield. MCNP accounts for heat deposition by both neutrons
and photons. The MCNP model has been extensively used for the
neutronic design of the fission converter and is believed to be very
accurate. Although MCNP does not model delayed gamma rays, delayed
gamma rays should contribute at most a few percent to the heat deposited
in the lead shield.

Two different calculations were performed, one which averaged the power
over the entire volume of the photon shield, and another which averaged
over only the first cm depth of the photon shield, where the power will be
highest. Tally 1, averaged over the entire shield, gives a power of
3.68x1 0- W/g, or 315 W of total power. Tally 2 gives a power of 1.27x1 04
W/g, or 213 W of total power. These calculations of power are in
reasonable agreement with the power estimated from the nuclear heating
generated in the MITR-1l core.
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A third and final estimate of the heat deposited in the photon shield was
obtained by calculating the deposited energy from the 3000 R/min photon
dose rate that the photon shield is exposed to. The energy fluence rate
can be calculated from the dose rate using the following relationship [9].

P
Equation 4

In the above expression, D is the dose rate measured in a given material,
pten/P is the mass energy transfer coefficient for that material, and ' is the
energy fluence rate for the beam. Knowing the dose rate in tissue (which
is closely approximated by water) and that the mass energy transfer
coefficient for water is approximately 0.035 cm2/g over a wide range of
energies (-100 keV - 3 MeV), we calculate the energy flux of the beam to
be 0.0142 W/cm 2. If we assume that all of the energy incident upon the
photon shield is deposited in the shield, then we calculate a total power of
350 W by simply multiplying the energy flux by the area of the photon
shield. Again, this is a conservative estimate of the power since the
18,000 R/hr is not indicative of the dose rate averaged over the entire
surface of the photon shield.

Table 1 below summarizes the various estimates of the power generated
in the photon shield.

Source Calculated
Power (W)

Scaled from MITR-11 Core 310
MCNP Calculation (avg. over entire shield) 315

MCNP Calculation (avg. over 1st cm of shield) 213
Calculated from gamma dose rate 350

Table 1: Summary of the different estimates of the power generated by nuclear heating in
the photon shield.
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Calculation of Steady State Operating Temperature of Photon
Shield

Once a value for the power generated in the photon shield was obtained,
a heat transfer analysis was carried out to determine the steady state
operating temperature of the lead slab.

The heat transfer analysis assumes an ambient temperature of 37.7 0C, a
uniform rate of heat generation in the lead, and a lead emissivity of 0.8.
The heat transfer analysis considers all three types of heat removal;
convection (to ambient air), conduction (to the steel frame), and radiant
heat transfer.

The heat transfer analysis assumes a total power of 213 W (see Table 1),
which corresponds to a uniform power density of 0.00145 W/cm 3 . This
value was chosen as it is in approximate agreement with the other
estimates of power, and the MCNP model is believed to provide accurate
results. The highest MCNP result was chosen as a conservative
measure; the value of 61 W is believed to more accurately reflect the total
power generated in the shield.

This power results in a steady state operating temperature of 41.9 0C, or
only a 4.1 *C temperature rise above ambient. Radiant heat transfer
removes 112 W of power, while convection accounts for 97 W of heat
removal. Conduction to the steel frame accounts for only 4 W of heat
removal. This result seems reasonable since radiative and convective
heat transfer are each greater than conductive heat transfer by a ratio
approximately equal to a ratio of the areas transferring heat [10].

If the power is increased beyond 213 W, the AT (increase.above ambient
temperature) increases approximately linearly to a maximum of 6.7 0C at
350 W. Increases in the ambient temperature (up to ~ 60 0C) do not
increase the AT.

It is therefore reasonable to conclude that the operating temperature of the
photon shield will therefore rise only a few 0C above the ambient
temperature. Although measurements of the ambient temperature in the
thermal column (where the photon shield will be in service) are not
available, the maximum temperature in the thermal column can be
estimated to be about 60 0C. Temperature monitors on the temporary
lead shield in the vertical pipe tunnel (which is closer to the reactor core
than the thermal column) indicate an ambient temperature of about 60 *C;
the temperature in the thermal column should not be any higher than this.
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Creep Considerations

The steady state operating temperature of the photon shield is calculated
to be only 4 OC above the ambient temperature, or less. The maximum
ambient temperature of the thermal column is estimated to be 60 0C, and
the pressure at the bottom of the lead shield (due to the weight of the lead
above it) is very small, only about 25 psi. Therefore, the creep rate for the
photon shield is likely to be significantly less than 0.1 % per year (using
extrapolated data from [7]). It is very unlikely that creep will pose a
significant problem.

Table 2 below summarizes the results of the calculations described in this
report.

Maximum tensile stress in lifting bolts 11,500 psi
Maximum tensile stress in vertical members 2,200 psi
Maximum tensile stress in horizontal I-beam 6,650 psi

Maximum deflection of horizontal I-beam 0.009"
Maximum deflection of lead slab 0.041"

Maximum nuclear heating power in lead slab 350 W
Maximum AT of lead slab 6.7 *C

Expected creep rate of lead slab < 0.1 % per year
Table 2: Summary of the results from the analyses described in this report.

The structural integrity of the photon shield has been demonstrated to be
sufficient with large margins of safety. Nuclear heating of the photon
shield will raise the steady state operating temperature of the photon
shield by 6.7 *C, at most. To verify the temperature of the thermal column,
a thermocouple should be attached to the photon shield once it is placed
in the thermal column. If a temperature of 65 *C or less is maintained by
the photon shield, temperature effects on the photon shield can be safely
ignored.
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I

Temperature Estimates for Converter Control Shutter

Prepared by O.Harling, T.Newton, Y.Ostrovsky, and G.Kohse

April 13, 2000

The information provided here summarizes what is known about the temperature

of various thermal neutron shutters or shields which have been placed in the main pipe

chase or tunnel of MITR, i.e., the location of the fission converter fuel tank. These data

provide the background information for the expected performance of the CCS. The CCS

is the thermal neutron control shutter located between the FCB fuel tank and the MITR.

The Original Cadmium Shutter

A shutter comprised of 0.030 in. cadmium sandwiched between 0.125 in. thick

aluminum sheets or plates was used for many years to absorb the thermal neutrons from

the MITR. This shutter shielded the entrance to the thermal column and was located in

the main coolant pipe tunnel. It could be raised or lowered to control thermal neutrons

entering the blanket neutronics facility in the MITR's thermal column. This shutter was

attached to an aluminum box, which was filled with CO 2 or He in order to exclude air

(argon) from a major part of the volume of the pipe chase.

As part of the FCB installation this cadmium shutter and attached gas box were

removed in (1998 ). This shutter has functioned satisfactorily for many years at reactor

powers up to 5MW.

Cadmium Cover for Temporary Lead Shield

A six inch thick lead shield covered with 0.020 in cadmium sheets and protected

by I in. mild steel sheets was installed in the main coolant pipe chase to reduce radiation

in the thermal column area during work related to site preparation and installation of the

FCB. To obtain information about temperature levels that could be reached if boral or

boron containing plates were placed in the thermal neutron beam, the following test was

carried out. A piece of 0.25 in. boral 3 in. x 3 in. was placed on the surface of the 1/16 in.

steel sheet facing the reactor and located at the 14 in. x 14 in. window where the thermal

flux was highest ~101 'nth/cm 2sec. A thermocouple was placed on the boral. After the



2

lead shield with cadmium cover was placed in the pipe tunnel, the temperature of the

boral plate was monitored. There was also a thermocouple placed on the cadmium to

compare the temperatures. Water cooling coils in the 6 in. lead shield kept the lead

temperature to ~60'C. The boral plate was fairly well isolated, thermally, from the rest

of the cadmium shutter and the lead shield. A measured, relatively small A T, between

boral temperature and cadmium temperature, 110-1 00C = I0*C, is somewhat surprising

but may indicate that there was more heat conductivity through the 1/16 in. steel sheet

than originally estimated. The cadmium wrapped lead shield was removed in March 2000

and showed no obvious degradation after service of about two years.

Temporary Shield of Borated Polyethylene Wrapped in 0.020 in. Cadmium Sheets

After the cadmium wrapped lead shield was removed, a thermal neutron shield

was improvised using I in. thick plates of borated polyethylene (Ricorad) and wrapped

on all sides with 0.02 in. of cadmium. A thermocouple was imbedded in the Ricorad near

the highest flux region. The thermal flux was approximately doubled, according to

calculation, after the temporary lead shield was removed. This was achieved by

removing the graphite stringers in the 14 in. window of the MITR's reflector. Stead

Kiger's thesis studies indicate peak thermal fluxes of-2x 1 012 n/cm 2-sec near the middle of

the empty 14 in. window. Note that this flux of thermal neutrons produces a heating rate

of 0.74 watt/cm2 assuming all neutrons are absorbed in '0B(n,a) reaction. Thus, a square
meter would generate 7300 watts. One square meter is larger than the area that sees the

flux of 2x1012 n/cm2-sec and a better estimate for heating (from the data in S. Kiger's Nuc.

Eng.fhesis) is ~ 4500w for unshielded boron. Kent Riley has calculated that 0.020 in. of

cadmium will decrease the fission rate in the converter to ~0.5% of its rate without the

cadmium. Therefore, if we can assume that the iGB reaction rate and heating in the

Ricorad is about 0.5% of the rate without cadmium shielding, a total estimated heat load

of 22.5w over Im 2 is obtained from the 1 0B(n, a) reaction in the Ricorad.

Temperature measured in the Ricorad with the embedded thermocouple was

-150*C. However, when this temporary shield was removed, after several weeks of

service, it was found that the cadmium sheet on the reactor side was degraded. The sheet

was discolored in roughly a circular pattern corresponding to the window in the graphite.
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Furthermore, there were large bulges or blisters with sizes on the order of inches. Based

on the appearance of the cadmium, it appears that it reached a relatively high

temperature, perhaps near the softening temperature. The mp of cadmium is 321 0C. It is

also possible that the Ricorad reached a much higher temperature than the measured

-150'C. The maximum service temperature of Ricorad is 170'C but can tolerate much

higher temperatures for short periods of time. We did a furnace test over several hours

where we melted a cadmium sheet on top of a Ricorad plate. The Ricorad did not fall

apart although the temperature reached 321 C. The measured temper-ature in the Ricorad

and the observed effects on the cadmium are not consistent if we assume good thermal

contact with the Ricorad thermocouple and the cadmium. Thermal contact between the

cadmium sheet was probably poor since the cadmium was merely wrapped around the

Ricorad. Assuming poor contact between the cadmium and the Ricorad, heat loss from

the Ricorad is by conduction, convection and radiation to the wall of the pipe chase,

toward the reactor. The cadmium on the other side of the Ricorad shutter, which did not

show any signs of overheating, faced the thick aluminum plates of the filter/moderator of

the FCB. This structure is undoubtedly much cooler than the wall of the pipe chase on

the reactor side of the Ricorad shield.

The CCS

The Converter Control Shutter or CCS is designed to be a permanent shutter for

control of the thermal neutrons and resulting fission power of the FCB. This shutter has a

0.25 in. borated aluminum plate (Boralyn) covered with 0.020 in. cadmium sheet over the

entirq front side and most of the backside of this shutter. One-sixteenth inch sheets of

aluminum cover the cadmium and these layers of aluminum, cadmium and Boralyn are

riveted or screwed together. This process assures good thermal and mechanical contact

between all materials used in the CCS. The CCS is mounted on the aluminum fuel tank

of the FCB using titanium alloy tracks. The distance between the backside of the CCS

and the FCB fuel tank is designed to be ~ 0.25 in. minimum. We have measured the

actual gap as 3/8 inch minimum near the center. Since the fuel tank will operate at

temperatures of 60'C, or less, the gas gap (CO 2 gas) between the CCS and the fuel tank is

expected to provide a thermal leakage path from CCS to the tank. The 0.14w/cm 2 is
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obtained from a calculation for energy deposition in the CCS using the following

considerations. At 5MW the cadmium gammas are estimated to deposit -0.14w/cm 2 in

the shutter at the center of the beam (14 in. window) and the '0 B(n, c) reactions are

estimated to deposit -0.0074 watt/cm 2 additional heat. The range of 0.14-0.28watt/cm 2

therefore represents 5-10MW of reactor power. For the CCS the areal power density is

for its front side i.e. reactor side. The CCS can lose heat from both sides, therefore, when

calculating temperature rise in the CCS, the heat enters one side and the heat is lost from

two sides since there is good thermal contact front to back. However, the backside facing

the fuel tank is expected to lose most of the heat. Using Watlow heater manufacturer's

correlations at low power density, temperature rise correlations from actual experiments,

this would give a temperature rise of ~ I0IC at 5MW. The estimated temperature rise

at 10MW is 175*C for a shutter temperature of 235*C. Radiation heat losses have not

been taken account of. This results in a shutter temperature of -60 + 110 = 170'C.

There is one other consideration in the use of the Boralyn that was examined.

That is the generation of He gas from the '0B(nca) reaction. Assuming a 10 year service

life with 80% duty factor, the atomic fractions of He in aluminum would be 10- or 1000

ppm. No data was found on swelling for aluminum with 1000 pm He. However,

swelling is generally not catastrophic in austenitic stainless steel, a f.c.c. structure, at this

helium level provided the absolute temperature is below 0.5 Tmp. Aluminum is also a

f.c.c. structure. The mp of aluminum is 660'C = 933*K, 0.5Tmp = 466*K = 1930 C.

Therefore, if the Boralyn remains well below 193*C during operation in the CCS, there

may not be significant swelling.

When the CCS is installed, it will have a thermocouple attached to its backside

where the cadmium covering ends. This will be Monitored for different fission converter

powers and with the CCS at different heights. Furthermore, any major swelling will be

observed by periodically measuring the spacing between the fuel tank and the adjacent

CCS. A baseline measurement of this spacing has shown that there is more than 3/8"

clearance between the fuel tank and the CCS. This measurement was made in the

horizontal center of the shutter and over its entire vertical extent.
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1. Introduction
The fission converter beam (FCB) technical specifications require that flow testing be
performed to ensure that adequate coolant flow will be maintained in all eleven fuel
elements during operation. Given that the total coolant flow rate in the primary loop is at
or above its nominal value, there are two possible causes of inadequate flow in one or all
of the elements. These are: bypass flow (coolant flow that does not pass over a fuel
element plate) and flow disparities between elements. This report describes a series of
tests that measure the bypass flow rate and the flow disparities between different element
positions.

It is important to note that an integrated test measuring the flow rate through each
element after the FCB tank is fuelled would be difficult due to the low flow velocities
involved. At the expected total flow rate of 110 gallons per minute (gpm), and assuming
that flow disparities and bypass flow are negligible, the velocity at the outlet of a fuel
channel would be approximately one foot per second. This is a factor of ten lower than in
the reactor primary system and is difficult to measure using a pitot tube. Other readily
available flow measurement devices do not have the necessary spatial resolution to
measure flow in the small gaps between fuel element plates (- .06 inches). The
methodology described in Section 2 below was developed to overcome this difficulty.

Section 3 presents the data obtained, including calibration data for the flowmeters used.
Section 4 discusses and summarizes the results and Section 5 gives conclusions from the
tests.

2. FCB Tank Flow Paths, Test Equipment and Procedures

Figure 1 is a scale, sectional view of the FCB tank. The inlet and outlet pipes are shown,
as are the downcomer pipes that conduct the coolant flow from the top of the tank to the
region underneath the support plate and grid plate that position the fuel. From there,
coolant flows up through the fuel, up the central region of the tank and is drawn out of
the tank through the outlet pump to return to the pump and heat exchange system. Note
that the downcomer pipes were added to the tank after initial flow testing showed
unacceptable bypass rates between the original downcomer region and the center of the
tank. A small amount of bypass flow is expected at the inlet pipe to downcomer pipe
transition, which is a loose slip fit, and between the grid support plate and the fuel grid.
The former was measured to be approximately 2 gpm total for both pipes. The latter is
concluded to be negligible since the two plates are measured to be flat to less than 0.010
inches, and observation of the oxidation patterns on the plates following water exposure
indicates that contact was sufficiently good to exclude water over about 40% of the
contact area. Assuming a 0.010-inch gap over the entire plate, a bypass flow of 0.5 gpm
is expected at a pressure drop of 2 psi. This is a conservatively high pressure drop
estimate as discussed below.

The first objective of the flow test reported here was to determine the magnitude of any
unplanned leakage paths through the welded joints that seal the plenum under the fuel
region to the tank walls and the downcomer pipes. The second objective was to measure
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3. Flow Test Data

The paddlewheel flowmeter calibration data is given in Table 1. A linear fit to this data
was used to calculate corrected flow rates. An error of approximately 3% on absolute
flow rate is estimated (repeatability is < 1%). Table 2 gives the venturi flowmeter
calibration data. In this case, an error of about 5% is estimated. In the flow test data
that follows, corrected flow readings based on the calibration data are given.

Table 1. Paddlewheel flowmeter calibration data

Flowmeter reading (gpm) Measured flow (gpm)
2.5 2.67
2.5 2.64
2.5 2.67
5.0 4.95
5.0 4.93
10.0 9.84

Table 2. Venturi flowmeter calibration data

Flowmeter reading (gpm) Measured flow (gpm)
5.0 4.3
8.5 7.4
12.0 11

Table 3, gives flow data at various flow rates for the three test configurations used to
determine bypass flow. The "estimated total fuel flow" in this table is the flow measured
at the paddlewheel location on the test plate multiplied by the number of open positions.
Bypass flow is calculated by subtracting the estimated total fuel flow from the total
system flow. To calculate Ff, we project the full system flow by multiplying the total
system flow by (Il/number of flow positions). Note that the pressure drop remains the
same for any number of identical flow positions if the ratio of total system flow to
number of flow positions remains constant. Ff is then determined by subtracting the
bypass flow from the projected system flow and dividing by the total system flow.



the variation in flow between different fuel element positions. To accomplish this, the
test plate shown in Figure 2 was constructed. It is installed in the FCB tank in place of
the fuel grid plate and seals to the lower support plate using a neoprene 0-ring. It is
equipped with five flow positions that can accommodate a paddlewheel flowmeter for
flow measurement. Any flow position that is not being measured in a particular test can
be capped or equipped with a valve set to simulate the pressure drop associated with the
flowmeter.

Figure 3 is a simplified schematic of the flow system used for testing. The bypass leg
was used for calibration of the venturi flowmeter.

The flow test procedure was as follows:

I. Calibrate the paddlewheel flowmeter out of the FCB tank. Calibration was
performed by measuring the time taken to deliver a known volume of water at a
stable flowmeter reading. The meter was calibrated both horizontally and
vertically and no statistically significant difference was found. (The meter is
oriented vertically during testing in the FCB tank.)

2. Calibrate the venturi flowmeter by establishing flow in the recirculating system,
then bypassing flow to measure the time taken to deliver a know volume of water
at a given meter reading.

3. Install the paddlewheel flowmeter on the central test plate position (Pos. 3) with
all other positions capped and install the test plate in the FCB tank. Record the
venturi meter reading and the paddlewheel meter reading at a variety of flow rates
up to approximately 10 gpm. Note that 10 gpm through one fuel element
positions corresponds to the full flow condition of 110 gpm through 11 positions.

4. Replace the cap on Position 2 with a valve set to deliver the same flow as the
paddlewheel flowmeter at the same pressure drop (settings made out of the FCB
tank). Record the venturi meter reading and the paddlewheel meter reading at
several flow rates up to approximately 20 gpm. The pressure below the test plate
was also measured during this test using a water manometer.

5. Replace the caps on Positions 1, 4 and 5 with valves set to deliver the same flow
as the paddlewheel flowmeter at the same pressure drop. Repeat the
measurements of Step 4 up to a maximum flow rate of approximately 50 gpm.

6. Remove the valves from all flow positions to allow the paddlewheel flowmeter to
be moved to each flow positions without removing the test plate from the FCB
tank. At a total flow rate of 50 gpm as indicated by the venturi flowmeter,
measure the flow from each position in turn using the paddlewheel flowmeter.



that the bypass flow is driven by the pressure differential between the coolant flowing in
the downcomer pipes and in the plenum beneath the lower grid support plate and the
pressure in the central region of the tank above the fuel. This pressure differential is
determined by the flow rate through the fuel region and the flow characteristics of the
fuel elements. The pressure drop for an actual MIT fuel element at these flow rates was
measured to be less than 10 in. H 20. This is less than the pressure drop for the
paddlewheel flowmeter on the test plate. Therefore, the bypass flows measured at flows
corresponding to about 10 gpm per test position are upper bounds on the bypass flows
expected in the fuelled FCB. Taking the maximum measured bypass flow of 3.8 gpm
and adding the 2.5 gpm of bypass at the downcomer insertions and between the support
plate and the grid plate gives a maximum total bypass of 6.3 gpm or about 5% of the total
flow. Note that the actual total bypass will be about 3.5 gpm based on the bypass
measured at the more realistic pressure drop values.

The maximum measured flow discrepancy below the average flow for the five flow
positions on the fuel test plate was just over 2%. Thus, the worst case fuel element is
estimated to have a flow rate of at least 93% of 1/11 of the total system flow. Technical
Specification 6.6.2.1.2 requires that Ffdf> 0.80. Taking the worst case measurements,
Ffdf= 0.863. Allowing for a 5% error in the flow values measured during this testing,
this value could be as low as 0.82.

Section 5. Conclusions

The results of the flow testing reported here indicate that the FCB tank complies with the
technical specification requirements for fuel element coolant flow rates.



Table 3. Bypass measurement data (all flow rates in gpm).

Total System Paddlewheel Estimated Total Bypass Flow Delta P (in. of Ff
Flow flow Fuel Flow H2 0)
One flow position
4.3 3.0 3.0 1.3 0.97
7.4 5.2 5.2 2.2 0.97
11 7.2 7.2 3.8 0.97
Two flow positions
5.5 2.9 5.8 -0.3 16 1.00
7.3 3.6 7.2 0.1 19 1.00
11.6 5.7 11.4 0.2 32 1.00
16.4 8.0 16.0 0.4 48 1.00
18.8 9.2 18.4 0.4 54 1.00
Five flow positions
9.0 1.6 8.0 1.0 16 0.95
19.4 3.4 17.0 2.4 24 0.95
25.3 4.5 22.5 2.8 32 0.95
36.7 6.9 34.5 2.2 48 0.97
43.6 8.3 41.5 2.1 0.98

Table 4 gives the paddlewheel flow data for each of the five flow test plate positions at a
total flow rate of 50.1 gpm. This flow rate was constant to within 0.1 gpm throughout
the test. Note that the total flow estimated by multiplying the individual flow rate by five
is not accurate in this case because the flow resistance is greater for the measured
position. The relative flow between positions, however, is accurately reflected. The flow
disparity, df, is determined by taking the ratio of the flow at each position to the average
and multiplying by 0.929 (the maximum flow disparity between fuel element channels).

Table 4. Relative flows at the five test plate positions (gpm) for a total flow of 50.1 gpm.

Flow position Paddlewheel flow df
1 5.5 0.909
2 5.5 0.909
3 5.8 0.959
4 5.8 0.959
5 5.5 0.909

4. Discussion

The maximum total bypass flow expected with the FCB fully fuelled can be estimated
from the data given above together with the measured and calculated values for the
bypass at the two known bypass points described in Section 1. This is based on the fact
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StartuD of the MITR Fission Converter Facility

1. Introduction

The U.S. Nuclear Regulatory Commission (NRC) issued Amendment No. 31 to

the Operating License for the MIT Research Reactor on 21 December 1999. This

amendment approved operation of a fission converter facility. The immediate purpose

for the facility is to provide an epithermal neutron beam for use in the ongoing MIT

clinical trials of neutron capture therapy.

The fission converter tank was installed in March 2000 and fuel was transferred to

the tank in April 2000. Certain of these activities were observed by the U.S. Nuclear

Regulatory Commission as part of a routine inspection. Startup testing of the fission

converter under conditions of forced convection heat removal began on 31 May 2000.

MITR Technical Specification 6.6.5 requires that a written startup report be

submitted within 90 days of the completion of fission converter startup testing. This

document is submitted to satisfy that requirement.

2. Organization

Information on the fission converter startup testing is contained in Sections 3 and

4 of this report. Section 3 reports actual test results for flow disparity, fuel loading, hot

channel factor, and the power distribution, reactivity, and power measurements.

Section 4 provides an evaluation of facility performance and the need for a reassessment

of the fission converter safety evaluation report. Information is presented in the

chronological order in which it was obtained because later results build on the earlier

ones. As a result, the sequence in the report differs from that in Technical

1



Specification 6.6.5. However, all required information is provided and subparagraphs in

this report are clearly labeled to show their correspondence to the relevant section of the

technical specification.

3. Results of Startup Testing

Procedures for the conduct of the startup testing were approved under MITR

Safety Review #0-99-7, a copy of which was previously provided to the U.S. Nuclear

Regulatory Commission as an item of information.

a) Flow Measurements (T.S. 6.6.5(2b))

Technical Specification 6.6.2.1(2) requires that

Ffdf >. 0.80

where Ff is the fraction of the primary flow that goes through the fueled

region to the total primary coolant flow, and df is defined as the ratio of

the minimum flow to the average flow in the coolant channel.

The quantity df is known as the flow disparity. Measurements of

both Ff and df were first made using the actual fission converter tank with

eleven 3/4" PVC pipes placed in the grid plate. The cross-sectional area

of the pipes was chosen to produce a greater pressure drop than that of the

actual fuel elements. This facilitated the measurement and yielded a

conservative result. A description of the flow testing equipment and the

procedure is documented in "Report of Flow Testing for the Fission

Converter Beam Test Tank," which is filed as part of the quality assurance

package for the fission converter system. Measured values of the flow
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disparity were all found to be above 0.9. The ideal value would be 1.0

because that would mean that all channels received equal flow.

The quantity Ff was also measured. Its ideal value is also 1.0

which implies that no flow bypasses the fueled region. Comparison

between system flow and the sum of the channel flows indicated that a

significant amount of flow was bypassing the fueled region and hence Ff

was quite low. Subsequent investigation showed that this excessive

bypass flow was occurring between the plug welds that hold the plate that

separates the downcomer region in the fission converter tank from the

interior portion of the tank itself. The situation was discussed with the

Standing Sub-committee of the MIT Committee on Reactor Safeguards on

3 March 2000 and, with that committee's approval, the fission converter

tank was modified by installing downcomer pipes so that the incoming

flow would go directly to the plenum below the fuel without any

possibility of bypass. (Refer to MITR Safety Review #M-00-1 for

diagrams and further description. A copy is attached as Appendix A to

this report.)

The flow tests (bypass and disparity factor) were repeated once the

fission converter tank modification was completed. The value of Ff was

now about 0.95 indicating that total bypass flow was approximately 5% of

the total flow. This result was excellent. The minimum value of df was

measured to be 0.909. A value of 0.864 had been assumed in the Fission

Converter Safety Evaluation Report. This figure had been a worst case
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estimate obtained from examination of similar measurements for the

MITR core. Hence, for the fission converter, the actual disparity was less

than that assumed. The value of Ffdf is 0.863 if the worst-case measured

values (0.95 and 0.909) are used. Accordingly, the requirement of

Technical Specification 6.6.2.1(2) is met.

b) Fuel Loading (T.S. 6.6.5(2a))

The following technical specifications are relevant to this portion

of the startup testing:

# Specification

6.6.2.1(4) Positions in Fueled Region

6.6.2.1(5) Fission Density 1.8 x 1021 cm-3

6.6.2.1(6) Maximum K-effective 0.90

6.6.2.1(7) Fuel element orientation

6.6.2.3(1) Self-protection

The Fission Converter Safety Evaluation Report allows the use of

either fresh or irradiated MITR fuel. Also, either light or heavy water may

be used as the coolant. For the system's initial operation, the choices

made were irradiated fuel and D20 coolant.

A written procedure, which was also approved under MITR Safety

Review #0-99-7 and which was also previously provided to the U.S.

Nuclear Regulatory Commission, was prepared to address fuel loading. A

prerequisite was that a practice fuel loading be done with non-radioactive

dummy elements. This was done in March 2000. Eleven dummy
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elements were successfully loaded into the available eleven positions in

the fission converter tank using the approved procedure.

The actual fuel loading was done in April 2000. Partially-spent

MITR elements were chosen so that the fission density and self-protection

limits were both met. Peak burnups of the elements selected for use in the

fission converter were between 70% and 85% of the MITR technical

specification limit (T.S. 6.6.2.1(5)). (Note: Given the rate of use of the

fission converter and its power level, these elements will not attain the

maximum allowed fission density for at least a decade. Also, the chosen

elements had all been irradiated in the MITR within the last 1.5 years.

Hence, even with no additional irradiation on the fission converter, these

elements will remain self-protecting for many years (T.S. 6.6.2.3(1)).

A problem developed in the actual loading in that only ten

elements could be inserted. There was insufficient space for the eleventh

element. This was unexpected because eleven dummy elements had been

loaded. However, the dummies have more restrictive dimensional

tolerances than the actual elements. This may account for the problem.

Ten elements were loaded and a solid aluminum spacer was placed in one

of the outermost positions (T.S. 6.6.2.1(4)). All fuel elements were

oriented so that their plates were "edge on" towards the MITR core

(T.S. 6.6.2.1(7)).
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The Monte-Carlo code MCNP was used to calculate the value of

k-effective for the actual fuel loading. A value of 0.266 was obtained.

This is well below the maximum allowed value of 0.90 (T.S. 6.6.2.1(6)).

c) Hot Channel Factor (T.S. 6.6.5(2c))

Technical Specification 6.6.2.1(1) requires that

FPFHC < 1.53

where FP is the fraction of the total power deposited in the fueled region

(both fuel and coolant) and FHc is the ratio of the maximum power

deposited in the hottest fuel plate to the average power per fuel plate.

These parameters are known as the power deposition factor and the

nuclear hot channel factor respectively.

The actual fuel loading was input to MCNP in order to determine

both FP and FHC. The power deposition factor was calculated to be 0.88.

The power profile across the fission converter was also calculated. This

profile is shown in Figure 1. The quantity FHc was calculated to be 1.47,

which is below (and hence more conservative than) the figure of 1.53 that

had been assumed in the Fission Converter Safety Evaluation Report. The

quantity FPFHC is therefore 1.29, and the requirement of Technical

Specification 6.6.2.1(1) is met.
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d) Converter Control Shutter Reactivity

Technical Specifications 6.6.2.2(1) and 6.6.2.2(2) limit the

reactivity worth of the converter-control shutter (CCS) to that allowed for

a movable experiment by MITR Technical Specification 6.1(1). The CCS

reactivity was measured during the initial startup of the fission converter

using a written procedure that was approved under MITR Safety Review

#0-99-7. Both integral and differential reactivity values were measured.

The CCS integral reactivity was measured to be 0.014% AK/K or

18 millibeta. A figure of 0.035% 0.060% AK/K (45 76 millibeta) had

been calculated using MCNP and reported in the Fission Converter Safety

Evaluation Report. The measured value was less than this calculated

figure but well within the calculation's error band. The maximum

differential reactivity was measured to be approximately 0.0014% AK/K

per inch (1.8 millibeta/inch).

The low integral and differential reactivity values for the CCS

indicate that the fission converter is only weakly coupled to the MITR.

The measured integral value is well below the limit of 0.20% AKIK

(254 millibeta) for movable experiments as specified by MITR Technical

Specification 6.1(1).

e) Power Measurements (T.S. 6.6.5(2d))

Technical Specification 6.6.2.5(3) requires that there be an alarm at

110% or less of the fission converter's nominal operating power for

7



fission converter operation using forced convection. This in turn requires

that the nominal operating power be determined. This was done by both

calculation and measurement.

Predictions of the nominal power were made using the MCNP

code. For D20 coolant and irradiated MITR fuel, a power of 81.5 kW at

5 MW reactor power was obtained. (Refer to Fission Converter SER,

Table 2.3 on page 2-9.) This calculation was repeated with the selected

MITR fuel elements as an input to the code and a figure of 82.9 kW was

obtained. This is equivalent to 74.6 kW at a reactor power of 4.5 MW.

A measurement of the nominal operating power was made on

2 June 2000 during the initial stepwise approach to full power. A written

procedure, approved under MITR Safety Review #0-99-7, was observed.

The measurement was made by means of a calorimetric. The maximum

reactor operating power achieved during this procedure was 4.5 MW and

the corresponding fission converter power was 87.1 kW. Thus, the

measured value (87.1 kW) and the calculated value (74.6 kW) were in

reasonable agreement. (Note: Additional measurements of fission

converter power are planned. We expect that the agreement with the

calculated number will improve because of potential reductions in the

error bar associated with the measurement.)

The measured value was extrapolated to a reactor operating power

of 5.0 MW to obtain a figure of 96.8 kW. This figure was used in setting

the fission converter neutronic power alarm (110% of the fission converter

8



nominal operating power) and in

(<300 kW).

It should be noted that the measured value of the fission converter

nominal power is very conservative when compared to the analysis given

in the SER. The latter assumed 300 kW in order to allow for a predicted

nominal power of 251.0 kW for fresh MITR fuel with H20 coolant with a

reactor power of 10 MW.

f) Design Features

Several technical specifications impose design requirements on the

fission converter. These have all been met. A summary is given below.

# Status

6.6.2.5(1) The safety channels required by Table
6.6.2.5-1 have all been installed and
calibrated.

6.6.2.5(2) The equipment listed in Table 6.6.2.5-2 is
all supplied with emergency power.

6.6.4.1 The selected coolant is currently D20.

6.6.4.2 The specified materials requirements have
been observed.

6.6.4.3 Ten fuel elements have been installed.

6.6.4.4 No sample assemblies are currently
installed.

6.6.4.5 The removable aluminum block is installed.

6.6.4.6 The primary coolant system, including the
pumps, is physically above the fission
converter tank so as to preclude syphoning.

6.6.4.7 The specified interlocks have been installed
and tested.

6.6.4.8 Refer to Section 3(e) of this report.

9
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g) Operating Requirements

Several technical specifications impose operational requirements.

These are all being met as shown in the following summary:

# Status

6.6.1.1(1) and The measured values for power, flow,
6.6.1.2(1) outlet temperature, and level were

87.1 kW, 87.6 gpm, 35.7 C, and 20"
below top of tank, for a reactor power of
4.5 MW as obtained during the initial
startup. The actual operating point will, of
course, depend on the reactor's power and
the temperature of the heat sink. However,
these four values should be typical. They
define an operating point that is well below
both the safety limits and the limiting
safety system settings.

6.6.2.1(3) No changes of fuel loading are anticipated
in the immediate future. An evaluation of
the hot channel factor is required by the
written procedure that governs fuel
changes.

6.6.2.1(8) A requirement to install the fission
converter lid prior to operation is included
in the facility's startup checklist.

6.6.2.2(1) See Section 4(b) of this report.

6.6.2.3(1) and Requirements are observed as part of the
6.6.2.3(2) MITR's fuel handling and storage

requirements.

6.6.2.3(3) This is addressed in PM 1.15.1, page 2.

6.6.2.4 Provisions (1), (3) ,and (4) are applicable
because the coolant is D 20. The D2

concentration in the helium blanket is thus
far below the detectable limit. PM 3.15.2
assures sufficient operation of the
recombiner.

6.6.2.6(1) and The pH and conductivity are within the
6.6.2.6(2) bounds.

10



# Status

6.6.2.6(3) The gross f-y activity is nominally
6xlO-4p Ci/ml with the fission converter
shut down, and a factor of five greater
when operating.

6.6.3 These requirements have been incorporated
in the surveillance procedures for the
fission converter.

h) Radiation Surveys

Radiation surveys were performed in conjunction with the stepwise

increase in power that was conducted on 2 June 2000. Radiation levels on

the outer surfaces of the fission converter medical therapy facility room

were all less than 1 mR/hr. This was expected because the room was

newly built and it was possible to include shielding in the room's design.

Radiation levels exterior to some of the existing structures were elevated.

In particular, there were significantly higher neutron dose rates in the

basement equipment room, basement medical room, and on the reactor top

when the fission convert was operational. The first two of these are

exclusion areas and no entry is allowed when the fission converter is

operating. The third is accessible. Accordingly, additional shielding was

added to the region above the fission converter so that radiation levels on

the reactor top were returned to their original values. Measures to reduce

radiation levels in the two affected exclusion areas are under review.

11



4. Evaluation and Assessment

a) Evaluation (T.S. 6.6.5(la))

Operation of the fission converter to date has consisted of the

initial power ascension for purposes of startup testing and runs of short

duration to verify improvements in shielding. All operation has been done

using forced convection. There has been no natural convection operation.

This experience, while limited, has established that the fission converter's

actual performance closely parallels both the design predictions and

specifications. Also, it should be noted that the measured epithermal

neutron flux is as predicted. The fission converter facility therefore

provides the Massachusetts Institute of Technology with the best

epithermal neutron beam in the world for neutron capture therapy.

b) Reassessment of Safety Evaluation Report (T.S. 6.6.5(lb))

Measured values of all parameters associated with the fission

converter are more conservative than the values used in the Safety

Evaluation Report (SER). Hence, there is no need for a revision to that

document based on these measurements. However, there is a need for a

revision because of the design changes made in conjunction with the

installation of the pipes in the downcomer region. (Refer to Section 3(a)

of this report.) An SER revision is being prepared and will be submitted

to the U.S. Nuclear Regulatory Commission on or before 31 January 2001.

Items that will, or in some instances may, be addressed include:

12
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* The safety limit curve for natural convection cooling is different
because of the changes implemented in order to minimize bypass
flow. Hence, Figure 3.9 in the Fission Converter Safety
Evaluation Report will require replacement.

* An annual measurement of the reactivity worth of the CCS is
required. Given the low measured value for this quantity, there is
no reason for an annual measurement.

* pH surveillance currently requires a monthly sample. The sample
volume, although small, adds up and the net effect is a significant
waste of D 20. For pure water, there is a correlation between pH
and conductivity. Hence, there is no need for a monthly pH
measurement provided that the conductivity specification is met.

* Operation with natural convection cooling is allowed with the
fission converter lid removed for power levels of 10 kW or less.
This has not been tested. However, it appears that the lid should
be in place regardless of the mode of cooling. (Note: Installation
of the lid is currently required by internal procedure prior to any
fission converter operation.)

* Limits on the fuel peaking factors are too restrictive. These factors
were chosen based on 10 MW operation of the MITR. Satisfaction
of these necessitates the use of fuel of a similar burn-up in all
fission converter positions. Additional flexibility is desirable and
the margin for it exists for 5 or 6 MW operation of the MITR.

5. Conclusion

The startup testing of the MIT Fission Converter Facility that is required by

T.S. 6.6.5 has been completed satisfactorily for operation under conditions of forced

convection. Operation under conditions of natural convection is also allowed. No testing

in that mode has, as yet, been undertaken. A separate report will be submitted when such

testing is performed. In the interim, the facility will not be operated in that mode of

cooling except for purposes of performing the required startup testing.

13



Figure 1 Transverse Power Profile in the Fission Converter Fuel
D 20 Cooling, Spent Fuel (Average loading 338 g/element)
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Fission Converter Technical Specification Index

Technical Specification Fission Converter
(Provision) Startup Report Page(s)

6.6.1.1(1) 10

6.6.1.1(2)

6.6.1.2(1) 10

6.6.1.2(2) -

6.6.2.1(1) 6

6.6.2.1(2) 2,4

6.6.2.1(3) 10

6.6.2.1(4) 4,5

6.6.2.1(5) 4, 5

6.6.2.1(6) 4, 6

6.6.2.1(7) 4, 5

6.6.2.1(8) 10

6.6.2.2(1) 7, 10

6.6.2.2(2) 7

6.6.2.3(1) 4, 5, 10

6.6.2.3(2) 10

6.6.2.3(3) 10

6.6.2.4(1) 10

6.6.2.4(2) -

6.6.2.4(3) 10

6.6.2.4(4) 10

6.6.2.5(1) 9

6.6.2.5(2) 9

6.6.2.5(3) 7

6.6.2.5(4) -

6.6.2.6(1) 10

6.6.2.6(2) 10

6.6.2.6(3) 11

6.6.2.6(4) -

6.6.3 11
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Fission Converter Technical Specification Index (Cont.)

Technical Specification Fission Converter
(Provision) Startup Report Page(s)

6.6.4(1) 9

6.6.4(2) 9

6.6.4(3) 9

6.6.4(4) 9

6.6.4(5) 9

6.6.4(6) 9

6.6.4(7) 9

6.6.4(8) 9

6.6.5 1,2,13

6.6.5(l a) 12

6.6.5(1 b) 12

6.6.5(2a) 4

6.6.5(2b) 2

6.6.5(2c) 6

6.6.5(2d) 7

16



Appendix A

MITR SR #M-00- 1, "Fission Converter Tank Modification"

17





Appendix II.F - Load Calculations for Steel Roof Plat es
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Moment of Inertia of the Steel

Es 30-106- lb
s ~ . 2

in
12

I S = 1.512-103 -in 4

Total Distributed Load on Steel

W a
Weight concrete

I

+ Weight steel

w a = 5.142-10 -lb-ftI

Deflection of the center of the steel member

5-w a'l

384-E sIss S

y = 0.073 -in

Stress in Steel Member

M s =

w1 2
a

8

M = 1.303-106 -lb-in

M S-C S

Is

G = 2.586-10

T s
cs 2

c s = 3-in

lb

in2

Elastic Modulus of Steel



Fission Converter Roof Beam Analysis

Roof supports for the NRL Fission Converter Facility are made from 6" thick type
A36 steel plates. Covering the plates for additional shielding are concrete slabs
21" thick having a density of 280 lb. per cubic foot. For this analysis the plates
are assumed to be simply supported with a distributed load along their length.

Basic Dimensions as Built:

Steel/Concrete Span:

Concrete Thickness:

Concrete Width:

Concrete Density:

Concrete Length:

1 13-ft

T c:= 21-in

W c 84-in
c b4

d c:= 280---
ft 3

L c= I

Steel Thickness:

Steel Width:

Steel Density:

Steel Length:

T s:= 6-in

W s:= 84-in

d .:= 283-

L s I

Weight of Concrete

Weight concrete W c -L c-T c-d c

Weight concrete = 4.459-1e -lb

Weight of Steel

Weight steel W s-L s-T s-d s

Weight steel = 2.225-104 -1b

Assume that the concrete is not contributing to the structural support of the system. The
concrete is only a weight producing component. Calculation of the stresses and deflection
of the steel are as follows:

C4~L J"/CC.V 5 -- Z





Deflection of the steel plate roof support is minimal. A36 steel is required to have a
minimum yield strength of 36 ksi. Based on the this analysis the safety factor for the roof
supports is greater than 13, and the roof design acceptable.

Submitted by:

Peter Stahle
Research Engineer
9/8/99

kj
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Appendix II.G - Engineering Analysis of Medical Roo m Door
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With the door in the open position, the door has the maximum tendency to tip entry
roof steel on its foundation walls. In the final installation the entry roof steel will be
fastened to surrounding concrete blocks of the medical room. Fastening the entry
roof to the surrounding concrete will increase the anchorage for the roof. For this
analysis the weight of the entry roof steel will be used without any contribution
from the surrounding concrete.

In the illustration the targets with coordinates attached are the mass centers of the
entry roof and door. The coordinates are given relative to the 0,0 position.
Volumes of the steel entry roof and the door were obtained from a solid model in
AutoCad.

Material Properties (A36 Steel)

Density

Tensile Yield

Elastic Modulus

lbf
P st := .283 -lb

. 3t
in

G yts = 36000-psi

E := 30000000 -psi

Section Properties
S12 x 35 Beam

I := 265.09-in4

c := 6-in

Geometry

Entry Roof Steel

Door Steel

Volume

Vol roof:= 70632.2-in3

Vol door:= 68576.-in3

Centroid

(x,y) Open

X roof := 24.45-in

y roof:= 42.77 -in

x oe := 9.14-in

Y open 9.96-in

Centroid
(x,y) Closed

X closed 9.14 in

Y closed := 38.04-in

Weight of Door Steel

Weight of Entry Roof Steel

Wt door:= Vol door*P st

Wt roof := Vol roof'P st

Wt door 1.941-104 -lbf

Wt roof 1.999-104 -lbf



Massachusetts Institute of
Technology Reactor Lab.
138 Albany St.
Cambridge, MA 02139

FCB Medical Room Personnel Door
Analysis

42.77

0.00

0

X
Open Position

42.77

0.00

-9.96

0

Closed Position

Entry Door Geometry

The above illustration shows the geometry of
positions.

the FCB Medical Room Door in both

The door is supported by an overhead trolley system which is bolted to the top of
the entry roof steel plate. This trolley system and supporting structure have been
omitted from the illustration to better show the positioning of the door and entry
roof. Weight of the trolley system is negligible and is not considered in this
analysis. For purposes of this analysis two axes of rotation (X & Y) are assumed to
pass through the point 0,0 shown on the illustration. Point 0,0 represents the
intersection of the supported edges of the entry roof steel plate.

The door is made up of steel plates with Ricorad and boral fixed to the inside
surface of the door for shielding. For the purpose of this analysis the density of the
Ricorad and the boral has been assumed to be the same as the steel.

--- 69.50

-38.04
4-

jI

A f



Trolley Rail Bending

The weight of the door will result in bending of the trolley rail. This rail will be
supporting the entire weight of the door. Two cases of bending were examined for this
application. Cantilever bending of the rail when the door is in the open position and 3
point bending of the rail when the door is closed. For this installation a S12x35 I beam
will be used for the trolley rail. Selection of the rail was based on the weight of the
door and geometry of the selected trolleys.

Open door

For the purposes of this analysis the trolley beam is assumed to cantilevered from the
edge of the entry steel roof at point (0,0). With the door in the full open position the
distance from the point of support to the center of mass of the door is 9.69 in.

Bending Moment

Tensile Stress in Beam

Safety Factor

M b:= Wt door'y open

M b = 1. 9 3 3 O-105 in-lbf

M b-c

3aT =4.375-10 *psi

SF := - -.-
a

SF = 8.229

Deflection of Beam
Wt door y open

Y max 3-1 -i

Ymax = 8.037-10O -in



Tipping Moment of Door

Mx open := Wt door"Y open

My open:= Wt door'x open

Mx closed Wt doory closed

My closed Wt door'X closed

5Mx open 1.933-10 -in-lbf

5
My open 1.774510 'in -lbf

Mx closed =7.382-105 in-lbf

5
My closed = 1.774 -10 in-lbf

Riting Moment of Entry Roof Steel

Mx roof := Wt roof'y roof

My roof :=,Wt roof'X roof

5
Mx roof =8.5 4 9 -10 in -lbf

My roof =4.887-10 -in lbf

Stability of Door system

Mx roof
SF x Mx open

My roof
SF :

yMy open

SF =4.423

SF = 2.755

In the closed position the "Y" tipping geometry is unchanged. In the "X" direction the
trolley rail is supported at both ends and no tipping is possible

Open



Left End Support

Supporting the left hand end of the trolley rail is a WIG x 33 1 beam. This beam is
cantilevered out from the edge of the entry way roof. Due to the geometry of the door
in the open position a force greater than the weight of the door is applied to this beam
as the door is operated to its full open position. Referring to the diagram below the
WIG I beam is supporting the trolley rail at reaction point A (Ra). The weight of the
door in the open position is denoted as Wt.

79.46
69.50

-I

V
Wt

Force at Ra

Ra

Wt door-79.64 -in

R a 69.5 -in

4
R a =2.224-10 -Ibf

The plate supporting the trolley rail is attached to the rail by welding. A 1/2 inch fillet
weld on the ends of the plate will be applied. The sketch below shows the end view or
the left hand carrying beam with the plate supporting the trolley rail welded to the top of
the rail. Assuming that the throat area of the weld will be loaded in shear the average
shear stress is as follows.

4
Rb

I -



Closed Door

With the Door in the closed position the weight of the door is suspended between the
left and right end supports. For this analysis the trolley rail will be assumed to be
simply supported at each end with an intermediate point load applied at the center of
mass of the door. For a conservative analysis the center of mass of the door is at the
center of the span.

Rail Span

I rail := 69.5 -in

Bending Moment

Bending Stress

Wt door" rail
m b =n4

m b = 3.372-10 5 -in -Ibf

m b-c

xx

3
c=7.632-10 *psi

Safety Factor

Max Deflection
Wt door' rail3

48-E-Ix

y =0.017 -in

SF = ---

SF = 4.717



Strength of the bolts supporting the trolley rail.

Thread Designation I 1/4-7NC

Root diameter

Tensile Area

Tensile Stress in bolts (2 Bolts)

Safety Factor using Grade I
bolting Material

d r 1.069-in

7r -d r 2

A t 4
4t

Wt door

2-A t

Tensile Strength Grade 1

a uts
SF :=

av

FED-STD-H28

A t =0.898 -in2

a=1.081 -10 -psi

G Uts :=55000-psi

SF =5.087

Length of engagement in the supporting block

Shear tear out of thread in A36
Steel supporting block (2 Bolts)

R a

2- ( .1.252 -in2)
3a =2.265-10 'psi

Safety Factor (Shear) -r
SF :

Submitted by:
Peter W. Stahle
7/1/00

I e := 1.25-in

SF = 7.946



1 1/4-7NC

Support Plate -

Trolley Roil

Left hand end sketch.

Shear stress in weld throat

R a

2-(.707-h-1)

-WI x 35

1/2" Weld

S12 x 35

h :=.5-in

1:= 10-in

3
r = 3.145 -10 psi

If the material for the beams and trolley rail are A36 steel then the yield in shear will
be:

-t ys :=.5-a yts

-ys = 1.8-10 psi

Safety Factor
SF:= - -

F r

SF = 5.723





Appendix III

Calculations
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Appendix lLA - Index of MCNP Runs

Input and output files from each of the calculations have been archived on
several CD-ROM. A copy of these CD-ROM can be found in the fission
converter Q/A file (M-97-3). MCNP run numbers have been referenced
throughout the text where applicable.
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kjrl09 11/24/97

Compare with skm454, same as kjrl 00, but with F/M 145 cm x 125 cm

kjr110 2/3/98

Same as kjrl 05, but with Cd filter removed to see the effect on the gamma
dose rate seen by the AIF3 (or Teflon)

3



The kjr100 series contains small parametric studies on the design of the
F/M. All runs use spent fuel, and D20 cooling and read from the std427.w
surface source. Relevant changes in the beamline are described for each
run, but all use a 6 cm thick bismuth photon shield and a 15 cm thick
pyramid shaped collimator.

kjr100 11/24/97

Compare with skm454, changed F/M and collimator to a rectangular
shape (105 cm x 85 cm) to match fuel dimensions. Spent fuel, D20
cooling, 71 cm Al, 22 cm AIF3, 10 cm Pb reflector.

kjr101 11/24/97

Compare with skm454, same as kjr1 00, but with F/M 125 cm x 105 cm

kjrl02 11/24/97

Compare with skm454, same as kjr1 00, but with F/M 125 cm x 125 cm

kjrl03 11/24/97

Compare with skm454, same as kjr1 00, but with F/M 135 cm x 135 cm

kjrl04 11/24/97

Compare with skm454, same as kjrl 00, but with F/M 115 cm x 115 cm

kjr105 11/24/97

Compare with skm454, same as kjr1OO, but with F/M 145 cm x 145 cm.
Added photon dose tally between AIF3 and Cd planes.

kjrl06 11/24/97

Compare with skm454, same as kjr1 00, but with F/M 155 cm x 155 cm

kjr107 11/24/97

Compare with skm454, same as kjr1 00, but with F/M 165 cm x 165 cm

kjrl08 11/24/97

Compare with skm454, same as kjr1 00, but with F/M 135 cm x 115 cm



kjr206 3/5/98

Same as kjr202, but with patient position moved to 343.2126 cm from core
centerline. Collimator extended to patient position.

kjr207 3/5/98

Same as kjr202, but with Cd shutter closed. Wwn adjusted appropriately,
8.4E-03 upstream of shutter, 5.25E-04 in fuel, others scaled down
accordingly.

kjr210 3/5/98

Constructed from kjr202, lowered upper section of reflector by 10 cm,
adjusted collimator appropriately.

kjr2l1 3/16/98

Constructed from kjr202, fuel tank changed to aluminum alloy 2090 to
verify that there is no effect on dose rates at patient position.

kjr212 3/20/98

Constructed from kjr202, aluminum 1100 shell for water shutter added in
collimator region to assess impact on dose rates at patient position

kjr213 3/20/98

Constructed from kjr202, aluminum 6061 shell for water shutter added in
collimator region to assess impact on dose rates at patient position.

kjr214 3/21/98

Constructed from kjr213, 0.020" thick layer of water added to front and
rear inside surface of water shutter shell to see the effect on beam
performance.

kjr215 3/20/98

Constructed from kjr202, test run with water shutter shell to locate
problem.

kjr216 3/20/98

Constructed from kjr202, test run with water shutter shell to locate
problem.

5



The kjr200 series contain several small parametric studies that investigate
the effects of various beamline design details. All of the runs use spent
fuel and D 20 coolant, and read from the surface source std427.w unless
otherwise indicated.

kjr200 11/24/97

F/M 125 cm x 125 cm, all else nominal (ref. kjrl02). Collimator and F/M
raised by 6" (using coordinate transforms) to see the effect on the flux at
the patient position.

kjr201 11/24/97

F/M 125 cm x 125 cm, all else nominal (ref. kjrl02). Fuel, collimator and
F/M raised by 6" (using coordinate transforms) to see the effect on the flux
at the patient position.

kjr202 3/5/98

F/M 105 cm x 105 cm, all else nominal (ref. kjr102). Collimator and F/M
raised by 6" (using coordinate transforms). Patient position nominal
(303.2126 cm from core centerline). Updated model of fuel tank to reflect
current design (as of 1/27/98), Cd curtain included in model.

kjr203 3/5/98

Same as kjr202, but with patient position moved to 313.2126 cm from core
centerline. Collimator extended to patient position.

kjr204 3/5/98

Same as kjr202, but with patient position moved to 323.2126 cm from core
centerline. Collimator extended to patient position.

kjr205 3/5/98

Same as kjr202, but with patient position moved to
centerline. Collimator extended to patient position.

333.2126 cm from core



The kjr300 series of calculations make use of the aluminum/teflon
filter/moderator that is used in the final fission converter design. Several
small parametric studies have been performed in this series of
calculations. The latter portion of this series contains shielding
calculations for each of the shutter configurations.

kjr300 4/15/98

F/M 125 cm wide by 105 cm high, spent fuel, D20 cooling, 10 cm Pb
reflector, 71 cm Al 22 cm AIF3. 0.020" Cd added to F/M region ~ 20 cm
from the fuel tank. Shell of Al 1100 for water shutter added to collimator
region. Bismuth photon shield changed to lead, reduced thickness to 6
cm. Patient position moved to 343.2126 cm, collimator extended.
Accurate fuel tank model used, including cadmium curtain.

kjr301 4/15/98

F/M 125 cm wide by 105 cm high, spent fuel, D20 cooling, 10 cm Pb
reflector, 75 cm Al 13 cm Teflon. 0.020" Cd added to F/M region - 20 cm
from the fuel tank. Shell of Al 1100 for water shutter added to collimator
region. Bismuth photon shield changed to lead, reduced thickness to 6 cm.

kjr302 4/15/98

Same as kjr301, but with 40 cm Al 25 cm Teflon for the F/M

kjr303 4/21/98

Same as kjr302, but added a type 4 tally to calculate the saturated 28A]
activity in the AIF3 portion F/M and the shell for the water shutter. Also
added tallies of 3 group neutron flux along the beamline.

kjr305 4/21/98

Same as kjr306, but added 0.030" water layer to inside of Al shell for the
water shutter.

kjr306 4/21/98

Same as kjr301, but added type 4 tallies of saturated 28AJ activity in the
F/M and shell for the water shutter. Added tally of 3 group neutron flux,
neutron dose rate and photon dose rate along beamline. Added tally of



kjr217 3/21/98

Constructed from kjr213, 0.030" thick layer of water added to front and
rear inside surface of water shutter shell to see the effect on beam
performance.

kjr218 3/22/98

Constructed from kjr202, bismuth photon shield reduced to 4 cm
thickness.

kjr2l9 3/22/98

Constructed from kjr202, 0.030" layer of water added to all inner surfaces
of water shutter to see the effect on beam performance.

kjr220 3/23/98

Constructed from kjr202, changed to a coupled n, gamma run.

kjr221 3/23/98

Constructed from kjr202, height at the large end of collimator reduced by
10" to see the effect on beam performance.

kjr222 3/23/98

Constructed from kjr220, uses ENDF-VI cross sections to see if there is
any change from the updated cross section data

kjr223 3/24/98

Constructed from kjr212, type 4 tally added for aluminum shell to calculate
the steady state Al-28 activity in the water shutter.

6



Constructed from kjr306, but implemented a conical collimator with a base
diameter of 120 cm. Also included a conical water shutter with 1.0 cm wall
thickness. Length of water shutter is 70 cm.

kjr318 9/29/98

Constructed from kjr306, but implemented a conical collimator with a base
diameter of 110 cm. Also included a conical water shutter with 1.0 cm wall
thickness. Length of water shutter is 70 cm.

kjr320 9/30/98

Constructed from kjr316, but added several cells (in contiguous numbering
scheme) to the collimator, concrete surrounding the collimator, and the
void region in the collimator. This will facilitate variance reduction when
later shielding calculations are performed. Also thinned water shutter shell
to 0.5 cm, as is the current plan. Ran wwg to optimize weight windows for

culating dose rates beneath the mechanical shutter (tallies 52, 62, &
72). Wrote n, p surface source at the end of the photon shield.

kjr321 not used

kjr322 not used

kjr323 11/04/98

Same as kjr320, but beamline raised by 3" to see the effect on beam
performance. (Raising beamline will ease problems with a vertical shutter
design).

kjr324 12/07/98

Same as kjr320, but includes a 0.25 cm thick Li (metal - 95% 6Li) filter
inside collimator at the end of the water shutter. This is part of a series
with the Li filter to try to harden the beam to obtain a more favorable
therapeutic ratio for deep tumors.

kjr325 12/07/98

Same as kjr320, but includes a 0.5 cm thick Li (metal - 95% 6Li) filter inside
collimator at the end of the water shutter. This is part of a series with the
Li filter to try to harden the beam to obtain a more favorable therapeutic
ratio for deep tumors.
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neutron flux in the planned experimental port in 12CV1. Nominal design
for FCB.

kjr307 6/22/98

Same as kjr306, but Al 6061 in fuel tank changed to Al 5083 to determine
the effect on beam parameters.

kjr308 6/22/98

Same as kjr306, but 1" sections of Teflon interspersed in last 5-6" of Al
section of F/M.

kjr309 6/24/98

Same as kjr306, but added tallies to calculate energy deposition in the
photon shield.

kjr3l0 6/30/98

Same as kjr306, but added 4 group tally of neutron flux along beamline.

kjr3 11 9/04/98

Same as kjr306, but Cd shutter closed, wrote a surface source file
(neutron only) for shielding calculations with the water and mechanical
shutters.

kjr312 9/04/98

Same as kjr31 1, but wrote a neutron and photon surface source file.

kjr313 9/20/98

Same as kjr306, but Cd curtain closed. Tallied dose rates behind
mechanical shutter (40 cm into collimator block).

kjr314 9/28/98

Same as kjr313, but tallied dose rates outside the lead collimator region.

kjr3l5 9/28/98

Same as kjr306, but thickened the water shutter shell to 1.0 cm (3/16").

kjr316 9/29/98

Constructed from kjr306, but implemented a conical collimator with a base
diameter of 125 cm. Also included a conical water shutter with 1.0 cm wall
thickness. Length of water shutter is 70 cm.

8



kjr425 2/11/99

Built from kjr421. Height of CCS reduced by 15 cm to see the effect on
the FCB shutdown power.
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kjr326 12/07/98

Same as kjr320, but includes a 1.0 cm thick Li (metal - 95% 6Li) filter inside
collimator at the end of the water shutter. This is part of a series with the
Li filter to try to harden the beam to obtain a more favorable therapeutic
ratio for deep tumors.

kjr327 12/07/98

Same as kjr320, but includes a 2.0 cm thick Li (metal - 95% 6Li) filter inside
collimator at the end of the water shutter. This is part of a series with the
Li filter to try to harden the beam to obtain a more favorable therapeutic
ratio for deep tumors.

kjr328 12/23/98

Same as kjr326, but includes an additional 5.0 cm of Teflon in the F/M to
reduce the specific fast neutron dose rate. This is part of a series with the
Li filter to try to harden the beam to obtain a more favorable therapeutic
ratio for deep tumors.

kjr329 12/23/98

Same as kjr325, but includes an additional 5.0 cm of Teflon in the F/M to
reduce the specific fast neutron dose rate. This is part of a series with the
Li filter to try to harden the beam to obtain a more favorable therapeutic
ratio for deep tumors.

kjr330 12/19/98

Same as kjr320, but includes a 1.0 cm thick LiF (95% 6Li) filter inside
collimator at the end of the water shutter. This is part of a series with the
Li filter to try to harden the beam to obtain a more favorable therapeutic
ratio for deep tumors.

kjr331 12/28/98

Same as kjr320, but 5 cm of Teflon added to F/M. The additional Teflon
may be necessary to reduce the specific fast neutron dose rate if a Li filter
is used. This run determines the beam performance with the extra Teflon,
but without the Li filter. This is part of a series with the Li filter to try to
harden the beam to obtain a more favorable therapeutic ratio for deep
tumors.

kjr332 12/28/98

Same as kjr320, but includes a 0.5 cm thick LiF (95% 6Li) filter inside
collimator at the end of the water shutter. This is part of a series with the
Li filter to try to harden the beam to obtain a more favorable therapeutic
ratio for deep tumors.

10



kjr5O7 8/19/99

Sakamoto fuel segmentation is used to tally power in each plate of thel 1
elements. 10 spent elements and 1 fresh element in the center location
and heavy water coolant is used.

kjr508 8/19/99

Sakamoto fuel segmentation is used to tally power in each plate of thel 1
elements. 8 spent elements and 3 fresh elements in the center location
and heavy water coolant is used.
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The kjr400 series are calculations that optimize the design of the converter
control shutter (CCS). Parametric studies of the size, geometry and
composition were carried out to determine the effect of various
engineering changes and to minimize the shutdown power level of the
FCB. In all of these studies, the beamline components are not relevant
since only the power in the FCB fuel elements was tallied and the albedo
from downstream beam components is not expected to significantly differ
from between the various beamline designs being considered. D20
cooling and spent fuel are used in all calculations, unless otherwise
indicated.

kjr400 1/20/98

Built from std486 (W. S. Kiger design). Reduced the width of the CCS by
10 cm to reflect the actual design.

kjr401 1/20/98

Built from kjr400. Added 4" boral sheet (0.028 g/cm2 of 10B) to the 0.020"
of Cd in the CCS. Variance reduction was optimized by lowering wwn
bounds in cells 38330-38335 relative to those of the Cd shutter. All
downstream wwn values were scaled appropriately.

kjr402 1/20/98

Built from kjr400. Doubled the thickness of the Cd curtain to 0.040", wwn
values were appropriately adjusted.

kjr403 1/28/98

Built from kjr400. The fuel tank was reworked to closely match the actual
design submitted to Artisan Industries for construction. The model now
contains a single wall fuel tank (1/2" thick), an Aluminum 6061 spacer
block in front of the fuel. Total tank thickness: 6.4". The x-coordinate of
several transformations (including fuel transformations) were modified to
permit easier modification of this region. Tr42, tr43, and tr44 were left
unchanged. Many cells (for the double walled tank) were removed by
commenting them out: 41421, 41422, 41443, 41401, 41402, 41403,
41411, 41412, 41421, 41422, 41431, 41432, 41441, 41442, 41443.
CCS width shortened to 100 cm. CCS fully dosed.



In phantom run using surface source written from kjr329 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline.

kjr607 12/20/98 ref330.w

In phantom run using surface source written from kjr330 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline.

kjr608 12/28/98 ref331.w

In phantom run using surface source written from kjr331 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline.

kjr609 1/07/99 ref332.w

In phantom run using surface source written from kjr332 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline.

kjr6l0 6/28/99 ref333.w

In phantom run using surface source written from kjr333 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline.

kjr6l1 5/17/00 kr2002.w

In phantom run using surface source written from kr2002 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline.

kjr612 6/12/00 kr2003.w

In phantom run using surface source written from kr2003 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline.

kjr613 6/12/00 kr2004.w

In phantom run using surface source written from kr2004 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline.
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kjr415 3113/98

Built from kjr405. Removed CCS, added 1.25" thick water shutter with
~8,000 ppm of 10B (near saturation of boric acid in water).

kjr416 3/13/98

Built from kjr405. Used a CCS of 0.05 g/cm 2 of 10B and 0.020" Cd. Width
of CCS increased by 11.25 cm on each side.

kjr417 3/17/98

Built from kjr405. Used a CCS of 0.05 g/cM2 of 10B and 0.020" Cd. Width
of CCS: 39.14".

kjr418 3/17/98

Built from kjr405. Used a CCS of 0.05 g/cm2 of 10B and 0.020" Cd. Width
of CCS: 38.14".

kjr4l9 3/17/98

Built from kjr405. Used a CCS of 0.05 g/cm 2 of 10B and 0.020" Cd. Width
of CCS: 37.14".

kjr420 2/10/99

Built from kjr4l 1. CCS shortened to end 1" below bottom of fuel tank to
determine the effect on shutdown power. 0.020" Cd added to bottom of
tank.

kjr421 2/10/99

Built from kjr410. CCS shortened to end 1" below bottom of fuel tank to
determine the effect on shutdown power.

kjr422 2/10/99

Built from kjr404. CCS lowered by 12 cm to see the effect on FCB power
levels.

kjr423 2/10/99

Built from kjr404. CCS lowered by 24 cm to see the effect on FCB power
levels.

kjr424 2/10/99

Built from kjr404. CCS lowered by 36 cm to see the effect on FCB power
levels.
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The design of the patient collimator is initiated with the kjr700 series of
calculations. These calculations consider initial designs of the patient
collimator, which were further studied in the thesis of Jameel Ali (see
references in Chapter 5).

kjr700 10/12/99 std427.w

20 cm aperture graded Li-poly and lead collimator with alternating 4 cm
sections of Li-poly and lead used in the 40 cm mechanical shutter section
of collimator.

kjr701 10/13/99 std427.w

20 cm aperture graded Li-poly and lead collimator. Used 20 cm of lead,
followed by 12 cm of lithiated poly and 8 cm of lead in the 40 cm section of
the collimator in the mechanical shutter.

kjr702 10/13/99 std427.w

20 cm aperture graded Li-poly and lead collimator. Used 24 cm of lead,
followed by 12 cm of lithiated poly and 4 cm of lead in the 40 cm section of
the collimator in the mechanical shutter.

kjr703 10/12/99 std427.w

20 cm aperture graded Li-poly and lead collimator. Used 28 cm of lead,
followed by 12 cm of lithiated poly in the 40 cm section of the collimator in
the mechanical shutter.

kjr704 10/13/99 std427.w

A 30 cm long lead and lithiated polyethylene snout added after the
mechanical shutter. The mechanical shutter portion of the collimator is
changed to lead an lithiated polyethylene. The taper of the collimator in
mechanical shutter changed to provide a 15 cm end of the mechanical
shutter. A lithiathed poly contains a 15 cm untapered hole along the
center.

kjr705 10/13/99 std427.w

Same as kjr704, except all lead is used in mechanical shutter region.
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The kjr500 series are calculations related to the power in the fission
converter fuel under various operating scenarios. These calculations were
performed to help answer some of the NRC questions on the SER that
was submitted for the FCB. These calculations have been summarized in
memoranda that are in the FCB Q/A file.

kjr500 8/11/98

Criticality calculation using model from kjr306 (spent fuel D20 cooling).

kjr501 8/11/98

Same as kjr500, but Al block removed from fuel tank and replaced with
D20.

kjr502 8/11/98

Criticality calculation using model from kjr306, except fresh fuel and H20
cooling is used.

kjr503 8/11/98

Same as kjr502, but the Al block removed from fuel tank and replaced with
H20.

kjr504 8/11/98

Same model as kjr502, but surface source std427 is used, tally of power in
fuel elements is made.

kjr505 8/25/98

Same model as kjr502, but surface source std427 is used, tally of power in
fuel elements is made, using Sakamoto fuel model to obtain power profile
in each fuel plate.

kjr506 8/25/98

Same model as kjr505, but D20 cooling is used.



Using initial design of patient collimator by Jameel Ali. Tallied around the
outside of the nose cone to determine the amount of radiation penetrating
the wall of the collimator and the beamline shielding.

kjr901 2/29/00 std427.w

Using initial design of patient collimator by Jameel Ali. Simulated the first
few layers of the inhomogeneous lead epoxy mixture to compare with
values calculated from homogenous mixture.

kjr902 3/01/00 std427.w

Using initial design of patient collimator by Jameel Ali. Added actual fuel
loading selected for the fission converter (11 elements) using the output
from CITATION.

kjr903 3/01/00 std427.w

KCODE calculation of the model used in kjr902 to determine k-effective.

kjr904 3/01/00 std427.w

Using initial design of patient collimator by Jameel Ali. Added actual fuel
loading of the fission converter (10 elements and one dummy) using the
output from CITATION. Aluminum wedges on each side of the fuel array
were also added to the model.

kjr905 3/01/00 std427.w

KCODE calculation of the model used in kjr9O4 to determine k-effective.
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The kjr600 series of calculations are several in-phantom runs that read
from a surface source file written at the end of the collimator. Unless
indicated otherwise, a water-filled ellipsoid with a semiaxis of 8 cm along
the beam direction is used. The description includes a reference for the
surface source file that was used, the number of which corresponds to a
run number elsewhere in this list.

kjr600 12/07/98 ref320.w

In phantom run using surface source written from kjr320 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 7
cm semiaxis along beamline.

kjr601 12/07/98 ref320.w

In phantom run using surface source written from kjr320 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline.

kjr602 12/09/98 ref324.w

In phantom run using surface source written from kjr324 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline.

kjr603 12/10/98 ref325.w

In phantom run using surface source written from kjr325 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline.

kjr604 12/14/98 ref326.w

In phantom run using surface source written from kjr326 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline.

kjr605 12/23/98 ref328.w

In phantom run using surface source written from kjr328 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline.





In phantom run using surface source written from kr2005 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline.

kjr6l5 6/22/00 kr2005.w

In phantom run using surface source written from kr2005 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline. Calculated neutron energy spectrum as a
function of depth in phantom and calculated neutron dose rates using
muscle (A-150) KERMA coefficients (instead of those for brain).

kjr616 6/22/00 kr2006.w

In phantom run using surface source written from kr2006 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline. Calculated neutron energy spectrum as a
function of depth in phantom and calculated neutron dose rates using
muscle (A-1 50) KERMA coefficients.

kjr617

not used.

kjr6l8 6/27/00 kr2007.w

In phantom run using surface source written from kr2007 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline.

kjr619 6/22/00 kr2008.w

In phantom run using surface source written from kr2008 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline. Calculated neutron energy spectrum as a
function of depth in phantom and calculated neutron dose rates using
muscle (A-150) KERMA coefficients.

kjr620 6/22/00 kr2008.w

In phantom run using surface source written from kr2008 (n, gamma).
Source written at the end of collimator. Ellipsoidal water phantom with a 8
cm semiaxis along beamline. Calculated parameters to derive kT as a
function of depth in phantom.
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Fission Converter Fuel Loading Spreadsheet

Element 2 MIT-225
Inner Plates (3)

Axial % Burnup U-235
Segment Atom %

1
2
3
4
5
6
7
8
9

10
11
12
13
14

0.3759
0.299

0.3019
0.3522
0.4088
0.4464
0.493
0.4899
0.451

0.3974
0.3394
0.2904
0.2963
0.3679

0.0479286
0.0538343
0.0536116
0.0497487
0.0454020
0.0425145
0.0389358
0.0391739
0.0421612
0.0462775
0.0507317
0.0544947
0.0540416
0.0485430

Axial
Secment

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Middle Plates

% Burnup

0.2981
0.2285
0.2424
0.2945
0.3534
0.3921
0.4199
0.416

0.3976
0.3643
0.3076
0.2559
0.2557
0.3214

(9)
U-235 Atom

0.0539034
0.0592484
0.0581810
0.0541799
0.0496566
0.0466845
0.0445496
0.0448491
0.0462622
0.0488195
0.0531738
0.0571442
0.0571596
0.0521141

Outer Plates (3)
Axial % Burnup U-235

Seqment Atom %
1
2
3
4
5
6
7
8
9
10
11
12
13
14

0.3217
0.2428
0.2502
0.2999
0.3629
0.4295
0.4746
0.4956
0.4834
0.4542
0.3948
0.3395
0.3501
0.4226

U-235 loading (g)

Inner Middle Outer

0.0520910
0.0581503
0.0575820
0.0537652
0.0489270
0.0438124
0.0403488
0.0387361
0.0396730
0.0419155
0.0464772
0.0507240
0.0499100
0.04434231

REGION TOTAL:
ELEMENT TOTAL:

0.884
0.993
1.979
1.836
1.676
1.569
1.437
1.446
1.556
1.708
1.872
2.011
0.997
0.896

20.860
329.22

22.686 20.822

0.995
1.093
2.147
2.000
1.833
1.723
1.644
1.655
1.707
1.802
1.962
2.109
1.055
0.962

0.961
1.073
2.125
1.984
1.806
1.617
1.489
1.430
1.464
1.547
1.715
1.872
0.921
0.818

.

-
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kjr706 10/13/99 std427.w

Same as kjr705, the taper in the collimator and snout is changed to
provide a 15 cm aperture at the patient position.

22



Fission Converter Fuel Loading Spreadsheet

Element 4 MIT-242
Inner Plates (3)

Axial % Burnup U-235
Segment Atom %

1
2
3
4
5
6
7
8
9
10
11
12
13
14

0.3024
0.2353
0.242

0.2873
0.3469
0.4061
0.4818
0.498

0.4691
0.4287
0.3792
0.3339
0.3493
0.4263

0.0535732
0.0587262
0.0582117
0.0547328
0.0501557
0.0456094
0.0397959
0.0385518
0.0407712
0.0438738
0.0476752
0.0511541
0.0499714
0.0440581

Axial
Segment

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Middle Plates (9)

% Burnup U

0.2709
0.2089
0.2235
0.2731
0.3312
0.3711
0.4001
0.3927
0.3769
0.3481
0.2978
0.2493
0.2531
0.3219

-235 Atom

0.0559923
0.0607536
0.0596324
0.0558233
0.0513614
0.0482973
0.0460702
0.0466385
0.0478519
0.0500636
0.0539264
0.0576511
0.0573592
0.0520757

Axial
Segmer

1
2
3
4
5
6
7
8
9

10
11
12
13
14

Outer Plates (3)

% Burnup U-235
t Atom %

0.3099
0.2406
0.2471
0.2927
0.3515
0.3996
0.4235
0.4251
0.4144
0.3887
0.336
0.286

0.2981
0.3689

0.0529972
0.0583192
0.0578200
0.0543181
0.0498025
0.0461086
0.0442731
0.0441503
0.0449720
0.0469457
0.0509928
0.0548326
0.0539034
0.0484662,

REGION
ELEMENT

U-235 loading (g)

Inner Middle Outer

TOTAL:
TOTAL:

0.989
1.084
2.148
2.020
1.851
1.683
1.469
1.423
1.505
1.619
1.759
1.888
0.922
0.813

21.172
339.45

1.033
1.121
2.201
2.060
1.895
1.782
1.700
1.721
1.766
1.848
1.990
2.128
1.058
0.961

0.978
1.076
2.134
2.005
1.838
1.702
1.634
1.629
1.660
1.733
1.882
2.024
0.995
0.894

23.265 22.182

..
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The kr2000 series consists of several calculations with the final beam
configuration (both 10 and 11 fuel elements). Minor changes have been
made to the model in an attempt to improve agreement with the measured
values.

kr2000 1/10/00 std427.w

Built from kjr320. Calculation of the beam parameters (without patient
collimator) using the 11 elements selected for use in the converter. Tallied
power in each plate of the converter fuel.

kr2001 4/24/00 std427.w

Built from kjr320. Calculation of the beam parameters (without patient
collimator) using the 10 elements loaded into the converter. The
aluminum wedges used on each end of the fuel array were also included.
Tallied power in each plate of the converter fuel.

kr2002 5/17/00 std427.w

Built from kjr320, using the patient collimator designed by Jameel Ali.
Calculation of the beam parameters using the 10 elements loaded into the
converter.

kr2003 6/3/00 std427.w

Built from kjr320, using the 'temporary collimator' that measurements in
the beam were performed with. Calculation of the beam parameters using
the 10 elements loaded into the converter.

kr2004

not used.

kr2005 6/20/00 std427.w

Built from kjr320, using the 'temporary collimator' that measurements in
the beam were performed with. Calculation of the beam parameters using
the 10 elements loaded into the converter. The filter/moderator region
was modified to include the aluminum holding plate and gas seal and
teflon thickness increased to 14.4 cm. C02 fill gas was also added in the
small void between the filter/moderator and the gas seal.

kr2006 6/20/00 std427.w

Built from kjr320, using the 'temporary collimator' that measurements in
the beam were performed with. Calculation of the beam parameters using
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Fission Converter Fuel Loading Spreadsheet

% Burnup U-235
Atom %

0.2742
0.2143
0.2187
0.25778
0.3062
0.3557
0.4224
0.4358
0.4066
0.368
0.323
0.2821
0.2954
0.366

0.0557388
0.0603389
0.0600010
0.0569998
0.0532814
0.0494799
0.0443576
0.0433285
0.0455710
0.0485353
0.0519912
0.0551322
0.0541108
0.0486889

Axial
Seqment

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Middle Plates

% Burnup

0.2399
0.1851
0.1967
0.2389
0.2888
0.3234
0.3491
0.3435
0.3286
0.3023
0.2568
0.2127
0.2152
0.2764

(9)
U-235 Atom

0.0583730
0.0625814
0.0616906
0.0584498
0.0546176
0.0519605
0.0499868
0.0504169
0.0515611
0.0535809
0.0570751
0.0604618
0.0602698
0.0555699

Outer Plates (3)
Axial % Burnup U-235

Seqment Atom %
1
2
3
4
5
6
7
8
9
10
11
12
13
14

0.2688
0.2079
0.2127
0.2518
0.3037
0.3513
0.3743
0.3779
0.3675
0.3439
0.296
0.2503
0.2608
0.3255

0.0561535
0.0608304
0.0604618
0.0574591
0.0534733
0.0498178
0.0480515
0.0477751
0.0485737
0.0503861
0.0540647
0.0575743
0.0567679
0.0517992

U-235 loading (g)

Inner Middle Outer

1.029
1.113
2.214
2.104
1.966
1.826
1.637
1.599
1.682
1.791
1.919
2.035
0.998
0.898

REGION TOTAL: 22.812
ELEMENT TOTAL: 361.28

1.077
1.155
2.277
2.157
2.016
1.918
1.845
1.861
1.903
1.977
2.106
2.231
1.112
1.025

1.036
1.122
2.231
2.121
1.973
1.839
1.773
1.763
1.793
1.860
1.995
2.125
1.048
0.956

24.660 23.635

Element 6 MIT-239 NOT USED
Inner Plates (3)

Axial
Segment

1
2
3
4
5
6
7
8
9
10
11
12
13
14

KR 4/11/00



Appendix 1.B - Fuel Loading Spreadsheet

The spreadsheets in this appendix present the percent 23U burnup calculated

by CITATION for the 10 elements that were loaded into the converter (plus an

1 1 th element that was not used, refer to Section 2.3). The spreadsheet

determines the 235U concentration for each segment of each fuel element.

The resulting concentrations have been (elsewhere) formatted for MCNP

input.
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Fission Converter Fuel Loading Spreadsheet

Element 8 MIT-230
Inner Plates (3)

Axial U-235
Seament % Burnup Atom %

1
2
3
4
5
6
7
8
9

10
11
12
13
14

0.3234
0.2464
0.2294
0.2756
0.3269
0.358

0.3713
0.3767
0.3652
0.3375
0.2882
0.2428
0.255

0.3373

0.0519605
0.0578738
0.0591793
0.0556313
0.0516917
0.0493033
0.0482819
0.0478672
0.0487504
0.0508776
0.0546637
0.0581503
0.0572133
0.0508930

Axial
Seament

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Middle Plates

% Burnup

0.2822
0.2149
0.2105
0.2579
0.3098
0.3482
0.3664
0.364

0.3487
0.3193
0.2713
0.2249
0.2287
0.3059

(9)
U-235 Atom

0.0551245
0.0602929
0.0606308
0.0569906
0.0530049
0.0500559
0.0486582
0.0488425
0.0500175
0.0522753
0.0559616
0.0595249
0.0592331
0.0533044

Outer Plates (3)
Axial % Burnup U-235

Seqment Atom %
1
2
3
4
5
6
7
8
9
10
11
12
13
14

0.2996
0.2294
0.2205
0.2645
0.3195
0.3927
0.4342
0.4397
0.412

0.3745
0.3267
0.2836
0.2999
0.3863

U-235 loading (g)

Inner Middle Outer

0.0537882
0.0591793
0.0598628
0.0564838
0.0522600
0.0466385
0.0434514
0.0430290
0.0451563
0.0480362
0.0517070
0.0550170
0.0537652
0.0471300,

REGION TOTAL:
ELEMENT TOTAL:

0.959
1.068
2.184
2.053
1.908
1.820
1.782
1.767
1.799
1.878
2.017
2.146
1.056
0.939

23.374
353.38

23.986 22.459

1.017
1.113
2.238
2.103
1.956
1.847
1.796
1.803
1.846
1.929
2.065
2.197
1.093
0.984

0.993
1.092
2.209
2.085
1.929
1.721
1.604
1.588
1.666
1.773
1.908
2.030
0.992
0.870

KR 4/11/00



Fission Converter Fuel Loading Spreadsheet

Fuel Meat Density:
Fuel Meat Atom Density:

U-235 Density for Fresh Fuel:
U-235 Atom Density for Fresh Fuel:

3.675245 g/cc
5.01E+22 atoms/cc

1.5034 g/cc
3.8513E+21 atoms/cc

Lumped FP + U-235 Atom Fraction in Fuel: 0.0767964
Volume per segment: 0.942592 cc

1.88518

Element 1 MIT-210
Inner Plates (3)

Axial % U-235
Segment / Burnup Atom %

1
2
3
4
5
6
7
8
9
10
11
12
13
14

0.4366
0.34

0.2859
0.3314
0.3859
0.438

0.4623
0.4735
0.4624
0.4289
0.3779
0.3302
0.3666
0.507

0.0432671
0.0506856
0.0548403
0.0513461
0.0471607
0.0431596
0.0412934
0.0404333
0.0412858
0.0438584
0.0477751
0.0514382
0.0486429
0.0378606

Axial
Segment

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Middle Plates

% Burnup

0.4194
0.3283
0.2799
0.3313
0.3877
0.429

0.4438
0.4541
0.4401
0.4013
0.3492
0.2979
0.3106
0.4445

(9)
U-235 Atom

0.0445880
0.0515842
0.0553011
0.0513538
0.0470224
0.0438508
0.0427142
0.0419232
0.0429983
0.0459780
0.0499791
0.0539188
0.0529435
0.0426604

Outer Plates (3)
Axial U-235

Seqment % Burnup Atom %
1
2
3
4
5
6
7
8
9
10
11
12
13
14

0.4737
0.3821
0.3134
0.3626
0.4185
0.4556
0.4659
0.4708
0.4513
0.3998
0.3512
0.3105
0.3416
0.4854

0.0404180
0.0474525
0.0527284
0.0489500
0.0446571
0.0418080
0.0410170
0.0406407
0.0421382
0.0460932
0.0498255
0.0529511
0.0505628
0.03951941

REGION
ELEMENT

U-235 loading (g)

Inner Middle Outer

0.798
0.935
2.024
1.895
1.740
1.593
1.524
1.492
1.524
1.619
1.763
1.898
0.898
0.699

TOTAL:
TOTAL:

20.402
311.71

0.823
0.952
2.041
1.895
1.735
1.618
1.576
1.547
1.587
1.697
1.844
1.990
0.977
0.787

0.746
0.876
1.946
1.807
1.648
1.543
1.514
1.500
1.555
1.701
1.839
1.954
0.933
0.729

21.070 20.290

,

'

,I
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Fission Converter Fuel Loading Spreadsheet

Element 3 MIT-226
Inner Plates (3)

Axial
Segment

1
2
3
4
5
6
7
8
9
10
11
12
13
14

% Burnup

0.3044
0.2334
0.2444
0.294

0.3575
0.4313
0.4747
0.4783
0.4511
0.4134
0.3611
0.3135
0.3285
0.4056

U-235
Atom %

0.0534196
0.0588721
0.0580274
0.0542183
0.0493417
0.0436741
0.0403412
0.0400647
0.0421536
0.0450488
0.0490652
0.0527207
0.0515688
0.0456478

Middle Plates (9)
Axial % Burnup U

Segment
1
2
3
4
5
6
7
8
9
10
11
12
13
14

0.2866
0.2176
0.2339
0.2859
0.3469
0.3922
0.4164
0.4057
0.3902
0.3607
0.3073
0.2566
0.2642
0.3352

Outer Plates (3)
-235 Atom Axial % Burnup U-235

% Seament Atom %
0.0547866
0.0600855
0.0588337
0.0548403
0.0501557
0.0466769
0.0448184
0.0456401
0.0468305
0.0490960
0.0531969
0.0570905
0.0565068
0.0510543

1
2
3
4
5
6
7
8
9
10
11
12
13
14

0.3281
0.2479
0.2533
0.3007
0.3631
0.4225
0.4578
0.4703
0.4595
0.4319
0.3757
0.3224
0.3416
0.418

0.0515995
0.0577586
0.0573439
0.0537037
0.0489116
0.0443499
0.0416390
0.0406791
0.0415085
0.0436280
0.0479440
0.0520373
0.0505628
0.0446955,

REGION
ELEMENT

U-235 loading (g)

Inner Middle Outer

0.986
1.086
2.142
2.001
1.821
1.612
1.489
1.479
1.556
1.663
1.811
1.946
0.952
0.842

TOTAL:
TOTAL:

21.383
333.10

1.011
1.109
2.171
2.024
1.851
1.723
1.654
1.684
1.728
1.812
1.963
2.107
1.043
0.942

0.952
1.066
2.116
1.982
1.805
1.637
1.537
1.501
1.532
1.610
1.769
1.920
0.933
0.825

22.822 21.186

.
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Fission Converter Fuel Loading Spreadsheet

Element 5 MIT-245
Inner Plates (3)

Axial U-235
Segment % Burnup Atom %

1
2
3
4
5
6
7
8
9

10
11
12
13
14

0.3085
0.2316
0.2343
0.274

0.3228
0.3511
0.37

0.3743
0.3689
0.3449
0.2935
0.244

0.2602
0.3229

0.0531047
0.0590104
0.0588030
0.0557542
0.0520065
0.0498332
0.0483817
0.0480515
0.0484662
0.0503093
0.0542567
0.0580581
0.0568140
0.0519989

Axial
Segment

1
2
3
4
5
6
7
8
9

10
11
12
13
14

Middle Plates (9)

% Burnup U-235 Atom

0.2443
0.1823
0.1965
0.2393
0.2882
0.3207
0.3465
0.3392
0.3298
0.3065
0.2661
0.2172
0.2252
0.288

0.0580351
0.0627964
0.0617059
0.0584190
0.0546637
0.0521678
0.0501865
0.0507471
0.0514690
0.0532583
0.0563609
0.0601162
0.0595019
0.0546791

Outer Plates (3)
Axial U-235

Segment % Burnup Atom %
1
2
3
4
5
6
7
8
9
10
11
12
13
14

0.2321
0.1703
0.1818
0.2214
0.2724
0.3314
0.4052
0.4316
0.4199
0.3947
0.3515
0.3098
0.3304
0.4064

0.0589720
0.0637180
0.0628348
0.0597937
0.0558771
0.0513461
0.0456785
0.0436511
0.0445496
0.0464849
0.0498025
0.0530049
0.0514229
0.04558641

REGION
ELEMENT

U-235 loading (g)

Inner Middle Outer

TOTAL:
TOTAL:

0.980
1.089
2.170
2.058
1.919
1.839
1.786
1.773
1.789
1.857
2.002
2.143
1.048
0.960

23.412
360.61

1.071
1.159
2.277
2.156
2.017
1.925
1.852
1.873
1.899
1.966
2.080
2.219
1.098
1.009

1.088
1.176
2.319
2.207
2.062
1.895
1.686
1.611
1.644
1.716
1.838
1.956
0.949
0.841

24.601 22.987

KR 4/11/00
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Attenuation
thru cell

Attenuation
thru half cell

Total
Attenuation

Solid Angle
Attenuation

t 4 4

rem"

Gamma Flux
at Patient
Position

/c~fm
2 5aEI

__ _ __ _ . -. .vr 2. ___ ___ __

0.5327
0.5327
0.5327
0.5327
0.5327
0.5327
0.5327
0.5327
0.5327
0.5327
0.5327
0.5327
0.5327
0.5327

0.7299
0.7299
0.7299
0.7299
0.7299
0.7299
0.7299
0.7299
0.7299
0.7299
0.7299
0.7299
0.7299
0.7299

7.15E-06
1.34E-05
2.52E-05
4.73E-05
8.88E-05
1.67E-04
3.13E-04
5.87E-04
1.1OE-03
2.07E-03
3.88E-03
7.29E-03
1.37E-02
2.57E-02

0.0352

1.25E-06
1.30E-06
1.35E-06
1.41 E-06
1.47E-06
1.54E-06
1.61 E-06
1.68E-06
1.76E-06
1.85E-06
1.94E-06
2.04E-06
2.15E-06
2.26E-06

Dose Rate at Patient Position (cGy/min):
Buildup Factor = 4

1.62E+03
2.42E+03
3.63E+03
5.57E+03
8.65E+03
1.36E+04
2.18E+04
3.52E+04
5.80E+04
9.71 E+04
1.68E+05
2.99E+05
5.51 E+05
1.08E+06
2.34E+06

3.93E-01

cell

42205
42210
42215
42220
42225
42230
42235
42240
42245
42250
42255
42260
42265
42270

TOTAL



Fission Converter Fuel Loading Spreadsheet

Element 7
Inn

Axial
Segment

1
2
3
4
5
6
7
8
9
10
11
12
13
14

MIT-223
er Plates (3)

U-235% Burnup Atom %
0.3711
0.2827
0.2807

0.32
0.3639
0.3899
0.4072
0.4038
0.3833
0.3385
0.2763
0.2244
0.2336
0.2823

0.0482973
0.0550861
0.0552397
0.0522216
0.0488502
0.0468535
0.0455249
0.0457860
0.0473604
0.0508008
0.0555776
0.0595633
0.0588568
0.0551168

Axial
Segment

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Middle Plates (9)

% Burnup U-235 Atom

0.3029
0.2226
0.2317
0.2747
0.3196
0.3505
0.3729
0.3739
0.3566
0.3185
0.2589
0.2069
0.2075
0.2548

0.0535348
0.0597015
0.0590027
0.0557004
0.0522523
0.0498793
0.0481590
0.0480822
0.0494108
0.0523368
0.0569138
0.0609072
0.0608612
0.0572287

Axial
Seamer

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Outer Plates (3)
U-235

t Burnup Atom %
0.3358
0.2521
0.2541
0.2942
0.3407
0.3978
0.4529
0.4645
0.4372
0.3821
0.323

0.2749
0.2863
0.3443

0.0510082
0.0574360
0.0572825
0.0542029
0.0506319
0.0462468
0.0420153
0.0411245
0.0432210
0.0474525
0.0519912
0.0556851
0.0548096
0.05035541

REGION
ELEMENT

U-235 loading (g)

Inner Middle Outer

TOTAL:
TOTAL:

0.891
1.016
2.039
1.927
1.803
1.729
1.680
1.690
1.748
1.875
2.051
2.198
1.086
1.017

22.750
349.64

0.988
1.102
2.178
2.056
1.928
1.841
1.777
1.774
1.824
1.931
2.100
2.248
1.123
1.056

0.941
1.060
2.114
2.000
1.869
1.707
1.551
1.518
1.595
1.751
1.919
2.055
1.011
0.929

23.926 22.020

KR 4/11/00





Fission Converter Fuel Loading Spreadsheet

Element 9 MIT-229
Inner Plates (3)

Axial U-235
Segment % Burnup Atom %

1
2
3
4
5
6
7
8
9

10
11
12
13
14

0.2984
0.2298
0.2396
0.2914
0.3573
0.4277
0.4684
0.4703
0.4411
0.4031
0.3527
0.3055
0.3206
0.4008

0.0538804
0.0591486
0.0583960
0.0544179
0.0493571
0.0439506
0.0408250
0.0406791
0.0429215
0.0458398
0.0497103
0.0533351
0.0521755
0.0460164

Axial
Seament

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Middle Plates (9)

% Burnup

0.2752
0.2087
0.2235
0.2754
0.3365
0.3827
0.4077
0.3971
0.3809
0.3517
0.2995
0.2479
0.2541
0.3256

-235 Atom Axial
% I Seament

0.0556620
0.0607690
0.0596324
0.0556467
0.0509544
0.0474064
0.0454865
0.0463006
0.0475447
0.0497871
0.0537959
0.0577586
0.0572825
0.0517915

1
2
3
4
5
6
7
8
9

10
11
12
13
14

)uter Plates (3)
U-235% Burnup Atom %

0.322
0.2492
0.2529
0.2994
0.3604
0.4249
0.4639
0.4798
0.4698
0.4415
0.3823
0.3253
0.3446
.0.419

0.0520680
0.0576588
0.0573746
0.0538036
0.0491190
0.0441656
0.0411706
0.0399495
0.0407175
0.0428908
0.0474371
0.0518145
0.0503324
0.04461871

REGION
ELEMENT

U-235 loading (g)
Inner Middle Outer

TOTAL:
TOTAL:

0.994
1.091
2.155
2.008
1.822
1.622
1.507
1.501
1.584
1.692
1.835
1.968
0.963
0.849

21.591
336.24

1.027
1.121
2.201
2.054
1.880
1.750
1.679
1.709
1.755
1.837
1.985
2.132
1.057
0.956

0.961
1.064
2.117
1.986
1.813
1.630
1.519
1.474
1.503
1.583
1.751
1.912
0.929
0.823

23.142 21.065

'-
.
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Fission Converter Fuel Loading Spreadsheet

Element 11 MIT-238
Inner Plates (3)

Axial % Burnup U-235
Segment Atom %

1
2
3
4
5
6
7
8
9
10
11
12
13
14

0.4382
0.3564
0.2799
0.3211
0.3684
0.401

0.4093
0.4295
0.4162
0.3843
0.3393
0.3001
0.3249
0.4647

0.0431442
0.0494262
0.0553011
0.0521371
0.0485046
0.0460011
0.0453636
0.0438124
0.0448338
0.0472836
0.0507394
0.0537498
0.0518453
0.0411091

Axial
Segment

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Middle Plates

% Burnup

0.3876
0.3112
0.257

0.3026
0.3509
0.3848
0.3948
0.4119
0.3953
0.3599
0.3124
0.2647
0.264

0.3938

(9)
U-235 Atom

%
0.0470301
0.0528974
0.0570597
0.0535578
0.0498486
0.0472452
0.0464772
0.0451640
0.0464388
0.0491574
0.0528052
0.0564684
0.0565222
0.0465540

Outer Plates (3)
Axial % Burnup U-235

Segment Atom %
1
2
3
4
5
6
7
8
9
10
11
12
13
14

0.414
0.3364
0.2841
0.3312
0.3801
0.4138
0.4235
0.4173
0.3843
0.3368
0.2912
0.2505
0.2669
0.4115

0.0450027
0.0509621
0.0549786
0.0513614
0.0476061
0.0450181
0.0442731
0.0447493
0.0472836
0.0509314
0.0544333
0.0575589
0.0562995
0.04519471

REGION
ELEMENT

U-235 loading (g)

Inner Middle Outer

TOTAL:
TOTAL:

0.796
0.912
2.041
1.924
1.790
1.698
1.674
1.617
1.655
1.745
1.873
1.984
0.957
0.759

21.423
331.55

0.868
0.976
2.106
1.977
1.840
1.744
1.715
1.667
1.714
1.814
1.949
2.084
1.043
0.859

0.830
0.940
2.029
1.895
1.757
1.661
1.634
1.651
1.745
1.880
2.009
2.124
1.039
0.834

22.354 22.030
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Appendix Ill.C - 28AI Activation Photon Dose Calculat ions

The spreadsheets in this appendix estimate the dose rate at the patient

position that result from 28Al activation in the filter/moderator as well as the

water shutter tank (see Section 2.6.1). The aluminum in the filter/moderator

has been segmented into 5 cm thick sections, while the water shutter is

comprised of 6 segments (four in the walls and one each for the front and

back). The saturated activity of 2 8AI has been calculated in each of these

segments using MCNP. The calculated saturated activity is then attenuated

through the remaining sections of filter moderator and lead photon shield (if

applicable). Geometric attenuation between the source and patient position is

accounted for, assuming an isotropic source. The resultant photon flux at the

patient position is multiplied with the KERMA coefficient for 28AI photons to

determine the dose rate. A buildup factor of 4 has been used (estimated from

Turner).

s5





Pb
Al

W/p
0.0491
0.0467

len'P

0.0250
0.0236

P
11.35
2.70

11
0.5577
0.1260

Ien

0.2838
0.0637

Begin Center Fraction of
cell Material surface of of cell MCNP na % Error ue Activity in cell Total

cell (x-coord.) Input volume Activity

[cm] [cm] rBq/cm3l rcm3, [Bq]
42205 Al 5 7.5 130.594 2.77E+09 0.74% 65625 1.82E+14 0.22
42210 Al 10 12.5 135.594 2.11E+09 0.73% 65625 1.39E+14 0.16
42215 Al 15 17.5 140.594 1.62E+09 0.71% 65625 1.06E+14 0.13
42220 Al 20 22.5 145.594 1.27E+09 0.79% 65625 8.34E+13 0.10
42225 Al 25 27.5 150.594 1.01E+09 0.80% 65625 6.62E+13 0.08
42230 Al 30 32.5 155.594 8.11E+08 0.80% 65625 5.32E+13 0.06
42235 Al 35 37.5 160.594 6.60E+08 0.81% 65625 4.33E+13 0.05
42240 Al 40 42.5 165.594 5.43E+08 0.81% 65625 3.56E+13 0.04
42245 Al 45 47.5 170.594 4.55E+08 0.81% 65625 2.98E+13 0.04
42250 Al 50 52.5 175.594 3.87E+08 0.82% 65625 2.54E+13 0.03
42255 Al 55 57.5 180.594 3.40E+08 0.82% 65625 2.23E+13 0.03
42260 Al 60 62.5 185.594 3.06E+08 0.82% 65625 2.01E+13 0.02
42265 Al 65 67.5 196.594 2.86E+08 0.83% 65625 1.87E+13 0.02
42270 Al 70 72.5 195.594 2.82E+08 0.83% 65625 1.85E+13 0.02

TOTAL 8.44E+14 1.00

Photon Shield
Collimator

Patient Position

75
81

260 KERMA at 1.77 MeV: 7.OOE-10 cGycm2Iy



in-air

Flux
(n/cm2 sec)

1.06E+09
5.20E+08
3.96E+08
2.23E+08
4.88E+08
7.19E+08
4.68E+08
2.74E+08
6.12E+08
4.30E+08
5.61 E+08
3.58E+08
4.30E+08
4.51 E+08
2.50E+08
1.22E+08
1.18E+08
2.33E+07
1.25E+07
1.75E+07

Avg. Wn Calculation

Numer.

1.1E-02
1.2E-03
7.2E-04
3.3E-04
6.OE-04
8.1E-04
5.7E-04
4.3E-04
1.5E-03
1.7E-03
3.7E-03
4.1E-03
8.8E-03
1.6E-02
1.6E-02
1.3E-02
2.1E-02
7.OE-03
7.1E-03
1.7E-02

Denom.

3.4E-04
4.QE-05
2.3E-05
1.OE-05
1.6E-05
1.8E-05
8.8E-06
4.2E-06
9.7E-06
1.2E-05
3.6E-05
5.6E-05
1.7E-04
3.9E-04
4.1E-04
3.6E-04
6.1E-04
2.2E-04
2.3E-04
5.7E-04

Depth:

Numer.

0.25

Denom.

Depth

Numer.

0.75

Denom.

I ____________________________ I _________________________ I

7.89E+00
1.14E-01
8.58E-02
4.03E-02
2.56E-02
3.29E-02
2.05E-02
1.93E-02
5.40E-02
1.58E-01
8.16E-02
2.23E-01
4.43E-01
5.19E-01
1.18E+00
1.57E+00
8.74E-01
4.99E-01
1.64E-01
4.57E-01

2.56E-01
3.71 E-03
2.77E-03
1.26E-03
6.75E-04
7.15E-04
3.15E-04
1.91E-04
3.63E-04
1.09E-03
7.92E-04
3.06E-03
8.44E-03
1.25E-02
3.11E-02
4.49E-02
2.51 E-02
1.58E-02
5.30E-03
1.48E-02

I -- .. -- I

Wn (opi.)
kTE (epith.)

Wn (all E)

kTE (all E)

38.113
0.766

37.40
0.781

1.45E+01 37.96
0.769

33.68
0.867

1.15E+01
1.21 E-01
7.77E-02
3.91 E-02
3.13E-02
3.55E-02
2.41 E-02
2.11E-02
4.08E-02
1.18E-01
8.64E-02
1.67E-01
3.40E-01
3.99E-01
8.11E-01
1.02E+00
7.20E-01
3.57E-01
1.28E-01
4.04E-01
1.64E+01

3.72E-01
3.94E-03
2.51 E-03
1.22E-03
8.23E-04
7.71 E-04
3.70E-04
2.08E-04
2.74E-04
8.11E-04
8.38E-04
2.28E-03
6.48E-03
9.62E-03
2.13E-02
2.90E-02
2.07E-02
1.13E-02
4.13E-03
1. 31 E-02

38.04
0.768

32.67
0.894

Depth: 1.25

Numer. Denom.

1.50E+01
1.07E-01
7.40E-02
3.17E-02
3.37E-02
3.12E-02
2.38E-02
1.90E-02
3.54E-02
8.58E-02
8.21 E-02
1.11E-01
2.05E-01
3.OOE-01
4.43E-01
5.63E-01
4.44E-01
2.09E-01
6.29E-02
6.32E-01

4.87E-01
3.48E-03
2.39E-03
9.91 E-04
8.87E-04
6.77E-04
3.66E-04
1.88E-04
2.38E-04
5.92E-04
7.97E-04
1.53E-03
3.90E-03
7.24E-03
1.17E-02
1.61 E-02
1.28E-02
6.64E-03
2.03E-03
2.05E-02

1.85E+01 37.59
0.777

31.89
0.916

Energy
Bin (MeV)

2.20E-06
4.50E-06
8.OOE-06
1.20E-05
2.20E-05
4.50E-05
8.OOE-05
1.20E-04
2.20E-04
4.50E-04
8.OOE-04
1.20E-03
2.20E-03
4.50E-03
8.OOE-03
1.20E-02
2.20E-02
4.50E-02
8.OOE-02
2.OOE+01

A-150
Kerma
Coeff.

1.OOE-11
2.34E-12
1.81 E-12'
1.48E-12
1.22E-12
1.13E-12
1.22E-12
1.56E-12
2.37E-12
3.93E-12
6.63E-12
1.14E-11
2.04E-1 1
3.62E-1 1
6.22E-11
1.05E-10
1.82E-10
3.02E-1 0
5.67E-1 0
1.OOE-09

total 7.54E-+09

~~
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Water Shutter Section

Cell Volume
(cm3)

large end
side
side
side
side

small end

42850
42851
42852
42853
42854
42855

12207
5671
5671
4914
4914
4673

Al-28
Activity*
(Bq/cm3)

3.28E+07
2.82E+07
2.93E+07
2.85E+07
2.85E+07
2.72E+07

% Error Activity
(Bq)

0.0095
0.0107
0.0104
0.0107
0.0107
0.0104

Distance from start of H20 shutter to Patient Pos.:
Distance from end of H20 shutter to Patient Pos.:

Unattenuated gamma flux at Patient Pos.:
1.7 MeV gamma KERMA:

Dose Rate at Patient Position:

4.OOE+ 11
1.60E+11
1.66E+ 11
1.40E+11
1.40E+11
1.27E+11
1.13E+12

150
80

6.64E+06
7.OOE-10
2.79E-01

Fraction of
total activity

3.53E-01
1.41 E-01
1.47E-01
1.24E-01
1.24E-01
1.12E-01

Unattenuated
Gamma Flux

at Patient
Position

1,42E+06
9.62E+05
1.OOE+06
8.43E+05
8.43E+05
1.58E+06
6.64E+06

cm
cm

7/cm 2 sec
cGy/cm 2 7
cGy/min

* - Determined from MCNP tally in designated cell



Depth: 4.75

Numer. Denom.

1.29E+01
1.51 E-02
7.44E-03
3.70E-03
4.79E-03
3.82E-03
2.62E-03
1.83E-03
3.13E-03
5.44E-03
4.91 E-03
4.37E-03
7.93E-03
1.18E-02
9.45E-03
8.90E-03
6.87E-03
8.62E-03
1.09E-02
1.54E-01

4.19E-01
4.89E-04
2.40E-04
1.16E-04
1.26E-04
8.30E-05
4.03E-05
1.81 E-05
2.1 OE-05
3.75E-05
4.77E-05
5.99E-05
1. 51 E-04
2.84E-04
2.49E-04
2.54E-04
1.98E-04
2.74E-04
3.52E-04
5.02E-03

1.32E+01 34.27
0.852

30.87
0.946

Depth: 5.25

Numer. Denom.

1.13E+01
1.07E-02
5.15E-03
2.66E-03
3.25E-03
2.98E-03
1.79E-03
1.24E-03
2.10E-03
3.33E-03
3.16E-03
2.80E-03
4.32E-03
7.65E-03
6.11E-03
5.50E-03
4.61 E-03
6.91 E-03
7.76E-03
1. 31 E-01

3.68E-01
3.49E-04
1.66E-04
8.31 E-05
8.56E-05
6.49E-05
2.75E-05
1.23E-05
1.41 E-05
2.29E-05
3.07E-05
3.83E-05
8.23E-05
1.84E-04
1.61E-04
1.57E-04
1.33E-04
2.19E-04
2.50E-04
4.26E-03

1.16E+01 33.64
0.868

30.85
0.947

Depth: 5.75

Numer. Denom.

9.90E+00
7.49E-03
3.38E-03
2.03E-03
2.07E-03
1.89E-03
1.20E-03
8.34E-04
1.40E-03
2.21 E-03
1.86E-03
1.79E-03
2.97E-03
3.76E-03
3.15E-03
2.29E-03
3.34E-03
5.73E-03
5.88E-03
1.05E-01

I 1.01E+01

3.21 E-01
2.43E-04
1.09E-04
6.34E-05
5.46E-05
4.11E-05
1.84E-05
8.26E-06
9.40E-06
1.53E-05
1.80E-05
2.46E-05
5.67E-05
9.07E-05
8.28E-05
6.55E-05
9.60E-05
1.82E-04
1.90E-04
3.40E-03

33.13
0.881

30.83
0.947

Depth: 6.25

Numer. Denom.

8.60E+00
5.72E-03
2.61 E-03
1.34E-03
1.50E-03
1.23E-03
9.37E-04
5.33E-04
1.02E-03
1.21 E-03
1.18E-03
1.12E-03
2.06E-03
1.96E-03
1.92E-03
1.23E-03
2.66E-03
4.37E-03
4.53E-03
1.09E-01

2.79E-01
1.86E-04
8.42E-05
4.20E-05
3.95E-05
2.67E-05
1.44E-05
5.28E-06
6.85E-06
8.37E-06
1.15E-05
1.53E-05
3.93E-05
4.73E-05
5.06E-05
3.52E-05
7.64E-05
1.39E-04
1.46E-04
3.54E-03

8.74E+00 32.39
0.902

30.83
0.947

Depth: 6.75

Numer. Denom.

7.28E+00
4.05E-03
1.83E-03
9.95E-04
1.08E-03
8.19E-04
6.00E-04
3.18E-04
6.06E-04
7.62E-04
7.44E-04
5.68E-04
1.39E-03
1.53E-03
1.24E-03
1.15E-03
2.06E-03
4.15E-03
4.15E-03
9.80E-02

2.36E-01
1.32E-04
5.89E-05
3.11E-05
2.84E-05
1.78E-05
9.23E-06
3.15E-06
4.06E-06
5.26E-06
7.22E-06
7.78E-06
2.64E-05
3.68E-05
3.26E-05
3.29E-05
5.93E-05
1.32E-04
1.34E-04
3.18E-03

7.40E+00 31.99
0.913

30.82
0.947

Depth:

Numer. Den

6.15E+00
2.94E-03
1.19E-03
7.47E-04
5.94E-04
5.OOE-04
3.27E-04
2.04E-04
3.80E-04
4.51 E-04
4.61 E-04
5.94E-04
1.03E-03
9.27E-04
1.1OE-03
1.37E-03
1.64E-03
2.23E-03
3.49E-03
9.97E-02

7.25

om.

2.OOE-01
9.53E-05
3.85E-05
2.33E-05
1.56E-05
1.09E-05
5.03E-06
2.02E-06
2.55E-06
3.11E-06
4.48E-06
8.13E-06
1.96E-05
2.23E-05
2.89E-05
3.92E-05
4.70E-05
7.07E-05
1.13E-04
3.24E-03

6.27E+00 31.66
0.922

30.82
0.948

'

.
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Appendix Il.D - Mechanical Shutter Failure Dose Calc ulations

The spreadsheet in this appendix estimates the total dose delivered to a

patient in the event of a mechanical shutter failure (see Section 4.2.2). In this

worst case scenario, the mechanical shutter is presumed to fail (by jamming

or bearing failure) in the full open position at the end of an irradiation when it is

to be closed. It is also assumed that an automatic reactor scram is initiated

when the beam monitors reach 102% of the prescribed counts and that the

mechanical shutter is closed or the patient is removed from the room within

10 minutes. A five minute irradiation to 1250 RBE cGy is assumed, which is

the shortest irradiation that is likely to be administered with the FCB. The

peak dose rate to normal tissue is calculated using MCNP assuming 20 pg/g

of 10B in tissue. This peak dose rate is immediately attenuated by two orders

of magnitude once the reactor has scrammed and rapidly decays thereafter

(from the decay of photons and delayed neutrons). The patient receives

102% of the prescribed dose before the reactor scram is initiated and an

another 0.6% before the situation is resolved. The total overexposure for this

worst case scenario is therefore 2.6%.
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Mechanical Shutter Failure Dose Calculations

Facility Information:
FCB Configuration: Spent Fuel, D20 Cooling

FCB Power: 33 kW

Time required to open and close mechanical shutter:

Time between signal to scram and completion of reactor scram:

Time between shutter failure and closure of shutter by manual means:

9 seconds
1 seconds

600 seconds
(or removal of patient from room)

Normal Operating Condition Dose Rates at NT Dmax (cGy/min)
(for FCB with power indicated above - dose rates scaled from MCNP calculation kjr320)

B-10: 6.1 cGy/min ppm
Fast Neutron: 1.09 cGy/min
Slow Neutron: 10.2 cGy/min

Gamma: 59 cGy/min

Boron in Tissue:

RBE's:
B-10 (in NT):

Fast Neutrons:
Slow Neutrons:

Gammas:

20 ppm

1.3
3.2
3.2
1.0

Quality Factors:
N/A
10
10

1

Normal Irradiation:
Assuming Dose Rate at NT Dr varies linearly in time as shutter opens and closes:

NT Target Dose: 1250 RBE cGy
RBE Dose Rate at NT Dmx: 253.7 RBE cGy/min

Dose During MS Opening: 38 RBE cGy
Remaining Dose: 1212 RBE cGy

Shutter Full Open Time: W seconds

Mechanical Shutter Failure Scenario * - (assuming Rx scram occurs when 102% of target count is reached)

Assuming failure of MS with reactor scram (no MS closure until): 600 seconds after failure

Dose Delivered During Irradiation:
During Shutter Opening: 19

During Shutter Full Open: 1212
Between Intended MS Close Time and Initiation of Rx Scram: 44

Between Initiation and Completion of Rx Scram: 4

RBE cGy
RBE cGy
RBE cGy
RBE cGy

Dose Delivered After Rx Scram, but before Mechanical Shutter Closure:
B-10 Dose 0.239 RBE cGy

Fast Neutron Dose 0.005 RBE cGy
Slow Neutron Dose 0.049 RBE cGy

Gamma Dose 3.259 RBE cGy
SUBTOTAL: 3.552 RBE cGy

TOTAL DELIVERED TO Dmax:
% Difference from Target Dose:

1282.78
2.62%

KJR 2/00]

*





Appendix IIl.E - Calculation of kT

The spreadsheet in this appendix calculates values for kT at different depths in

phantom, using the W, values from Jensen (see Section 5.0). The data from

Jensen is shown on the first page, as is the formula for averaging Wn over the

neutron energy distribution. The KERMA weighted neutron flux has been

calculated with MCNP in each of the energy bins used by Jensen and

factored with the appropriate W value. This product is then summed and

divided by the total KERMA weighted neutron flux to determine the average

W value. Separate calculations for average W values have been performed

using all neutron energies (including thermal) and neutrons with energies > 1

eV.
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WTE 29.2 eV

Data from Jansen

Bin
Number

Energy
Bin (MeV)

Wn Value
(eV)

2.20E-06
4.50E-06
8.OOE-06
1.20E-05
2.20E-05
4.50E-05
8.OOE-05
1.20E-04
2.20E-04
4.50E-04
8.OOE-04
1.20E-03

30.8
30.8
31
32
38
46
65
101
149
145
103
73

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

4.50E-03
8.OOE-03
1.20E-02
2.20E-02
4.50E-02
8.OOE-02

10

41.5
38
35

34.8
31.5
31

30.8

0.948
0.948
0.942
0.913
0.768
0.635
0.449
0.289
0.196
0.201
0.283
0.400
0.556
0.704
0.768
0.834
0.839
0.927
0.942
0.948

NlI*kfI calculated with MCNP at each depth in phantom

Refer to Jansen, etal. Radiation Protection Dosimetry 70 No. 1-4 (1997): 27-32

kT (A-
150)

2.20E-03 52.5

Wn- W J

n, jI



b. Carefully remove a selected graphite stringer, making sure that removal will not affect adjacent
graphite stringers.

c. Hand off graphite to next person, who will then hand it off to the person in the box. Handling and
placement of graphite should be careful and deliberate so as to minimize contamination and
potential for damage or injury.

3. Gun Barrel Removal
a. Make sure that nothing is attached to the gun barrel and that the area is free.
b. Using appropriate jacking devices, raise gun barrel slightly. DO NOT overlift so as to damage the

inner tube.



Depth: 1.75

Numer. Denom.

1.71 E+01
8.62E-02
5.35E-02
2.51 E-02
2.79E-02
2.51 E-02
2.01 E-02
1.55E-02
2.89E-02
5.86E-02
5.73E-02
6.77E-02
1.22E-01
2.15E-01
2.68E-01
2.62E-01
2.44E-01
8.68E-02
3.83E-02
2.58E-01

5.54E-01
2.80E-03
1.73E-03
7.85E-04
7.33E-04
5.45E-04
3.09E-04
1.53E-04
1.94E-04
4.04E-04
5.56E-04
9.28E-04
2.33E-03
5.17E-03
7.06E-03
7.49E-03
7.01 E-03
2.76E-03
1.24E-03
8.38E-03

1.90E+01 38.77
0.753

31.47
0.928

Depth: 2.25

Numer. Denom.

1.78E+01
6.64E-02
3.84E-02
1.94E-02
2.11E-02
2.06E-02
1.60E-02
1.28E-02
2.19E-02
3.97E-02
3.79E-02
4.50E-02
7.21 E-02
1.33E-01
1.47E-01
1.39E-01
1.40E-01
5.52E-02
5.48E-02
1.93E-01

5.79E-01
2.16E-03
1.24E-03
6.06E-04
5.56E-04
4.47E-04
2.46E-04
1.27E-04
1.47E-04
2.74E-04
3.68E-04
6.16E-04
1.37E-03
3.21 E-03
3.88E-03
3.98E-03
4.01 E-03
1.75E-03
1.77E-03
6.27E-03

1.91E+01 38.57
0.757

31.22
0.935

Depth: 2.75

Numer. Denom.

1.76E+01
5.08E-02
2.81 E-02
1.48E-02
1.66E-02
1.54E-02
1.12E-02
8.94E-03
1.55E-02
2.58E-02
2.61 E-02
2.79E-02
4.65E-02
7.96E-02
7.70E-02
7.37E-02
7.68E-02
4.16E-02
3.62E-02
2.17E-01

5.72E-01
1.65E-03
9.07E-04
4.61 E-04
4.36E-04
3.36E-04
1.73E-04
8.85E-05
1.04E-04
1.78E-04
2.53E-04
3.83E-04
8.86E-04
1.92E-03
2.03E-03
2.11E-03
2.21 E-03
1.32E-03
1.17E-03
7.04E-03

1.85E+01 37.62
0.776

31.07
0.940

Depth: 3.25

Numer. Denom.

1.70E+01
3.86E-02
2.1OE-02
1.07E-02
1.24E-02
1.07E-02
7.83E-03
6.20E-03
1.02E-02
1.66E-02
1.74E-02
1. 81 E-02
3.01 E-02
4.63E-02
4.20E-02
3.71 E-02
3.73E-02
2.64E-02
2.77E-02
2.52E-01

5.53E-01
1.25E-03
6.78E-04
3.35E-04
3.27E-04
2.33E-04
1.20E-04
6.14E-05
6.86E-05
1.15E-04
1.69E-04
2.48E-04
5.74E-04
1.12E-03
1.1OE-03
1.06E-03
1.07E-03
8.37E-04
8.92E-04
8.19E-03

1.77E+01 36.25
0.805

30.98
0.943

Depth: 3.75

Numer. Denom.

1.59E+01
2.78E-02
1.58E-02
7.61 E-03
9.01 E-03
7.54E-03
5.84E-03
4.07E-03
7.OOE-03
1.13E-02
1.17E-02
1.08E-02
1.92E-02
2.88E-02
2.42E-02
2.22E-02
2.23E-02
1.76E-02
2.25E-02
3.20E-01

5.17E-01
9.03E-04
5.1OE-04
2.38E-04
2.37E-04
1.64E-04
8.99E-05
4.03E-05
4.70E-05
7.82E-05
1.14E-04
1.48E-04
3.66E-04
6.95E-04
6.38E-04
6.34E-04
6.42E-04
5.58E-04
7.24E-04
1.04E-02

1.65E+01 34.59
0.844

30.92
0.944

Depth: 4.25

Numer. Denom.

1.44E+01
2.08E-02
1.08E-02
5.55E-03
6.49E-03
5.34E-03
4.00E-03
2.79E-03
4.91 E-03
7.60E-03
7.57E-03
6.84E-03
1.21 E-02
1.78E-02
1.37E-02
1.33,E-02
1.23E-02
1.22E-02
1.61 E-02
2.24E-01

4.68E-01
6.75E-04
3.48E-04
1.73E-04
1.71E-04
1.16E-04
6.15E-05
2.77E-05
3.29E-05
5.24E-05
7.35E-05
9.37E-05
2.31 E-04
4.28E-04
3.61 E-04
3.79E-04
3.53E-04
3.88E-04
5.18E-04
7.28E-03

1.48E+01 34.37
0.849

30.89
0.945

.....



Tuesday 3/7
T. Graphite removal (PS, TN, PB, JD)

I. Position container below graphite area
2. Pry out initial piece as far as it will go
3. Drill holes in piece
4. Attach grabbing tool to piece
5. Break piece
6. Move piece to container and release
7. Repeat movements to fill container (2 stringers)
8. Move container into Moby Dick
9. Transport to Spent Fuel Pool and lower
10. Repeat filling and transport until window empty (8 containers)

Wednesday 3/8
U. Complete graphite removal if necessary (PS,TN,PB,JD)
V. Test fit support pieces (GK, YO, TN)
W. Cadmium/Ricorad piece installed (EB,GK,TN,PB)
X. Upper shielding in place



Depth:

Numer. Denom.

5.11E+00
2.23E-03
7.58E-04
a.98E-04
4.57E-04
2.82E-04
2.25E-04
1.23E-04
2.25E-04
3.17E-04
4.32E-04
3.21 E-04
4 98E-04
7.45E-04
8.72E-04
&68E-04
1,37E-03
1.90E-03
3.76E-03
8.93E-02

1.66E-01
7.25E-05
2.45E-05
1.24E-05
1.20E-05
6.13E-06
3.46E-06
1.22E-06
1.51 E-06
2.19E-06
4.19E-06
4.40E-06
9.48E-06
1.79E-05
2.30E-05
1.91 E-05
3.95E-05
6.02E-05
1.21 E-04
2.90E-03

5.22E+00 31.46
0.928

30.81
0.948

Numer. Denom.

4.22E+00
1.47E-03
5.92E-04
2.49E-04
2.97E-04
1.82E-04
1.62E-04
1.28E-04
1.66E-04
2.15E-04
2.62E-04
1.44E-04
4.75E-04
6.45E-04
6.67E-04
4.58E-04
9.72E-04
1.64E-03
3.74E-03
6.02E-02

1.37E-01
4.77E-05
1.91 E-05
7.77E-06
7.81 E-06
3.95E-06
2.49E-06
1.27E-06
1.12E-06
1.48E-06
2.54E-06
1.98E-06
9.05E-06
1.55E-05
1.76E-05
1. 31 E-05
2.79E-05
5.20E-05
1.21 E-04
1.96E-03

4.30E+00 31.49
0.927

30.81
0.948

8.75

Numer. Denom.

3.49E+00
9.50E-04
4.32E-04
1.96E-04
1.85E-04
1.76E-04
9.75E-05
7.04E-05
1.36E-04
1.44E-04
1.24E-04
9.77E-05
2.18E-04
3.36E-04
4.92E-04
3.59E-04
1.20E-03
1.35E-03
2.45E-03
6.25E-02

1.13E-01
3.09E-05
1.39E-05
6.11E-06
4.86E-06
3.82E-06
1.50E-06
6.97E-07
9.12E-07
9.95E-07
1.20E-06
1.34E-06
4.16E-06
8.11E-06
1.29E-05
1.03E-05
3.44E-05
4.28E-05
7.92E-05
2.03E-03

3.56E+00 31.27
0.934

30.81
0.948

Depth: 9.25

Numer. Denom.

2.79E+00
7.45E-04
3.35E-04
1.41 E-04
1.52E-04
1.18E-04
9.66E-05
4.48E-05
9.08E-05
1.02E-04
8.52E-05
1.24E-04
1.63E-04
4.72E-04
3.43E-04
1.98E-04
6.99E-04
8.97E-04
1.34E-03
5.77E-02

9.05E-02
2.42E-05
1.08E-05
4.39E-06
4.OOE-06
2.57E-06
1.49E-06
4.43E-07
6.1OE-07
7.06E-07
8.27E-07
1.69E-06
3.1OE-06
1.14E-05
9.02E-06
5.66E-06
2.01 E-05
2.85E-05
4.31 E-05
1.87E-03

2.85E+00 31.20
0.936

30.81
0.948

Depth: 9.75

Numer. Denom.

2.19E+00
6.OOE-04
1.98E-04
1.24E-04
1.06E-04
8.46E-05
5.91 E-05
2.04E-05
5.31 E-05
7.88E-05
5.52E-05
9.1OE-05
9.25E-05
2.54E-04
2.28E-04
2.12E-04
5.38E-04
1.02E-03
1.80E-03
4.96E-02

7.1OE-02
1.95E-05
6.40E-06
3.86E-06
2.80E-06
1.84E-06
9.09E-07
2.02E-07
3.56E-07
5.44E-07
5.36E-07
1.25E-06
1.76E-06
6.12E-06
6.01 E-06
6.05E-06
1.55E-05
3.24E-05
5.80E-05
1.61 E-03

2.24E+00 31.12
0.938

30.81
0.948

' 'I ,,

,

,

7.75Depth: 8.25 Depth:
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PM 3.3.3
FC Fueling
Page 2 of 5

13. c. FC tank lid removed.

14. ' FC upper shield in place with blade drive motors 1 and 6 and the reg. rod motor
removed.

15. Upper shield fuel transfer plug removed.

16. 1'V Carefully check that no foreign objects are present in the FC tank.

17.

18.

19.

20.

FC refueling shield in place.

If radiation levels permit, dump the reflector. If this action results in nuclear
instrument channels one and two being off-scale low so that either or both read less
than 10 counts per minute, pump up the reflector and omit the next step. Notify the
Reactor Superintendent.

Tag open the manual dump valve switch located on the reactor console.

A licensed senior reactor operator present on the reactor top.

21. - RRPO present on the reactor top.

22. Individual present on the reactor top to handle communications.

Licensed operator in control room who, in addition to the standard responsibilities, is
to:

a) Monitor subcritical multiplication levels.

b) Monitor radiation levels.

c) Update the fuel element status board.

24. The operator is to notify personnel on the reactor top if:

a) Subcritical multiplication levels rise by a factor of 2.0 or more.

b) A steady-state period is observed when no fuel or dummies are being moved.

e) Sustained increases in radiation levels occur.

B. Performance of the Fuel Transfer

CAUTION:

Notes:

Ensure that the core handling tools do not come in contact with the electrical power
supply to the overhead crane.

There are five positions within the core tank from which fuel elements/dumLies may
be transferred to the transfer cask. These are fuel storage ring positions X., 13, 14,
15, 16, and 17. The fuel elements/dummies that are to be transferred must be first
placed in the storage ring positions and then subsequently moved to the basket.

Personnel stationed on the reactor top check that there are no loose or unattached
items in their clothing. Affix film badges and dosimeters with tape.

APRIL 11, 2000
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BTF destruction Procedures

1. 6CHI/2CH1 removal
Prerequisites:

a. All personnel have been trained and briefed with respect to the conditions and requirements for
work.

b. All personnel are participants in the bioassay program.
c. Stage all equipment necessary for doing the job:

i. Vacuum cleaner and vacuum hose
ii. Vacuum recovery system
iii. 5 5 gallon pails
iv. B25 boxes
v. Sleeving, Herculite, duct tape, plastic bags
vi. Lights
vii. Local ventilation
viii. Utility knife, crowbar, screwdrivers, flashlight (bagged), and a hammer
ix. Transporter ready and charged

d. Prepare floor concrete surface by covering with suitable material.

Port removal:
e. remove plastic gas seal
f. Rig with 20-ton crane and remove outer and inner shield blocks and locate in a suitable location.
g. Using utility knife cut the RTV seal on the aluminum window and remove the window.
h. RRPO surveys inside the area and direct/assist with RCA setup.
i. Setup lighting and ventilation.
j. Stage vacuum recovery system and test.
k. Vacuum poly beads into 5-gallon pails, changing pails as they fill.
1. Continue with bead removal and outer tube removal under the following options, depending on

feasibility:
1. Remove cradle and remove the entire outer can assembly and remove to outside of

Hohlraum for bead disposition.
2. Remove larger diameter tube, followed by smaller diameter tube and remove beads.
3. Tape holes on the top of the tube and rotate assembly 180 degrees so that holes are facing

downwards. With a bag under the holes, carefully remove the tape and allow the beads to
pour into the bag and repeat for each hole. Once completed, disassemble and remove the
outer tube assembly to outside the BTF.

4. If the above options are not possible, consult with Operations supervision and RRPO for
further options (this may include graphite wall removal or cutting of the tube assembly.

For all items being removed out of the graphite region, carefully bag and/or sleeve each item.
m. If the gun barrel has not been removed, proceed with gun barrel removal.
n. Prepare at least 12' of sleeving for the inner tube removal and sleeve as much of the tube outside

the BTF wall as possible.
o. If the tube is one piece, remove the inner tube by pushing though the BTF wall into the sleeving.

Otherwise, detach as necessary and sleeve all tube parts upon removal.
p. Repeat steps n and o for the 2CHI tube.

2. Graphite Removal
a. Personnel placement: two persons in Hohlraum area, one in B-25 box.
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C. Securing from the Fuel Transfer

1. t~ Move the transfer cask to its storage location on the reactor floor.

2. ta Remove FC shackle and FC transfer basket.

3. " Detach the 20 ton crane hook from the cask.

4. . Verify the transfer complete as per the "Fuel Removal Permission Form", PM

1.15.1.

5. .j Fuel element status board updated.

6. t-^ Close the inner door of the main personnel lock.

7. Turn off the "DO NOT ENTER" sign for the main personnel lock.

8.A7'' Remove the fuel transfer transition piece from the access port plug.

9.1L Remove the load-equalizing lead sheet and store in its proper location.

10. e- Replace both 12" port plugs. (May be deferred if desired.)

11. T' Rotate the reactor top shield lid so that the access plugs are returned to their standard
orientations.

12. Remove the reactor top shield lid.

13. ' Remove the fuel element transfer basket support structure.

14. 1- Clear the tag on the manual dump valve switch located on the reactor console.

15. r~' Close the dump valve and pump up the reflector. The console operator should
carefully monitor the neutron subcritical multiplication level and reactor period
indications while the reflector is being pumped up.

16. r' Clear the tag on the circuit breakers for the main primary coolant pumps, MM-I and
MM-iA.

17. V" Verify controllers for MM-I and MM-lA are off.

18. ?' Close circuit breakers for MM-I and MM-IA.

19. I Remove fission converter refueling shield.

20. J^-/ Replace FC upper shield fuel transfer plug and replace drive motors.

21. T' Visually check FC tank for foreign objects.

22. lj. Verify all fission converter positions are filled with either a fuel element or another
approved unit and all fuel plates are aligned edge-on to the reactor.

APRIL 11, 2000SR#-0-99-7



TN 2/24/00

February Shutdown FC Schedule

Thursday 3/2
A. Remove blade drives (EF, JD,TV,RD)

1. Remove deck plates and lead and boral sheets
2. Remove power from RR, and I and 6 motors (RD)
3. De-couple blade drives from servo boxes
4. Place lead plug into I and 6 motor wells
5. Set up drapes around motor wells

B. Grinding and removal (EF,JD,TV)
1. Grind lips off motor wells
2. Remove deck plate supports and instrument mounting bracket
3. Re-route helium lines (cap off between SB2 and SB5)
4. Re-route proximity switch box leads horizontally (RD)

C. Plug removal, measure centerline (BW, KR,OH)

Friday 3/3
E. Plug removal, measurements (BW, KR,OH)
F. ECCS move (EF,JD,TV)

1. Remove reactor top lid
2. Remove ECCS nozzle
3. Pump out condensate from ECCS piping into core tank
4. Install drape around and under ECCS piping
5. Remove ECCS piping and re-plumb to new configuration
6. Upon completion notify Ops for ECCS testing
7. Identify any additional requirements for fit test of shield block

G. Move annular ring plug (EF, GK, JD)

Saturday 3/4
H. Complete any remaining blade drive work (EF,JD,TV,RD)
I. Test fit of FC shielding (GK, TN, YO, EF)
L. Blades 1 and 6 reinstalled (EF) - continue on Sunday if necessary

Monday 3/6
M. Refueling (Ops)
N. Secondary plumbing and electrical (PS, PM/electrician, TV)
0. Remove lead shield (EB, JD, TN,RRPO)

1. Remove shielding above lead shield
2. Disconnect plumbing, etc.
3. Rig for single move (EB)
4. Move to storage area

P. Prepare for graphite removal (PS,TN, PB,JD)



PM 3.3.3.1
Fuel Transfer - FC
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Fuel Element Transfers: Storage Ring to Fission Converter

Operator -44 C.)4O

Objective

1. Sequence number:

2. Fuel element/dummy #:

3. Storage ring position/Ba

4. Fission Converter positi,

Implementation

Ensure that the core handling tools do not
power supply to the overhead crane.

PM 3.3.3, "General Conduct of Transfer of Fuel
the step calling for the use of this checklist.

Element to be transferred visually inspected to
obstructions.

come in contact with the electrical

to Fission Converter" completed to

verify absence of blisters or flow

3. Vy Element in transfer basket verified to be notch DOWN (Note: Notch up will result in
the fuel being placed with the wrong plate orientation.)

4. f Move the fuel element transfer cask to the reactor top so that it is suspended by the side
of the reactor lid at a height about six inches above the lid.

5. T~- Remove the 12" viewing port plug and its extension piece. Place the plug close to its
opening on the reactor lid.

6. 1' Insert the fuel element lifting tool through the access plug hole.

7. t^' Attach the fuel element lifting tool to the bale of the element/dummy to be removed and
lock. Rotate gently both clockwise and counterclockwise to ensure that it is secure on
the bale.

8. ~' Notify the control room that the element/dummy is ready for its preliminary transfer.

9. t/ Lift the element/dummy out of the fuel storage ring position and place it carefully in the
fuel element transfer basket.

10. W Unlock and remove the lifting tool.

11. I Visually observe the alignment of the fuel transfer cask sleeve and the fuel element
transfer basket. Adjust the position of the basket if necessary.

SR#-0-99-7

3.3.3.1

Date ' I 1 0

vM.( j j

I I

CAUTION:

1.'^'
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-? I 4 I.

Window in graphite block.
Estimated depth 1.75"

14.00

,- Graphite block

14.50

Preliminary sketch of 14" window to thermal column based on observation
and photographs made during FCNB wooden tank fitup. Dimensions will be

refined using optical measurements on the slides.

1.50

14.00

3.50

- 1.50

14.00

3.50

......... ,

I. I

Aluminum rim
-

0.25

I
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Fuel Transfer - FC
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crank. There may be some slight streaming through two steel plates on either side of
the shutter mechanism.)

27. ?" Raise the fuel element/dummy to the top of the transfer cask. (Note: This height is
indicated by the second mark on the cable that appears as the cable is reeled in.)

28. Notify the control room that the element/dummy is in the transfer cask.

29.tA/ Allow the element/dummy to drain for five minutes.

30. Insert the shutter position indicator.

31. T~- Close the cask's shutter by cranking the handle counter-clockwise. Observe that the
shutter position indicator moves out as the shutter is closed. Verify that the cask's side
clamps are out. (Permanently installed spacers that prevent closure of the clamps
should be in position.)

32...4ITi. Notify the control room that the cask is ready to be transferred to the fission converter.

33. I1~' Raise the cask about six inches and then move it horizontally off the reactor top lid.

34. N Position the cask over the fission converter.

35. ' Lower the cask onto the fission converter refueling shield. Align the cask so that it
mates with the refueling hole, but allow the twenty-ton crane to continue to support the
weight of the cask.

36. _-4 Notify the control room that the element/dummy is ready to be lowered into the fission
converter.

37. V' While maintaining tension on the fuel element transfer basket by holding the cable taut,
reel out all available cable and pass the cable to personnel on the reactor top.

38. ' Personnel on the reactor top verify that they have the full weight of the element on the
cable.

39. -' Position radiation monitors around the fission converter so that they can be read
remotely.

40. 1W Personnel should stand clear, to the maximum extent possible.

41. Open the cask's shutter by cranking the handle clockwise.

42. j Personnel on the reactor top lower the basket from the transfer cask into the fission
converter. Note: If the tension on the cable suddently lessens, pull on the cable so as
to slightly raise the basket and relower. Approach the fission converter only when
radiation levels return to their previous values.

43.4- Attach the long handling tool to the element/dummy. W.
y54k.L CVK4,fW yk-b
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PM 3.3.3
FC Fueling
Page 1 of 5

3.3.3 General Conduct of Transfer of Spent Fuel to Fission Converter

Date - f/ S2co Operator wAo/m

A. Preparations for Fuel Transfer

I .4 ' "Fuel Removal Permission Form," PM 1.15.1, completed and approved.

2.P\.' PM 1.15.1 completed for each element to be loaded with dose rates calculated to be
>100 R/h at 1 meter.

3. Maximum burnup of each element less than 95% of fission density limit.

4.j( ~ Perform the appropriate sections of checklist 3.1.3, "Startup for Less Than 100 kW
Operation", with the exception that the primary system must be cooled to 30'C. (Note:
Individual steps and sections of checklist 3.1.3 that are denoted by an asterisk (*) need
not be performed.)

5. Tag open the circuit breakers for the main primary coolant pumps MM-I and MM-lA.

6..4 -- All shim blades and the regulating rod fully inserted.

7. Requirements for containment integrity met. (Airlocks must not be bypassed.)

8. I- Safety system annunciator alarm clear on the annunciator panel.

9. '~~' Key switch off and key removed from the reactor console.

10. V^ Copy of completed "Fuel Removal Permission Form," PM 1.15.1, available in the
control room and on the reactor top.

11. i One copy of PM 3.3.3.1, "Fuel Element Transfers: Fission Converter" available at
the reactor top for each proposed transfer. The section of these checklists entitled,
"Objective", should be completed in advance. If more than one transfer is being
performed, assign a sequence number to indicate the order in which the checklists are
to be done.

12. ' Fuel handling tools inspected and cleaned with acetone.

Fuel element lifting tool / Locking mechanism operable

Handling tools for use with fuel element transfer basket and its associated
support structure.

Portable light and a spare portable light both operable.

FC fuel element transfer basket attached to cable.4 4114--0 i %vW '

FC fuel element transfer basket support structure.

SR#-0-99-7 APRIL 11, 2000
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2. Remove the reactor top shield lid.

3. Attach the FC fuel element transfer basket support structure to the core flow guide.
T.-

4. Transfer the elements/dumnimies within the fuel storage ring s that those that are to be
moved to the FC tank are either in wet storage positions , 13, 14, 15, 16, and 17.
Perform the transfers in accordance with the schedule established by the "Fuel
Removal Permission Form", PM 1.15.1. Each transfer should be done in accordance
with the following sequence of steps:

a) Attach the fuel element lifting tool to the bale of the element/dummy to be
removed and lock. Rotate the tool gently both clockwise and counter-clockwise
to ensure that it is secure on the bale.

b) Notify the control room that the element is ready for removal.

c) Lift the element/dummy slowly out of the storage ring.

d) Verify the element/dummy identification.

e) Transfer the element/dummy to the designated position in the fuel storage ring.
Lower it into position while taking care not to scratch or damage the fuel
element's fins.

f) Notify the control room that the element/dummy has been moved.

g) Unlock and remove lifting tool.

5. V' Replace the reactor top shield lid but leave the hold-down brackets off.

6. Rotate the reactor top shield lid so that the access plug, which is the 12" plug closest
to the edge of the lid, is positioned above storage ring positions$, 13, 14, 15, 16,
and 17.

7. t' Remove both 12" port plugs. The access plug should be set off to one side on the
reactor top. The other plug, which is closest to the center of the reactor lid, is
referred to as the viewing plug. It should be placed close to its opening on the reactor
lid.

8. ' Place the load-equalizing lead sheet over the access plug hole.

9. ' Place the fuel transfer transition piece into the access plug hole.

10. V' Turn on the "DO NOT ENTER" sign for the main personnel lock.

11. I'' Verify that the reactor floor and basement areas are clear of all non-essential
personnel.

12._TN Open, and leave open, the inner door of the main personnel lock.

13. V' Using procedure 3.3.3.1, "Fuel Element Transfers: Storage Ring to Fission
Converter", transfer the elements designated for removal to the fission converter.

SR#-0-99-7 APRIL 11, 2000
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23. TV Replace the fission converter tank lid.

24. r2 Supervisor in charge of refueling inspect core tank and verify that no foreign objects
are present. In particular, check that the following have been removed:

Fuel handling tools

Orifice and solid dummies (may be stored in storage ring)

Portable viewing windows

25. Replace the reactor top shield lid. (Lid may be left off if further maintenance is
scheduled.)

26. " If no reactor operation is planned, perform procedure 3.2.2, "Shutdown From Less
Than 100 kW Operation" and proceed to the Administrative Check portion of this
checklist. Otherwise, continue with this checklist.

27. Remove the HF-I and HF-lA scram bypasses with bypass keys.

Remove the reflector flow scram bypass.

29.

30.

31.,

32

D. A

1.

Record removal on the bypass log sheet.

Remove the MP-6 and MP-6A scram bypasses with bypass keys.

Turn on the primary coolant flow recorder momentarily to activate the "Low Flow
Primary Coolant" scram.

Remove the low range safety amplifiers from channels 5 and
power safety amplifiers. (May be deferred until next full power

dministrative Check

Checklist verified to contain proper number of pages (5).

I II

6. Reinstall the full
startup.)

Checklist completed by:
-I

Approved by Supervisor: I
/ LP~'1fr~5(Z~,-J
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P' 7. Return FC flow to normal.
A

t"' 8. Take sample from FC primary sample station.

9. Analyze sample for pH:

pH: 0

- 10. Record conductivity reading:

0 -3 _ S/cm

j*j. 11. Have RRPO take sample for 0/y analysis.

12. R1110 obtain reactor start.

vT 13. Open the FC low level probe blowdown valve.

14. Verify reactor scram and CCS closure.

V"' 15. Obtain reactor start.

_T__ 16. Test FC minor scram.

T -I 17. Verify reactor scrammed.

____1A 18. Raise CCS to full open.

TA 19. Slowly lower FC primary outlet temperature trip setpoint until trip occurs.

V 20. Verify CCS closure.

T"' 21. Reset trip setpoint to 550 C.

23. Raise CCS.

24. Attempt to obtain a reactor start.

i 25. Verify reactor start not able to be obtained.

-4A 26. Close CCS.

Li 27. Turn the FC flow scram bypass on.

28. Verify the CCS cannot be opened.

29. Turn off the FC flow scram bypass.

30. Turn on the FC level scram bypass.
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12. 1Mu Open the transfer cask's shutter and ensure that the shutter position indicator is full out.
Verify that the cask's side clamps are out (permanently installed spacers that prevent
closure of the clamps should be in position).

13.4L Using a remote handling tool, reel out approximately twenty feet of cable from the
transfer cask. (CAUTION: Sufficient cable must be let out both so that the cable can
be attached to the fuel element/dummy that is to be moved and so that there is enough
slack to prevent any jostling of the fuel element/dummy when the cask is moved onto
the torus. Do NOT reach under the cask while reeling out the cable. Use tongs.)

14. 1j~'/ Check that the FC transfer basket is secured.

5. Thre the transfer ba' et through the eeve and into t e core tank.

16. Lower t fuel transfer b ket through t access plug ole while a cond person
observes t and the operati s that follow the viewin lug hole.

17. lace the bask in the support s cture attache the flow g - e and position the
b et's handle so at it is off to the side facing the co

18.A2^- Adjust the cable so that it is taut from the basket to the reactor top and slack from the
reactor top to the hoist within the fuel transfer cask. CAUTION: The individual
maintaining tension on the cable should have enough cable run out so that he can keep
his hands clear of the reactor top and the transfer cask.

19. ~ Using the small crane hook, carefully place the 12" viewing port plug in the viewing
port. (Note: The plug is equipped with an extension piece that mates with the torus.)

20. ~ Move the fuel transfer cask horizontally across the reactor top so that it is centered over
the access plug hole.

21. Reel in all but about six inches of the slack in the cable while hand monitoring the
tension in the cable at a point directly above the reel. CAUTION: Use a remote
handling tool to feed the cable under the cask.

22. Lower the fuel transfer cask onto the lid so that radiation streaming is precluded. The
weight of the cask should be supported by the twenty-ton crane and not the reactor lid if
possible.

23.A1-,~ While hand-monitoring the tension in the transfer cask's cable, reel in the remaining
excess cable.

24. '- Verify that portable radiation monitors are properly positioned.

25. W Notify the control room that the element/dummy is ready for removal.

26. . While hand-monitoring the tension in the transfer cask's cable, commence raising the
element/dummy. (CAUTION: Personnel should, to the maximum extent possible,
stand clear of the area of the fuel transfer cask in the vicinity of the hand-operated
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FCS-4

11

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

?v 13.

14.

15.

16.

17.

18.

MU{ 19.

L 20.

It.4 21.

Determination of Fission Converter Neutronic Power

;3~
FC neutronic power CCS closure trip point initially-set alITfieWayup.

Complete FCS-3.

Verify that CCS is fully closed.

Verify that FC primary and secondary flows, pressures, and levels are as
expected for full power operation.

Start up reactor to 1 kW.

Open CCS and note FC picoammeter readings, temperatures, level and radiation
levels.

Raise reactor power to 100 kW and again note power, temperature, level and
radiation level measurements.

If no problems exist, raise reactor power to 1 MW.

With reactor at 1 MW allow FC temperature to become steady.

Record reactor power, FC flow rate and AT, and FC neutron detector reading.

Raise reactor power in 1 MW steps and repeat recording at each step.

Calculate FC thermal power, at each step by P = (Flow Rate)(AT) 2.9f--tt0-4-
(1.139) and record on table (this equation for D20 only).

Determine neutron detector reading corresponding to FC power of 250 kW and
set scram and CCS interlock at that point.

Set power alarm at 1.1 x neutron detector reading obtained at a reactor power of
4.9 MW.

Request RRPO to perform radiation surveys of all areas around the fission
converter, particularly around the reactor top and in the FC medical room.

Close CCS and repeat radiation surveys.

Lower power via ARI.

When reactor is shut down, bypass CCS startup interlock, open CCS and obtain
reactor start.

Lower FC power setpoint until power trip occurs.

Verify reactor scram and CCS closure.

Return FC power setpoint to nominal setpoint and remove the CCS startup
interlock bypass.
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44.i T- Raise the element about one inch with the long handling tool to verify that
element/dummy is securely attached.

45. ^' Lift the fuel element/dummy from the transfer basket, verify the fuel element number,
and lower it into the desired fission converter position.

46. T ' Remove the lifting tool.

47. T- Notify the control room that the element/dummy is in the proper position. Record the
position number in the console log and on the status board.

Element/Dummy Number: Ai IUM) Position: Frc

48. T~' Reel in the transfer cask's cable and allow it to dry.

49. T., Continue with the spent fuel removal schedule by performing the remaining transfers as
indicated on the sequentially-numbered copies of procedure 3.3.3.1 or, if all transfers
have been completed, complete procedure 3.3.3.

50k._3 Checklist verified to contain proper number of pages (4).
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FCS-2 . CCS Reactivity Determination

Purpose

1. To measure the integral and differential reactivity of the Converter Control Shutter
(CCS).

Acceptance Criteria

1. The integral reactivity worth of the CCS should be < 0.2% AK/K.

Prerequisites

1. Reactor critical at < 1 kW with regulating rod at 10" and shim bank at uniform
height.

2. Reactor xenon free.

3. CCS in a fully closed position.

4. Reactor power must not exceed 1 kW throughout this procedure.

Procedure

1. With reactor critical at <1 kW with all shim blades at even height and reg. rod
at 10", record data.

2. Raise the CCS two inches while inserting the reg. rod to keep the reactor
critical. Record data.

A'/+ 4 3. Estimate integral CCS reactivity at next step and ensure that it is less than
0.2% AK/K. If not, shut down via ARI. -

4. Continue in two inch intervals until the reg. rod is fully inserted or the CCS is
fully withdrawn.

(VIA 5. If necessary, reshim so as to have the reg. rod at 10" and the shim blades at
even height.

6. Repeat steps 2 through 5 until the CCS is fully withdrawn.

7. Once the CCS calibration has been completed, close CCS or shut down via
ARI.

FEB 02 2000
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PM 5.7.20

FC tank temperature ('C)

Primary flow (gpm)

FC tank level (inches below tank top)

FC power (%)

Indication of shutters open or closed

IMMEDIATE ACTION

1. Acknowledge the scam panel alarm.

2. Send someone to check the Fission Converter Facility's BETALARM panel.

Acknowledge the indicating alarm to permit further alarms to activate the scam

panel.

3. Notify the Reactor Shift Supervisor.

4. If an FC alarm is accompanied by any reactor system alarm that is indicative of an
unanticipated reactivity effect, shut the reactor down via ARI and implement
corrective action for that condition as well.

5. Identify the cause of the alarm by reference to the BETALARM panel and
implement the appropriate action.

FOLLOW-UP ACTION

1. Notify FC personnel.

2. Reset the BETALARM panel after the condition has been corrected.
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FCS-3 Fission Converter Initial Startup

Purpose

1. To check operability of reactor scrams and Converter Control Shutter (CCS)
closure interlocks.

2. To check FC primary chemistry.

Acceptance Criteria

1. Flow scram and CCS closure trip point at >45 gpm.

2. Level scram and CCS closure operable.

3. Manual scram operable (at FC medical control panel).

4. FC primary pH between 5.5 and 7.5.

5. FC primary conductivity <5 gS/cm.

6. Temperature CCS closure trip point at < 60*C.

Prerequisites

1. Reactor shut down with full power startup checklists completed.

lL. 2. FC low level probe verified to be installed at < 2.1 meters (82.7") above FC
fuel. - Pkp&O )t4~-i4-Leb 0 -s "o UN 'ut-. kciI- rx W I~v I,#p #A lvstL &L&4

It 5'Akrig PV4 L)FC temperature probe previously calibrated using water bath and installed in
FC outlet.

TN 4. FC flow meter previously calibrated.

Scram and CCS Closure Checks

I N 1. Verify all FC shielding in place for operation.

^ 2. Start up FC primary and secondary systems.

...-- -Bypas-CCYS startup interlock.

T. ' 4. KRabe-CCS-tfluti pnd obtain reactor start.
-vpf foo- 11-

5. Slowly threle the FC primary flow down until scram occurs.

i . 6. Verify reactor scram and CCS closure. Setpoint: 5 0 gpm.

SR#-0-99-7 FEB 02 2000



PM 5.7.20

5.7.20B Leak Primary System

This alarm is actuated by leak tapes located on the FC coolant skid and below the

FC cleanup system. It indicates that moisture is present beneath the FC primary system,

and it must be presumed due to a D20 leak in the system.

IMMEDIATE ACTION

1. If it is accompanied by another such as low level FC tank, proceed to that alarm's

AOP.

2. If the CCS is open, close it.

3. Secure all FC pumps.

4. Attempt to locate and isolate the leak.

FOLLOW-UP ACTION

1. Notify RRPO.

2. Monitor the area of the leak.

required.

Erect radiation barriers and take air samples as

3. Check FC level indicator. If low level alarm is in, follow AOP 5.7.20D.
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31. Verify the CCS cannot be opened.

32. Turn off the FC level scram bypass.

Raise the CCS.

Turn CCS control panel key switch off.

Verify CCS closes.
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PM 5.7.20

5.7.20D LOW COOLANT LEVEL FC TANK

This alarm is activated by a float switch in the FC tank. It is set to alarm at 30"

below the top of the FC tank. If the medical panel keyswitch is in the on position, it

should be accompanied by a reactor scram and automatic CCS closure.

IMMEDIATE ACTION

1. If fission converter is operating (CCS open), scram the reactor if not already

scrammed. Close or check closed the CCS and refer to AOP 5.7.20B.

2. Check for leaks on the FC system. If found, secure all pumps and refer to AOP

5.7.20B.

3. Check the continuous level indicator. If > 30" or dropping rapidly, shut down via

ARI.

4. Check radiation levels on the reactor top. If abnormally high, shut down via ARI

and notify RRPO.

5. Monitor the effluent monitors. If readings are above normal, refer to AOP 5.6.2.

FOLLOW-UP ACTION

1. Revalve the FC system to minimize further loss of coolant.

2. Recognize that with the reactor shut down, a complete loss of coolant should not

cause CCS fuel temperatures to reach the point of cladding failure. Thus,

emergency cooling is not necessary. However, radiation levels, particularly on the

reactor top, will be high.
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Table

(q~4
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250 kW corresponds to detector output of - gA.

110% of normal operating power: pA.
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PM 5.7.20

5.7.20F HIGH FISSION CONVERTER POWER LEVEL WARNIN4G

This alarm is activated by the FC neutron detectors located near the FC filter-

moderator. It is set to alarm at 110% (about 100 KW) of normal FC operating
power. This indicates an abnormal condition in or near the fission converter.

IMMEDIATE ACTION

1. Check the FC picoammeters. If readings are erratic, close CCS and contact

electronics.

2. Close CCS.

3. Check that the FC picoammeters are set on the 100 p A scale.

4. Check that the FC neutronic power setpoints are set correctly for 1 10% power.
5. Verify that the reactor is in a normal configuration with an even shim bank height.
6. Check that there are no experiments near the FC which will affect either the

neutron detectors or the FC itself.

7. Verify that FC flows, temperatures, and levels are normal.

SR#-0-00-XX XXX XX 2000



Appendix IV.D - Abnormal Operating Procedures

605



PM 5.7.20

LOW FLOW FC SECONDARY SYSTEM

This alarm is activated by a flow measuring device in the FC secondary system

near the FC heat exchangers.

gpm.

IMMEDIATE ACTION

It indicates that FC secondary flow has decreased to ?????

1. Check that at least one FC secondary pump is on with no cavitation. If cavitation

present, stop the pump.

2. If FC operating, check levels, primary flow, and primary temperatures.

abnormal, close CCS.

3. Check that the reactor secondary system has adequate water levels.

FOLLOW-UP ACTION

If

1. Check for leaks near the FC skid and in the equipment room. If any exists,

attempt to isolate it.

XXX XX 2000
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PMI 5.7.20

5.7.20 FISSION CONVERTER FACILITY

This SCAM alarm is actuated by the Fission Converter Facility's alarm panel. It

indicates that any of 21 abnormal conditions has occurred. These are listed below:

A. High Conductivity Primary System

B. Leak Primary System

C. Low Flow Primary System

D. Low Coolant Level Fission Converter Tank

E. High Temperature FC Tank Outlet

F. High FC Power Level Warning

G. High FC Power Level

H. Low Flow Secondary System

I. High Coolant Level FC Tank

J. Low Coolant Level Warning FC Tank

K. High Temperature FC Tank

L. Low Flow Primary Cleanup System

M. Low Flow FC Tank Cover Gas

N. Low Pressure FC Tank Cover Gas

0. High Conductivity Water Shutter

P. Low Air Pressure Water Shutter

Q. Low Flow Water Shutter Cleanup System

R. Low Level Water Shutter Storage Tank

S. Low Pressure Water Shutter Cover Gas

T. Fast Shutter Drive Trouble

U. CCS Drive Trouble

A separate annunciator panel (manufacturer's model BETALARM 3) is located on

the FC process control panel on the reactor floor which indicates any of the alarm

conditions from the Fission Converter Facility. Except for scrams, there is a 20 second

delay between the time an alarm sounds on the FC alarm panel and when the control

room FC alarm sounds. Each alarm on the FC panel is displayed on an individual back-

lit panel, labeled to identify the condition. Also, there are digital displays located in the

control room of the following items:

FC outlet temperature ('C)
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5.7.20J LOW COOLANT LEVEL WARNING FC TANK

This alarm is activated by the continuous level probe in the FC tank.

that the level has dropped below ?????.

IMMEDIATE ACTION

I. Monitor level. If it continues to drop, refer to AOP 5.7.20D.

2. Check for leakage. If any found, refer to AOP 5.7.20B.

FOLLOW-UP ACTION

It indicates

1. If level is stable with no evidence of leakage, add D20 to the system from the FC

storage tank using the cleanup pump.

SR#-0-00-XX XXX XX 2000



5.7.20A High Conductivity Primary System

There are inlet and outlet conductivity probes on the FC cleanup system ion

columns. The cleanup system is located on the reactor side of the FC skid. There is an

inlet filter cartridge and two subsequent ion columns. The alarm setpoint is 3.0 pS/crn. If
this alarm comes in, take the following steps:

IMMEDIATE ACTION

1. Check outlet conductivity (by pressing the right arrow button). If it reads the

same as the inlet, the ion columns need replacement. Contact maintenance.

2. Check radiation levels at the FC cleanup system on the FC skid. If abnormally

high contact RRPO and FC personnel. (Note that the FC ion column radiation
levels normally read higher than background.)

3. Check plenum monitors and other building radiation monitors. If they read
abnormally high, shut down via ARI and contact RRPO and FC personnel.

SR#-0-00-XX
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5.7.20L LOW FLOW PRIMARY CLEANUP SYSTEM

This alarm is generated by the flow switch on the FC cleanup system. It indicates

low flow through the FC cleanup system. It could be caused by a flow blockage, loss of

level in the FC tank or improper valve lineup.

IMMEDIATE ACTION

1. Check that the FC cleanup pump is running. If not, try to restart it once..

2. Check the FC tank level. If dropping or < 30", follow AOP 5.7.20D.

3. Check for leaks. If any found, follow AOP 5.7.20B.

4. Check valve lineup. If it is normal, the filter or ion columns may be clogged.

Contact FC personnel or maintenance during regular hours.
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5.7.20C LOW FLOW PRIMARY SYSTEM

This alarm is activated by the flow display device connected to a venturi on the

FC primary system. If the medical panel keyswitch is in the on position, it should be

accompanied by a reactor scram and automatic CCS closure. The alarm indicates that the

flow in the FC primary system has decreased below the setpoint (50 gpm). This alarm

will normally be on whenever the primary pumps are secured (including when the

cleanup system is running alone).

IMMEDIATE ACTION

1. If fission converter is operating (CCS open), scram the reactor if it has not already
scrammed.

2. Verify that the CCS is closed or closing. If not, attempt to close it.

3. Check that the primary pumps are running normally if they have tripped. If either
one is malfunctioning or cavitating, stop it.

4. Monitor the FC tank level. If below 30" or dropping, a leak may have developed
in the FC tank. Refer to AOP 5.7.20D.

5. Check for leaks around the FC system. If any leak exists, secure all pumps and
refer to AOP 5.7.20B.

FOLLOW-UP ACTION

1. Contact maintenance if condition cannot be remedied.

SR#-0-00-XX
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5.7.20N LOW PRESSURE FC TANK COVER GAS

This alarm activates if the pressure in the FC helium cover or defective cover gas

regulator gas drops below 0.25 psi. It indicates a leak in the system, a broken blowout

patch, or a defective cover gas regulator.

IMMEDIATE ACTION

1. Check the helium lines for signs of leakage. If any found secure helium blower

and attempt to isolate the leak area.

2. Check He supply valve to FC cover gas regulator. Adjust if necessary.

3. Check reactor He supply.

FOLLOW-UP ACTION

1. Check vent valves on the helium system. If any is open, close it and recheck

pressure.

2. Check the pressure indicator on top of the FC storage tank. If pressure is zero, the

blowout patch may be broken. Contact maintenance.
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5.7.20E HIGH TEMPERATURE FC TANK OUTLET

This alarm is activated by an RTD sensor in the FC outlet pipe. It indicates that

the coolant outlet temperature has reached or exceeded 50 'C. If the CCS is open, the

alarm should be accompanied by automatic CCS closure.

IMMEDIATE ACTION

I. Check that the CCS is closed or closing. If not, attempt to close it.

2. Check that there is adequate primary and secondary flow through the FC heat

exchanger. It may be necessary to start one or more pumps to assure this.

3. Check that the FC valve lineups are appropriate.
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5.7.20P LOW AIR PRESSURE WATER SHUTTER

This alarm actuates if the air pressure to the water shutter valves drops below

?????. It may be followed by closure of the water shutter if open from loss of pressure.

IMMEDIATE ACTION

1. Check the water shutter air supply for signs of leakage. If any found, attempt to

isolate.

2. Check the reactor compressed air system for abnormalities. If any found, refer to

AOP 5.5.4.

3. Check pinch valve for air leaks.

FOLLOW-UP ACTION

I. If the water shutter is open, warn experimenters that the shutter may close.

2. Close the water shutter as soon as is convenient.

3. Contact maintenance.
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5.7.20G HIGH FISSION CONVERTER POWER LEVEL

This alarm is activated by the FC neutron detectors located near the FC filter-
moderator. It is set to alarm at an FC operating power of 275 KW. This indicates an
abnormal condition in or near the fission converter and should be accompanied by an
automatic CCS closure.

IMMEDIATE ACTION

1. Verify that the CCS is closed or closing. If not, attempt to close it.
2. Check the FC picoammeters. If readings are erratic, contact electronics.
3. Check that the FC picoammeters are set on the 100 p A scale.
4. Check that the FC neutronic power setpoints are set correctly at 275 KW.
5. Verify that the reactor is in a normal configuration with an even shim bank height.
6. Check that there are no experiments near the FC which will affect either the

neutron detectors or the FC itself.

7. Verify that FC flows, temperatures, and levels are normal.
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5.7.20R LOW LEVEL WATER SHUTTER STORAGE TANK

This alarm is generated by a float switch at a predetermined setpoint on the FC
water shutter storage tank. It indicates that there may have been a loss of water from the
system.

IMMEDIATE ACTION

1. Check the water shutter storage tank level. If the level is dropping, secure the
water shutter cleanup pump.

2. Check for leaks. If any found, attempt to isolate.

3. Check the FC medical room for signs of leakage from the water shutter. If any
found, contact maintenance and RRPO.
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5.7.201 HIGH COOLANT LEVEL FC TANK

This alarm is activated by the continuous level probe in the FC tank.
that the D20 level in the tank has risen above '?????.

IMMEDIATE ACTION

1. Close CCS if not already closed.

2. Secure all FC pumps.

3. Check for erratic level indication. If present, notify electronics.

FOLLOW-UP ACTION

1. Check FC conductivity for evidence of a leak in the FC heat exchanger.

It indicates

If a leak
is evident, refer to AOP 5.8.10.

2. Check FC primary and cover gas pressures. If >1.5 psi, it may be necessary to
relieve the pressure using a vent line. (NOTE: The pressure relief valve should
open at 1.5 psi.)

3. If no other problems are evident, transfer some of the D20 to the FC storage tank

using the cleanup pump.
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5.7.20T FAST SHUTTER DRIVE TROUBLE

This alarm is actuated by several conditions on the FC fast (mechanical) shutter.

They are: loss of power, high load, ?????. It indicates a problem in opening or closing

the shutter.

IMMEDIATE ACTION

1. If a patient irradiation is in progress with the shutter open, scram the reactor.

2. If the shutter is open for any other reason, close the CCS and water shutter.

FOLLOW-UP ACTION

I. Contact maintenance.
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PM 5.7.20

5.7.20K HIGH TEMPERATURE FC TANK

This alarm is activated by the thermocouple present in the FC tank. It indicates
that the temperature of the D 20 in the tank has risen above 50 'C.

IMMEDIATE ACTION

1. Close CCS if not already closed.

2. Check that there is adequate FC primary and secondary flow and that valve

lineups are appropriate. If not, take steps to establish adequate flow.

3. Check FC level. If low or dropping, refer to AOP 5.7.20D.
4. Check FC neutronic power. If abnormal, refer to AOP 5.7.20F.

5. Check effluent monitors. If abnormally high, shut down via ARI.

6. Check inlet and outlet temperatures in the FC primary system. If >50 'C, make

sure that there is no flow through the FC cleanup system. Higher temperatures

could damage the resins.
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PM 5.7.20

5.7.20M LOW FLOW FC TANK COVER GAS

This alarm indicates that the FC helium cover gas flow has dropped below its
setpoint of ?????. It could be caused by failure of the blower or a blockage in the system.

IMMEDIATE ACTION

1. Check the FC helium blower. If off, attempt to restart it.

2. Check the flow on the helium rotometer. If it indicates normal flow

(0.7 - 1.0 cfm), contact electronics. If not, contact maintenance.

3. If FC is operating and it is intended to keep operating, sample the helium for
hydrogen (D2 ) concentration. If> 2%, discontinue FC operation.
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PM 5.7.20

5.7.200 HIGH CONDUCTIVITY WATER SHUTTER

This alarm is activated by the conductivity probe on the FC water shutter cleanup

system. It indicates conductivity above 3.0 ps/cm.

IMMEDIATE ACTION

I. Check radiation levels on the FC water shutter ion column.

contact RRPO.

FOLLOW-UP ACTION

If abnormally high,

I. Check FC water shutter cleanup flow. If abnormal, refer to AOP 5.7.20Q.

SR#-0-00-XX XXX XX 2000
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5.7.20Q LOW FLOW WATER SHUTTER CLEANUP SYSTEM

This alarm is generated by the flow switch on the FC cleanup system. It could be

caused by a flow blockage, loss of level in the FC water shutter or improper valve lineup.

This alarm is normally on when the water shutter is open.

IMMEDIATE ACTION

1. Check that the water shutter cleanup pump is running. If not, try to rest art it

once..

2. Check the FC water shutter storage tank level. If dropping or < ??? secure the

water shutter cleanup pump.

3. Check for leaks. If any found, attempt to isolate.

4. Check valve lineup. If it is normal, the filter or ion columns may be clogged.

Contact FC personnel or maintenance during regular hours.

SR#-0-00-XX XXX XX 2000
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15. Verify CCS closure.

16. Reset the FC temperature trip point to 55*C.

17. Reenergize the "Process Instruments" breaker on the FC power panel.

18. Raise the CCS until the "closed" indication clears.

19. Attempt to obtain a reactor start. Verify, with all other reactor start interlocks
clear, reactor start can not be obtained.

20. Lower the warning trip point on the FC neutronic power indicator (or insert a
simulated signal) until the "High FC Power Level Warning" alarm occurs.

21. Lower the actual trip point on the FC neutronic power indicator (or increase a
simulated signal) until the "High FC Power Level" alarm occurs.

22. Verify CCS closure.

23. For any additional interlocked FC neutronic power indicators, raise the CCS
and repeat steps 20 through 22.

24. Return FC power trips to normal levels (or remove simulator and reconnect
signal cable). Clear the FC power alarms.

25. Calibrate a low-ionic-strength pH probe.

26. Take a water sample from the FC primary coolant sample station.

27. Analyze the sample for pH. pH: (5.5-7.5).

28. Record the FC primary inlet conductivity reading: (<3.0) pS/cm.

29. If no further FC operation is desired, turn off the FC medical control panel
and the control room CCS operate permit key switches.

30. If no further FC operation is desired, return the FC primary system to its
shutdown condition.

Comments:

Operator Date

JUL 28 2000SR#-0-00-7
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5.7.20S LOW PRESSURE WATER SHUTT1ER COVER GAS

This alarm activates if the pressure in the FC water shutter helium cover gas drops

below 0.25 psi. It indicates a leak in the system or a broken blowout patch or defective

cover gas regulator.

IMMEDIATE ACTION

1. Check the helium lines for signs of leakage. If any found secure helium blower

and attempt to isolate the leak area.

2. Check He supply valve to water shutter regulator. Adjust if necessary.

3. Check reactor He supply.

FOLLOW-UP ACTION

1. Check veut valves on the helium system. If any is open, close it and recheck

pressure.

2. Check the pressure indicator on top of the FC water shutter storage tank. If

pressure is zero, the blowout patch may be broken. Contact maintenance.

XXX XX 2000SR#-0-00-XX
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CCS DRIVE TROUBLE

This alarm is actuated by three conditions on the converter control shutter: High

tension, over travel in opening, and slack cable.

closing the CCS.

IMMEDIATE ACTION

It indicates a problem in opening or

1. DO NOT secure FC primary pumps until it can be assumed that the CCS is fully
closed.

2. Press the CCS stop button.

FOLLOW-UP ACTION

1. If the alarm occurred while raising the CCS, attempt to close the CCS. Otherwise,
do not attempt to move the CCS.

2. Contact maintenance.

SR#-0-00-XX XXX XX 2000
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4. Instruments required for the measurements of the beam's fast neutron and
photon components are available including:

a) Tissue-equivalent chamber (Far West IC-18),

b) Graphite-wall ionization chamber (Far West IC-I 8G),

c) Two electrometers (Keithley 616 or 617).

The tissue-equivalent and graphite-wall chambers as well as one of the
electrometers shall have been calibrated by a Secondary Calibration
Laboratory within the last two years. The electrometer for which this is
done is designated here as the 'calibrated' instrument (Keithley 617) while
the other is referred to as the 'calibrated' instrument (Keithley 616). The
latter is calibrated against the former using PM 3.14.2.5, "Cross-Calibration
of Electrometers." The 'calibrated' instrument is the one used for the
characterization. Each electrometer can be calibrated by itself or the
electrometer and each chamber can be calibrated as an electrometer-chamber
pair.

5. Low-noise signal cables, a high voltage power supply (Canberra HV
Supply #2816A or equivalent), high-voltage cables, and a stop watch with
an accuracy and resolution of 0.1 s. (Caution: The signal cables should be
handled gently. In particular, they should not be bent to radii of less than
30 cm.)

6. Standard radiological procedures for use of the medical therapy facility are
to be observed.

Quality Assurance:

1. Record the following for the instruments that are used to measure the beam's fast
neutron and photon components:

Instrument Serial # Calibration Date Secondary Lab

a) Tissue-Equivalent

b) Graphite-Wall

c) Keithley 617

d) Keithley 616 PM 3.14.2.5

2. Verify that the following were done during the instrument calibrations:

a) Tissue-equivalent chamber was flushed with a methane-based tissue-equivalent
gas at 20 cc/minute;

b) Graphite-wall chamber was flushed with CO2 at 20 cc/minute.

Verified:
NCT Research Scientist Date

NOV 30 1993SR#-0-93-20
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d) Open the D20 shutter. (This usually requires three minutes.)

e) Depress the open button for the H20 shutter and observe that it is
draining. Wait forty seconds and then open the lead and boral
shutters. The 'irradiation start time' is the moment when the lead
shutter indicates open.

f) Record irradiation start time:
Tune Date

g) Record readings of reactor power indicators once all shutters are
open:

Ch.7 pa;Ch.9 pa

5. Irradiate the foils for approximately sixty minutes.
irradiations are acceptable. The consideration is that
minimizes both the effect of the shutter cycle times
counting time.)

(Note: Shorter
a long irradiation
and the required

6. Monitor reactor power channels No. 7 and 9 during the irradiation. The
drift should be less than 1 %.

7. Terminate the foil irradiations using the following sequence for closing the
D20 shutter and the shutters that control beam delivery:

a) Specify time at which irradiation is to be terminated:

Time Date

b) Ten seconds prior to the specified termination time, depress the
close button for the H20 shutter.

c) Close the lead and boral shutters at the official termination time and
then close the D20 shutter.

d) Record time at which the lead shutter was closed:

Time Date

e) Irradiation time by stopwatch.
(minutes)

8. Enter the medical therapy room facility, survey, and remove the bare foils
from the phantom.

9. Fold 0.020 inch thick, half-inch diameter cadmium discs in half and use
them to cover the other gold foils. These are the 'covered' foils. Record
the foil weights on the attached data sheet.

NOV 30 1993SR#-0-93-20
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3.15

3.15.1

Fission Converter Procedures

Fission Converter Startup Checklist

1. Fission converter (FC) scram and trip points tested as per PM 3.15.2 within the last month.
Date tested: .

2. Verify all FC shielding in place for operation.

3. FC control panel key switch is in the "off' position.

4. FC primary flow trip point verified to be 50 gpm.

5. FC primary outlet temperature trip point verified to be 55 *C.

6. FC primary inlet conductivity alarm setpoint verified to be 3.0 pS/cm.
10 1-T-

7. Verify FC power picoammeter(s) set on the 14)9 pA scale.

8. FC neutronic power warning alarms verified to be set at 110% of normal operating power.
FC Channel 1 setpoint: pA FC Channel 2 setpoint: pA.

9. FC neutronic power Converter Control Shutter (CCS) trips verified to be set at 275 kW.
FC Channel I setpoint: pA FC Channel 2 setpoint: pA.

10. Secure the FC primary cleanup pump.

S11. Secure the FC water shutter cleanup pump.

12. Verify valving on the FC skid aligned for full flow (one or two pumps).

13. Turn on the FC primary pump(s).

14. Verify that the FC low flow primary alarm has cleared.

15. Verify that the FC secondary flow is >30 gpm.

16. Take a full set of readings on the FC Logsheet.

17. Verify FC primary pump discharge pressure(s) to be >10 psi with no cavitation.

'18. Verify that any alarms lit on the FC annunciator panel are as expected and that FC primary
flow, temperature, level, and power alarms are clear.

19. Notify the control room that the fission converter is ready to be started.

20. Turn on the FC medical control panel key switch.

21. When FC and Operations personnel are ready, request that the control room operator turn on
the CCS operate permit key switch.

Comments:

FC Operator Date

SR#-0-00-7 JUL 28 2000
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a) Specify time at which irradiation is to be terminated:

Time Date

b) Ten seconds prior to the specified termination time, depress the
close button for the H20 shutter.

c) Close the lead and boral shutters at the official termination time and
then close the D 20 shutter.

d) Record time at which the lead shutter was closed:

Time Date

e) Irradiation time by stopwatch.
(minutes)

16. Enter the medical therapy room facility, survey, and remove the covered
foils from the phantom.

17. Use PM 3.14.2.7, "Determination of High Purity Ge or Ge(Li) Detector
Efficiency," to determine the efficiency of the detector (a high purity Ge,
Ge(Li), or equivalent) that is to be used for counting the foils. Record the
following:

Detector Type: , Serial No.:

Distance between detector face and source: inches

Efficiency at 411 keV where the source was counted:

18. Remove the cadmium discs from the covered foils.

19. Count the foils. Details are again given in [2] with the principal
considerations summarized here.

a) In order to accelerate the counting process, position the foils close to
or on top of the detector surface. In order to ensure accuracy, each
foil that is counted should be positioned so that it is within 2 mm
of the original foil. Cardboard holders similar to 35 mm projector
slides are available and should be used to position the foils. Obtain
the detection efficiency at this in-close position from PM 3.14.2.7.
Record the following:

Efficiency at 411 keV where the gold foils are counted:

b) For each foil, record the relevant data on the attached sheet.

NOV 30 1993SR#-0-93-20
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Test of Fission Converter Scram and Trip Points

Purpose

1. To check operability of reactor scrams and Converter Control Shutter (CCS)
closure interlocks.

2. To check the fission converter (FC) primary chemistry.

Prerequisites

1. Reactor shut down with reactor startup checklists completed to the point of
being able to test scrams.

2. FC recombiner operating for a minimum of five hours.

Procedure

1. Start up the FC primary system.

2. Turn on the FC medical control panel and the control room CCS operate
permit key switches.

3. Obtain a reactor start and raise the CCS until the "closed" indication clears.

4. Slowly raise the FC primary flow trip point (or throttle the flow) until a scram
occurs.

5. Verify reactor scram and CCS closure.

6. Return FC primary flow trip point to normal (or restore normal flow).
Setpoint: ( 45) gpm.

7. Obtain a reactor start.

._ 8. Test the FC minor scram. Verify that the reactor scrammed.

9. Open the "Process Instruments" breaker on the FC power panel.

10. Obtain a reactor start and raise the CCS until the "closed" indication clears.

11. Open the FC low level probe blowdown valves.

12. Verify reactor scram and CCS closure. Close the probe blowdown valves.

13.

14.

Raise the CCS until the "closed" indication clears.

Slowly lower the FC primary outlet temperature trip point until a trip occurs.

JUL 28 2000

3.15.2
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6. Reduce the CO 2 flow rate to 20 cc/minute. (Note: Different flow rates are

acceptable provided that a correction factor is applied to the chamber
current.) Record the CO2 flow rate on the attached data sheet or enter it on

the appropriate spreadsheet.

7. Measure the temperature of the CO2 flush gas with a thermometer and the

barometric pressure with the barometer in the reactor control room Record
data on the attached sheet or enter it on the appropriate sheadsheet.

8. Commence the measurements using the sequence given below. Information

may either be recorded on the attached data sheet or, as an alternative, a

spreadsheet may be used to perform and record these calculations. If used,
these shall be signed, dated, and reviewed by two NCT Research Scientists.

a) Record time and date on the attached data sheet.

b) Record reactor power level on the attached data sheet.

c) Clear medical therapy room of personnel and close the shield door.

d) Open the D 20 shutter and then the H20, lead, and boral shutters.
Wait until all shutters indicate full open.

e) Measure the current using racetrack timing. Collect charge for about
one minute and then record for the target charge. Then record the
time interval required to reach this target charge three times.
Calculate the current (charge/time interval) for each data point and
average the three readings. The three measurements should be
within about I% of the average. If not, several additional readings
should be taken to ensure the system is at steady-state. Record data
on the attached sheet.

f) Close all shutters, enter the medical therapy room facility, survey,
and reposition the chamber for the next measurement.

g) Repeat steps (c) - (f) above with measurements taken at 0, 1, 2, 3,
4, 5, 6, 8, and 10 cm and then every 2 cm until the bottom of the
phantom is reached. For the head phantom, data for the 0 cm
position is obtained by placing the chamber on the top surface of the
phantom. During the other head-phantom measurements, it is
important that the head phantom be completely filled with water.
When using the leg or half-body phantoms, the void above the
chamber should be filled with a Wax-130 or paraffin insert.

h) Upon completion of the measurement at the bottom of the phantom,
repeat the measurement for the top of the phantom. Compare this
result to the one obtained at the outset of the measurements series.
The two should agree within 3%.

9. Purge the tissue-equivalent gas line for 20 minutes at 100 cc/minute.

(CAUTION: The next step is to disconnect the graphite-wall chamber and
to connect the tissue-equivalent chamber to the electrometer. When doing
so, the electrometer should be in the zero position and the high voltage
should be off.)

NOV 30 1993SR#-0-93-20
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h) Upon completion of the measurement at the bottom of the phantom,
repeat the measurement for the top of the phantom. Compare this
result to the one obtained at the outset of the measurements series.
The two should agree within 3%.

15. Record the MIT Research Reactor's power history for the seven days prior
to the above measurements using the attached form or enter the information
on the appropriate spreadsheet.

16. Calculate the photon and fast neutron dose rates using the procedure

described in Appendix B and record results on the attached data sheet. As
an alternative, a spreadsheet may be used to perform and record these
calculations. If used, these shall be signed, dated, and reviewed by two
NCT Research Scientists.

17. Review the RBE factors and record the values to be used.

Component RBE Source*

B-10

N-14

Fast Neutron

Photon

* If RBE values are unchanged from previous characterization, indicate
'N/A.'

18. Calculate the nitrogen-14, boron-10, and RBE-weighted dose rates

(including the dose rate in healthy tissue and tumor) using the procedure
given in Appendix C. (Note: Concentrations of 7.5 ppm boron in healthy
tissue and 30 ppm boron in tumor are assumed.) Record the results on the
attached data sheet. As an alternative, a spreadsheet may be used to perform
and record these calculations. If used, these shall be signed, dated, and
reviewed by two NCT Research Scientists.

19. Plot the data obtained from steps (16) and (17) above as dose-depth
distribution curves. These curves are to include the 30 ppm B-10, N-14,
photon, fast neutron, healthy tissue, and tumor dose rates. The plots
should be signed and dated by both the NCT Research Scientist who
prepared them and the NCT Research Scientist who reviewed them.

20. Secure any equipment not required for the subsequent portions of this

procedure.

NOV 30 1993SR#-0-93-20
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PM 3.14.2.4 Characterization of the Medical Therapy Beam

Purpose:

The purpose of this characterization procedure is to determine the dose-versus-
depth profile of the MITR medical therapy beam on a central axis from the surface of a
phantom to a depth at least equivalent to the total thickness of the body part that is to be
treated. Fast neutron, thermal neutron, and gamma ray components are determined. The
results of the characterization serve as the reference for subsequent calibration checks of the
beam and for beam monitor functional checks.

Background:

The thermal neutron flux, epithermal neutron flux, photon dose rate, and fast
neutron dose rate are measured along the central axis of a phantom that approximates the
part of the body that will be treated. A unilateral irradiation is assumed. Fluxes and doses
are typically measured at depths of 0, 1, 2, 3, 4, 5, 6, 8, and 10 cm and then every 2 cm
until the bottom of the phantom is reached. However, a coarser grid may be used in
regions where the shape of the dose-depth profile has previously been shown to be
monotonic. The thermal and epithermal neutron fluxes are measured using bare and
cadmium-covered gold foils. The photon and fast neutron dose rates are measured using
calibrated, paired graphite-wall and tissue-equivalent ionization chambers. A general
reference on the methods used is Attix [1]. The application of these methods to the MITR
medical therapy beam is given by Rogus [2].

Acceptance Criteria:

Beam parameters are, upon review of the characterization results by the Director of
the MIT Nuclear Reactor Laboratory and by the program's Certified Medical Physicist,
judged to be adequate for the conduct of human therapy.

Prerequisites:

1. Reactor operating at a power level in excess of 1 MW. (Caution: It is
important that reactor operating conditions be maintained constant during
beam characterization. Therefore, it is suggested that this procedure only be
done when the reactor has been at constant power for at least forty-eight
hours.)

2. Beam delimiter and whole body shields are installed. These shields should
be in the same position ( 2 mm side-to-side, 2 mm front-to-back, and
2 mm up-and-down) as that used for previous characterizations of the beam.

3. A standard phantom is available. This phantom is a right circular cylinder
that is made of polyethylene and which is 18 cm in diameter and 20 cm
long. This phantom is cut into ten layers so as to allow foils to be
positioned at various depths. This phantom is also used for the calibration
checks and beam monitor functional checks. Other phantoms may be used
provided that there is consistency with these checks. These include the
Wax- 130 leg phantom and the paraffin half-body phantom. (Phantom to be
used: )

NOV 30 1993SR#-0-93-20
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Remarks:

Characterization performed by:

Characterization reviewed by:

NCT Research Scientist

NCT Research Scientist

Beam judged adequate for the conduct of human therapy:

Certified Medical Physicist

NRL Director

NOV 30 1993

Date

Date

No lYes EU

Date

Date

SR#-0-93-20
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Note: If flows of 20 cc/minute were not used, then corrections to the calibrations
may be necessary. In that case, record the flow rates that were actually used on the
attached data sheet. The ion chambers were calibrated in-air. Then they were
exposed to a cesium source while taking current readings both in-air and for the
corresponding gas. A ratio of these values were taken to obtain the calibration for
the in-gas measurements.

3. Use PM 3.14.2.6, "Calibration and Stability Check of Ionization Chambers and
Electrometers," to test the electrometer-chamber pairs for stability and to verify their
calibration. Append completed procedure to this document.

Stability Check Satisfactory:
NCT Research Scientist Date

Measurement of Thermal and Epithermal Neutron Fluxes

1. Weigh twenty-six gold foils (5-10 mg, -0.002" thick) on a calibrated
balance (Mettler AT 201 or equivalent) that has an absolute accuracy and
repeatability of less than 1%. Place a small piece of pressure-sensitive
polyester film tape on the top and bottom of each foil, pinch the sticky sides
together, and then trim the tape. The foils can be marked with a number
written with a permanent marker on the tape. Note: Gold foils that have
been previously irradiated may be used provided that the residual activity is
less than 0.3 % of the initial amount. This corresponds to a decay interval
of three weeks.)

2. Place the needed number of foils in the phantom at depths of 0, 1, 2, 3, 4,
5, 6, 8, and 10 cm and then every 2 cm until the bottom of the phantom is
reached. The uppermost foil (0 cm) can be secured directly on the top of the
phantom. Designate these foils as 'bare'. Record foil weights on the
attached data sheet or enter them on a spreadsheet. If the latter is used, it
shall be signed, dated, and reviewed by two NCT Research Scientists.

3. Position the phantom so that it is under the centerline of the bismuth
collimator (its centerline when the lead shutter is open) using the fiduciary
marks on the bottom of the delimiter. The top of the phantom is cm
below the bottom of the delimiter.

4. Commence the foil irradiations using the following sequence for opening of
the D20 shutter and the shutters that control beam delivery:

a) Record time and date:
Time Date

b) Record reactor power level:
Ch. 7 p_ a ; Ch. 9 pa; Nominal Power MW

c) Clear the medical therapy facility room of personnel and close the
shield door.

NOV 30 1993SR#-0-93-20
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Record of Foil Weights

Bare Foils

Weight (mg)

2

3

4

5

6

7

8

9

10

11

12

13

Balance Type: Serial No.:

14

15

16

17

18

19

20

21

22

23

24

25

26

Covered Foils

Weight (mg

Calibration Date:

Foils weighed by:
NCT Research Scientist Date

Weights spot-checked by:
NCT Research Scientist Date

NOV 30 1993SR#-0-93-20
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10.

11.

12.

Use polyester film tape to position the covered foils along one of the thin
plastic rods that are available for each phantom. The foils should be at
depths of 0, 2, 4, 6, 8, and 10 cm and then every 2 cm until the bottom of
the phantom is reached. The uppermost foil (0 cm) can be secured directly
on the top of the phantom.

Position the phantom so that it is under the centerline of the bismuth
collimator (its centerline when the lead shutter is open) using the fiduciary
marks on the bottom of the delimiter. The top of the phantom is cm
below the bottom of the delimiter.

Commence the foil irradiations using the following sequence for opening of
the D20 shutter and the shutters that control beam delivery:

a) Record time and date:
Time Date

b) Record reactor power level:

Ch. 7 ____ a ; Ch. 9 pa; Nominal Power MW

c) Clear the medical therapy facility room of personnel and close the
shield door.

d) Open the D20 shutter. (This usually requires three minutes.)

e) Depress the open button for the H 20 shutter and observe that it is
draining. Wait forty seconds and then open the lead and boral
shutters. The 'irradiation start time' is the moment when the lead
shutter indicates open.

f) Record irradiation start time:
Time Date

g) Record readings of reactor power indicators once all shutters are
open:

Ch. 7 _ _ a ; Ch. 9 p_ a

13. Irradiate the foils for approximately sixty minutes. (Note: Shorter
irradiations are acceptable. The consideration is that a long irradiation
minimizes both the effect of the shutter cycle time and the required counting
time.)

14. Monitor reactor power channels No. 7 and 9 during the irradiation. The
drift should be less than 1 %.

15. Terminate the foil irradiations using the following sequence for closing the
D20 shutter and the shutters that control beam delivery.

NOV 30 1993SR#-0-93-20
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Record of Thermal and Epithermal Neutron Fluxes

Reactor Power: Ch. 7 ta; Ch. 9 pta; Nominal Power: MW

Beam Designation: Date Installed:

Nominal Power
Phantom
Position

(cm)

0

1

2

3

4

5

6

8

10

12

14

16

18

Thermal Flux

Calculations performed by:

Calculations reviewed by:

Epithermal
Flux

NCT Research Scientist

NCT Research Scientist

Normalized to 5 MWt

Thermal Flux.
Epithermal

Flux

Date

Date

NOV 30 1993SR#-0-93-20
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20. Calculate the thermal and epithermal neutron fluxes using the method
summarized in Appendix A to this procedure. Record calculations on the
attached sheet. As an alternative, a spreadsheet may be used to perform and
record these calculations. If used, these shall be signed, dated, and
reviewed by two NCT Research Scientists.

21. Normalize the fluxes calculated in step (20) to 5 MWt. Record calculations
on the attached sheet. As an alternative, a spreadsheet may be used to
perform and record these calculations. If used, these shall be signed, dated,
and reviewed by two NCT Research Scientists.

22. Secure any equipment not required for the subsequent portions of this
procedure.

Functional and Calibration Check of Medical Therapy Facility Beam
Monitors

1. Perform PM 3.14.2.1, "Functional Check of Medical Therapy Facility
Beam Monitors," and PM 3.14.2.2A, "Calibration Check of the Medical
Therapy Beam via Chamber Measurements." Append a copy of the results
to this procedure.

Measurement of the Photon and Fast Neutron Dose Rates

1. Energize the calibrated electrometer and adjust the high voltage or the HV
power supply to + 250 V. Check the HV cable to be certain that the
chamber would be at 250 10 V. The background current, with the voltage
applied to the chambers but with no radiation field, should be less than
5E-15 Amperes.

2. Allow the calibrated electrometer to warm up for one hour.

3. Purge the CO2 line for 20 minutes at ~100 cc/minutes. (CAUTION: The
next step is to connect the graphite-wall chamber to the electrometer. When
doing so, the electrometer should be in the zero position and the high
voltage should be off.)

4. Connect the graphite-wall ionization chamber to the CO2 line, snap on the
Lucite tube, and insert it into the phantom. For convenience, measurements
should be initiated at the 1 cm position for the head phantom and at the 0 cm
position for the other phantoms.

5. Position the phantom in the beam so that the area in which the measurement
will be made is under the center line of the bismuth collimator (its center line
when the lead shutter is open) using the fiduciary marks on the bottom of
the delimiter. The top of the phantom is cm below the bottom of the
delimiter.

SR#-0-93-20 NOV 30 1993
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Graphite-Wall Ionization Chamber Measurements (Continued)

Target Charge:

Phantom Measure-
Position ment #

5 cm

6 cm

8 cm

10 cm

12 cm

14 cm

16 cm

1
2
3

Average

1
2
3

Average

1
2
3

Average

1
2
3

Average

I
2
3

Average

1
2
3

Average

1
2
3

Average

Time
Interval
(min)

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Charge Current Deviation
(Coulombs) (Coulombs/ (%)

min)

N/A

N/A

N/A

N/A

N/A

N/A

N/A

NOV 30 1993

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

SR#-0-93-20
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10. Connect the tissue-equivalent ionization chamber to the tissue-equivalent gas
line, snap on the Lucite tube, and insert it into the phantom. For
convenience, measurements should be initiated at the 1 cm position for the
head phantom and at the 0 cm position for the other phantoms.

11. Position the phantom in the beam so that the area in which the measurement
will be made is under the center line of the bismuth collimator (its center line
when the lead shutter is open) using the fiduciary marks on the bottom of
the delimiter. The top of the phantom should be immediately below the
bottom of the delimiter.

12. Reduce the tissue-equivalent gas flow rate to 20 cc/minute. (Note: Higher
flow rates are acceptable provided that a correction factor is applied to the
chamber current.) Record the tissue-equivalent gas flow rate on the attached
data sheet or enter it on the appropriate spreadsheet.

13. Measure the temperature of the tissue-equivalent gas with a thermometer and
the barometric pressure with the barometer in the reactor control room
Record data on the attached sheet or enter it on the appropriate spreadsheet.

14. Commence the measurements using the sequence given below. Information
may either be recorded on the attached data sheets or, as an alternative, a
spreadsheet may be used to perform and record these calculations. If used,
these shall be signed, dated, and reviewed by two NCT Research Scientists.

a) Record time and date on the attached data sheet.

b) Record reactor power level on the attached data sheet.

c) Clear medical therapy room of personnel and close the shield door.

d) Open the D20 shutter and then the H 20, lead, and boral shutters.
Wait until all shutters indicate full open.

e) Measure the current using racetrack timing. Collect charge for about
one minute and then record for the target charge. Then record the
time interval required to reach this target charge three times.
Calculate the current (charge/time interval) for each data point and
average the three readings. The three measurements should be
within about 1 % of the average. If not, several additional readings
should be taken to ensure the system is at steady-state. Record data
on the attached sheet.

f) Close all shutters, enter the medical therapy room facility, survey,
and reposition the chamber for the next measurement.

g) Repeat steps (c) - (f) above with measurements taken at 0, 1, 2, 3,
4, 5, 6, 8, and 10 cm and then every 2 cm until the bottom of the
phantom is reached. For the head phantom, data for the 0 cm
position is obtained by placing the chamber on the top surface of the
phantom. During the other head-phantom measurements, it is
important that the head phantom be completely filled with water.
When using the leg or half-body phantoms, the void above the
chamber should be filled with a Wax-130 or paraffin insert.

SR#-0-93-20 NOV 30 1993
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Tissue-Equivalent Ionization Chamber Measurements

Date Installed:Beam Designation:

Phantom Type:

Chamber Type: -

Tissue-equivalent gas flow:

Temperature :

Serial #:

cc/minute

C

Barometric pressure:

Tissue-equivalent gas flow when chamber was calibrated:

Date and Time:
Date Tir

Reactor Power: Ch. 7 pta; Ch. 9 pta; Nominal Power

Target Charge:

Phantom Measure-
Position ment #

0 cm 1

1 cm

2 cm

3 cm

4 cm

2
3

Average

1
2
3

Average

1
2
3

Average

1
2
3

Average

1
2
3

Average

Time
Interval

(min)

N/A

N/A

N/A

N/A

N/A

Charge
(Coulombs)

N/A

N/A

N/A

N/A

N/A

Current
(Coulombs/

min)

Deviation
(%)

0.0%

0.0%

0.0%

0.0%

0.0%

NOV 30 1993SR#-0-93-20
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Calibration of Medical Therapy Facility Beam Monitors

I. Boot-up the beam monitor data acquisition program's computer system.

2. Use PM 3.14.3.4., "Beam Monitor System Setpoints," to verify the
settings of all beam monitor system parameters (gains, discriminator
setpoints, etc.).

3. Initiate the beam monitor data acquisition program.

4. Record the reactor power level (Ch. 7, Ch. 9, and nominal) on the attached
data sheet or enter this information on the appropriate spreadsheet.

5. Take five one-minute counts for each monitor. Record data on the attached
sheet and compute the average for each monitor. As an alternative, a
spreadsheet may be used to perform and record these calculations. If used,
these shall be signed, dated, and reviewed by two NCT Research Scientists.

6. Normalize the average counts for each monitor to 5 MWt. (Note: Channel
No. 7 should be used for this purpose unless otherwise indicated by a
Senior Member of the Operations Staff.) Describe method used for
normalization:

7. Use the dose-depth plot obtained from step (18) of the third part of this
procedure to determine the dose rate to healthy tissue: RBE-
cGy/minute at 2 cm on the beam's central axis in a head phantom with 7.5
ppm boron assumed in healthy tissue and 30 ppm boron assumed in tumor.

8. Calibrate the output of each beam monitor in terms of the dose rate delivered
to healthy tissue. The resulting calibration factor will have units of 'cps per
RBE-cGy/minute.' Record the results on the attached data sheet. As an
alternative, a spreadsheet may be used to perform and record these
calculations. If used, these shall be signed, dated, and reviewed by two
NCT Research Scientists.

9. Secure the medical room facility and equipment or continue with other
scheduled procedures as appropriate.

10. Provide results of this characterization and beam monitor calibration to the
Director of the MIT Nuclear Reactor Laboratory and to the Program's
Certified Medical Physicist.

NOV 30 1993SR#-0-93-20
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Tissue-Equivalent Ionization Chamber Measurements
(Continued)

Target Charge:

Phantom Measure-
Position ment #

0 cm 1
2
3

Average

Time
Interval
(min)

N/A

Charge
(Coulombs)

Current
(Coulombs/

min)

N/A

1. For each phantom position, the deviation of each of its three measurements from the
average is less than 1%.

2. The average value of the charge collected for the 0-cm measurement at the end of
the measurement series is within 3% of that obtained for the 0-cm measurement at
the start of the measurement series.

Certified by:

Data reviewed by:

NCT Research Scientist

NCT Research Scientist

NOV 30 1993

Deviation
(%)

0.0%

Date

Date

SR#t-0-93-20
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Calculation of Photon and Fast Neutron Dose Rates: Beam No.

Brain Dose Rates Muscle Dose Rates
e Phantom Graphite Chamber Tissue Chamber (cGy/minute) (cGy/minute)
C Position

t~ (cm) Measured Corrected Measured Corrected Photon Fast Neutron Photon Fast Neutron0

0

1

2

3

4

5

6

8

10

12

14

16

Calculation performed by:
NCT Research Scientist Date

Calculation reviewed by:
NCT Research Scientist Date
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Record of Foil Counts

Position
Relative to Time & Date Counting

Foil # Detector Count Started Time(s)

Counts taken by:

Data reviewed by:

Area Under
411 keV peak

Date

Date

NOV 30 1993

NCT Research Scientist

NCT Research Scientist

SR#-0-93-20



Calculation of N-14. B-10, and RBE-Weighted Dose Rates (Continued)

RBE-Weighted Dose Rates

Phantom
8 Position

(cm) 30 ppm B-10 7.5 ppm B-10 N-14 Fast Neutron Photon Healthy Tissue Tumor
0

1

2

3

4

5

6

8

10

12

14

16

Calculation performed by:

Calculation reviewed by:

NCT Research Scientist Date

NCT Research Scientist Date
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Graphite-Wall Ionization Chamber Measurements

Beam Designation:

Phantom Type:

Chamber Type:

CO2 gas flow: _

Temperature:

Date Installed:

Serial #:

cc/minute

C

Barometric pressure:

CO2 gas flow when chamber was calibrated:

Date and Time:
Date

cc/minute

Time

Reactor Power: Ch. 7 _ _ a; Ch. 9 pta; Nominal Power

Target Charge:

Phantom Measure-
Position ment #

1
2
3

Average

1
2
3

Average

1
2
3

Average

1
2
3

Average

Time
Interval

(min)

N/A

N/A

N/A

N/A

1
2
3

Average N/A

Charge
(Coulombs)

N/A

N/A

N/A

N/A

N/A

Current
(Coulombs/

min)

0.0%

0.0%

0.0%

0.0%

0.0%

NOV 30 1993SR#-0-93-20

MW

Deviation
(%)

0 cm

1 cm

2 cm

3 cm

4 cm
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Dnt2 Sheet for Beam Monitor Calibration (Continued

Calibration Factor for Dose

Dose Rate to
Healthy Tissue

(RBE-cGy/minute)

Normalized
Count Rate

(cps)
Calibration Factor

(cps)/(RBE-cGy/minute)

Epithermal #1

Epithermal #2

Thermal #1

Thermal #2

Gamma

CAUTION: The above correlation factors are for dose to healthy tissue at 2 cm on the
beam's central axis in a head phantom with 7.5 ppm boron assumed in healthy tissue and
30 ppm boron assumed in tumor.

Data certified by:

Data reviewed by:

NCT Research Scientist

NCT Research Scientist

NOV 30 1993

Monitor

Date

Date

n ty Sbe t

SR#-0-93-20



Graphite-Wall Ionization Chamber Measurements
Target Charge:

Phantom Measure-
Position ment #

Time
Interval

(min)

N/A

Charge
(Coulombs)

Current
(Coulombs/

min)

N/A

PM 3.14.2.4
Page 19 of 35

(Continued)

Deviation
(%)

0.0%

1. For each phantom position, the deviation of each of its three measurements from the
average is less than 1%.

2. The average value of the charge collected for the 0-cm measurement at the end of
the measurement series is within 3% of that obtained for the 0-cm measurement at
the start of the measurement series.

Certified by:
N

Date reviewed by:

CT Research Scientist

NCT Research Scientist

NOV 30 1993

0 cm 1
2
3

Average

Date

Date

SR#-0-93-20



PM 3.14.2.4
Page 30 of 35

Specific Saturated Activity of the Bare Foil:

C A )

2.975E-6 x (C/mb)

0.989 x 0.955 x Cd x (I-e-0.25 7to (e-0.25712)

where to, t1 , and t2 are in days.

Specific Activity of the Covered Foil:

0.989 x 0.955 x Ed

2.97 E-6 x (C/mc)

(-0.25710) (e- 0.257ti

where to, t1 , and t2 are in days.

Neutron Flux at 2200 m/s:

196.7 x 1000
02200 6.02 E+23 x 98.8E-24

Asat[m b- 1.02Asat
( M C.

where the factor of 1000 in the numerator of the last equation is to convert grams to
milligrams. Also, it has been assumed that the correction for self-absorption of 411 keV
photons in the gold foil is 0.989, that the 411 keV photon abundance is 0.955, and that the
cadmium correction factor is 1.02. The latter quantity is a function of foil thickness.

Epithermal Neutron Flux:

The epithermal neutron flux can now be found. It is given by the relation:

epi =
10.1(Fcd)(A sat / m)c (MW)

(Au) (RI) (Fres)
(50)

where $epi is the epithermal neutron flux (n/cm2-s);

RI is the resonance integral for an ideal, infinitely dilute gold foil (cm2 ); and

Fres is the resonance self-shielding factor.

Upon substitution of known constants, the following is obtained:

0 epi =
10.1 x 1.02 (A sat / m)c x 196.97 x 1000

6.02E+23 + 1560E-24 x 0.28

where the resonance integral is taken as 1560 barns, and the resonance self-shielding factor
is 0.28.

NOV 30 1993

(Asat -Cm) -e 0.257t2 )
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Tissue-Equivalent Ionization Chamber Measurements
(Continued)

Target Charge:

Phantom Measure- Time Charge Current Deviation
Position ment # Interval (Coulombs) (Coulombs/ (%)

(min) min) _

5 cm

6 cm

8 cm

10 cm

12 cm

14 cm.

16 cm

1
2
3

Average

1
2
3

Average

1
2
3

Average

1
2
3

Average

1
2
3

Average

1
2
3

Average

1
2
3

Average

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A_

N/A

N/A

NOV 30 1993

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%

0.0%
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where n is the reactor power (MW) that equates to the reading on
during the characterization. The correction for relative humidity is
therefore omitted.

It is assumed that fH and ff are unity, then upon substituting known
becomes:

MITR Channel No. 7
less than 0.3% and is

values, equation (19)

For the 2raphite-wall (carbon-graphite) chamber:

CG =(T + 27 3 2 9.9 2 :IM -
293 )(P)

(L.50E - 20)($5)(5.0 / np)

For the tissue-equivalent chamber:

ITE =T+273
293

22Im - (4.77E-20)(# 5)(5.0/np)
P)

Once these corrected currents are available, the photon and fast neutron dose rates can be
calculated from the relations:

BTE QCG - BCG QTE
BTE ACG - BCG ATE

ATE ()CG - ACG OTE
ATE BCG - ACG BTE

is the photon dose rate (cGy/minute),

is the fast neutron dose rate (cGy/minute),

(CG

QTE

is the corrected current of the graphite-wall (carbon-graphite) ionization
chamber due to the mixed field (Coulombs/minute), and

is the corrected current of the tissue-equivalent ionization chamber due to
the mixed field (Coulombs/minute).

The parameters in equations (3) and (4) that are designated by the letters A and B describe
the photon and neutron sensitivities of the chambers [2]. The Q values equal to the
I values calculated above for each chamber. Upon substitution of known quantities into
equations (3) and (4), the dose rates to brain and muscle can be determined. These are
given below by equations (13) and (14) respectively. As an aid to the prospective user,
units are also shown in these equations.

NOV 30 1993

(3)

(4)

where DY
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Record of Reactor Power History

Date Time Ch. 7 (pia) Ch. 9 (ta)

Data obtained by:

Data verified correct:

NCT Research Scientist

Senior Reactor Operator

NOV 30 1993

Nominal Power

Date

Date

SR#-0-93-20
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Fast Neutron Dose Rate:

C C C C
4.67E-11 ICG m - 7.62E - 1 ITE

b - cGy min cGy min (I6a)
_~ C C C

4.67E -II 3.33E-12 - 7.62E-1 1 4.43E -1 1 C
cGy cGy cGy cGy

or

C C C C
4.67E -l1 ICG - 7.62E-1 1 I'TE

= cGy min cGy min (16b)
-3.221E -11 c 

cGy2

The photon and fast neutron doses calculated here are to be normalized to a reactor power
of 5 MW. This should be done using the Channel 7 value with all shutters closed. The
latest calibration of Channel 7 to reactor thermal power at the end of the week should be
used.

NOV 30 1993SR#-0-93-20
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N- 14 Dose Rate (cGy/minute)

Muscle Brain

B- 10 Dose Rate (cGv/minute)

Healthy Turmor

Calculation performed by:

Calculation reviewed by:

NCT Research Scientist

NCT Research Scientist

Phantom
Position

(cm)

0

1

2

3

4

5

6

8

10

12

14

16

z0
0

Date

Date
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Data Sheet for Beam Monitor Calibration

Beam Designation: Date Installed:

Date and Time:
Date

Reactor Power: Ch. 7 p a; Ch. 9 p;

Time

Nominal Power: MW

Beam Monitor Counts (cbs)

Count # Epithermal #1 Epithermal #2 Thermal #1 Thermal #2

1

2

3

4

5

Average

5 MWt
Normalized

NOV 30 1993

Gamma
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Appendix A

Calculation of Thermal and Epithermal Neutron Fluxes

The method for calculating the thermal and epithermal fluxes for the MITR Medical
Therapy Room Beam is described in detail by Rogus [2]. A summary is given here. The
equation numbers used here correspond to those in Reference Two and are therefore not
consecutive.

The saturated activity for an infinitely-long irradiation and the 2200
the relations:

m/s flux are given by

(36)A sa c
sat E- eXto )eti _ -Xt2

MW
42200=

A VG2 2 0 0

SAsat )
mb)

- FCd l
( C

(37)

where Asat is the saturated activity (disintegrations/s);

is the decay constant (s- 1 in the numerator and inverse days in the
denominator);

C is the net counts under the 411 keV Au-198 peak (total counts minus
background counts);

E is the overall counting efficiency, which accounts for self-absorption (ea),
detector efficiency (Ed), and abundance of the detected radiation (Er) with all
efficiencies given as numbers, not percents;

to is the irradiation time (days);

tj is the count start time (days);

t2 is the count end time (days);

02200 is the 2200 m/s absorption cross-section for gold-197 (cm2/atom);

mb is the bare foil mass (mg);

me is the covered foil mass (mg); and

Fcd is the cadmium correction factor.

All times are referenced to the start of the irradiation which is considered zero. Upon
substitution of known constants, the following are obtained:

NOV 30 1993SR#-0-93-20
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Appendix B

Calculation of Photon and Fast Neutron Dose Rates

The method for calculating the photon and fast neutron dose rates for the MITR Medical
Therapy Room Beam is described in detail by Rogus [2]. A summary is given here. The
equation numbers used here correspond to those in Reference Two and are therefore not
consecutive.

The first step is to correct the currents measured with the electrometer for the gas flow rate,
reactor power history, gas temperature, and gas pressure. This is done using the relation:

Ic = (fH / ff TP)Im (ft) (5) /(fRP) (19)

where Ic is the corrected current [Coulombs/minute],

fH is the correction factor for the reactor's power history,

ff is the correction factor for the gas flow rate,

fTp is the correction factor for the gas temperature and pressure,

Im is the measured current [Coulombs/minute],

ft is the thermal response correction factor [cpm/(n/cm 2-s)],

05 is the 5 MW 2200 m/s flux in the sensitive volume of the chamber
[n/cm2-s], and

fRP is the scale factor for the reactor power.

The quantity fH is determined from the reactor's power history [2]. It is unity if the reactor
is at steady-state during the measurements. That is, the reactor should have been at
constant power for a sufficiently long time prior to the initiation of measurements so that
thermal equilibrium has been attained. The quantity ff is unity if the gas flow rates used
during the measurements were those employed during the chamber calibrations. If this was
not the case, refer to Reference Two for tabulated corrections. The quantity fyp is given by
the relation:

(T+273 29.92
(22+273)( P

where T and P are respectively the temperature (C) and pressure (inches Hg) of the purge
gas in the sensitive volume of the chamber. The thermal response correction factor ft,
which has units of [(counts/minute)/(n/cm 2-s)] and has a magnitude of 1.5E-20 for the
graphite-wall chamber and 4.77E-20 for the tissue-equivalent chamber. Finally, the
quantity fRp is scale factor for the reactor power and is given by:

fpsp = 5.0/np

NOV 30 1993SR#-0-93-20
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MITR II Radiation/Contamination Survey Form

Work Opcration JiL3Ptr Ne1 uFM w/ 1Ctd-c-
InmtrumcIn No. o 4( X-/ At I-4 ?.. -
Survcyed by JxtC.wLL-1. - / pr LL

Item / Arca
Serial No.
Document No.

Rx. Powcr
Date
Time

Ni ITil llcintor Htadh. Ooicciioni orrce
HH11F 3001.5

i'22 /A

A-i tV/Oe

1~ K

10T

'1 \
;/'

/

/

32G rn A 4 so k w

7V 0 VWk.tkA

All radiation mcasurements are reported in mrem/hr unless otherwise noted,

Itagram / Rcsults Contamination Survey Results
No. Type a

rntamina-inn Survey Type

1, Swipes -I00cm2 (dpn/I00cm2) Prececded by X

2. Swipes< lOcm2 (dpm/l00cm2) Preceeded by X
3'. Direct reading (dpm/100cm2) Precceded by #
4. Wipes> 100cm2 (dpm) Preceeded by #
Radiatinn Ruryey Type

Cirle - contact measurement gamma
Uncircled - gen. area waist level gamma
Square = contact mneasurement neutrun
1Triangle - gen, aren waist level neutr)n

q " i v" -Ad ....- _

Reviewecd 24 , .Date



PM 3.14.2.4
Page 33 of 35

Brain:

Photon Dose Rate:

C C C C
4.29E-11 ICG 3.33E -12 ITE

cGy min cGy min(3
4.29E -11 7.62E -11 - 3.33E -12 4.67E-I 1

cGy cGy cGy cGy

or

C C C C
4.29E -11 ICG - 3.33E -12 ITE

cGy min cGy min (13b)

3.114E - 21 c 2

cGy2

Fast Neutron Dose Rate:

C C C C
4.67E -11 ICG - 7.62E -1 1 ITE

cGy min cGy min (I4a)
4.67E -11 3.33E-12 - 7.62E-1 1 4.29E-1 1

cGy cGy cGy cGy

or

C C C C
4.67E -11 ICG m - 7.62E-1 I I E Im

bn cGy min cGy min (14b)

-3.114E-11 2
cGy2

Muscle:

Photon Dose Rate:

C C C C
4.43E-11 ICG - 3.33E-12 ITE

cGy min cGy min ( 
(5a)

4.43E -11 7.62E-11 - 3.33E-12 4.67E -1 1
cGy cGy cGy cGy

or

C C C C
4.43E -11 ICG m - 3.33E -12 ITE m

= cGy min C2 cGy min (15b)
3.221E- 21 2

cGy2

NOV 30 1993SR#-0-93-20
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Appendix C

Calculation of N-14, B-1O, and RBE-Weig~hted Dose

A. N-14 Dose Rate

For brain:

For muscle:

D =1.401E-1lcGycm2 /n x 02200 n/cm -s x 60s/min

f = 2.724E -I IcGy cm2 / n x 02200 n / cm -s x 60s/ min

B. B- 10 Dose Rate in Healthy tissue @ 7.5 ppm B- 10

D=8.66E-12cGycm 2/n-ppm x 7.5ppm x 02200 n/cm2-s x 60 s/min

C. B-10 Dose Rate in Tumor Tissue @ 30 ppm B-10

b=8.66E-12cGycm2 /n-ppm x 30ppm x 0220 0 n/cm2 -s x 60s/min

D. RBE - Weighted Dose Rates

The relations given below are predicated on the following RBE values: 4.0 for B-
10; 2.3 for N-14, 2.3 for fast neutrons; and 0.5 for photons. These values should
be reviewed at every characterization of the MITR Medical Therapy Facility Beam.

a) RBE 30 ppm B-10 dose rate = 4.0 x DB-10, 30 ppm

RBE 7.5 ppm B-10 dose rate = 4.0 x DB-10, 7.5 ppm

RBE N- 14 dose rate

RBE fast neutron dose rate

RBE photon dose rate

= 2.3 x DN-14 (muscle or brain)

= 2.3 x Df,

= 0.5 x DY

b) RBE healthy tissue dose rate

= 4.0 x DB-10, 7.5 ppm + 2.3 x DN-14 + 2.3 x Dffi + 0.5 x Dy

Use muscle N-14 dose to calculate the muscle tissue dose and use brain

N-14 dose to calculate the brain dose.

c) RBE tumor tissue dose rate

= 4.0 x DB-10, 30 ppm + 2.3 x DN-14 +2.3 x Dfn +0.5 x Dy

Use muscle N-14 dose to calculate the muscle tissue dose and use brain

N-14 dose to calculate the brain dose.

NOV 30 1993
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MITR II Radiation/Contamination Survey Form

/ork Operation Radiological Surveys for FCS-4
istrument No. RO-2A/ Xetec / rem 500
urveyed by McWilliams / Date / Riley

Item / Area
Serial No.
Document No.

FC Med Room (Inside)
4276 / 45894 / 00148

FCS-4

hagram / Results
All Shutters Closed

Temporary Shielding

1flN

All radiation measurements are reported in mrem/hr unless otherwise noted.

Radiation Survey Res Its rn j hj
Symbol Distance Gamma Neutron

1 G - _

2 GA -
3 GA -
4 GA 4to5 -
5 GA -
6 GA -
7 GA 2 to3 
8 GA 4 to 5
9 GA 10to20-
10 GA 10

Contamination Survey Type

1. Swipes=100cm2 (dpm/100cm2) Preceeded by X
2. Swipes < 100cm2 (dpmL/100cm2) Preceeded by X
3. Direct reading (dpm/100cm2) Preceeded by #
4. Wipes> 100cm2 (dpm) Preceeded by #
Radiation Survey Type
Cirle = contact measurement gamma
Uncircled = gen. area waist level gamma

Square = contact measurement neutron
Triangle = gen. area waist level neutron

Reviewed by Date

Rx. Power
Date
Time

4.6 MW
5/12/00

-1200

10

7-
7-

8

6

7 9.

5

4

2

'N

Q

Date

MITR Reactor Radiation Protection OfficeIT Environmental Medical Service

I
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MITR II Radiation/Contamination Survey Form

Work Operation
Instrument No.
Surveyed by

Radiological Surveys for FCS-4
RO-2A/ Xetec / rem 500
McWilliams / Date / Riley

Item / Area
Serial No.
Document No.

FC Med Room (Inside)
4276 / 45894 / 00148

FCS-4

Drac~r~am I Rpeiilt~ I .-.

CCS Opened ty 4 g4ecl. Nuntag Ctp

=

10

Temporary Shielding

1flN

7
7,

All radiation measurements are reported in mrem/hr unless otherwise noted. I

Radiation Survey Results rf 1r
S Distance Gamma Neutron

1 GA 0.2
2 GA 0.2
3 GA 0.2
4 GA 0.2
5 GA 1.2
6 GA 0.2
7 GA 0.2
8 GA 0.5 -
9 GA 7 -
10 GA 7 -

Contamination Survey Type
I. Swipes=100cm2 (dpm/100cm2) Preceeded by X
2. Swipes < 100cm2 (dpm/100cm2) Preceeded by X
3. Direct reading (dpm/100cm2) Preceeded by #
4. Wipes> 100cm2 (dpm) Preceeded by #
Radiation Survey Type
Cirle = contact measurement gamma
Uncircled = gen. area waist level gamma
Square = contact measurement neutron
Triangle = gen. area waist level neutron

Reviewed b4.7 /\ Date

Rx. Power
Date
Time

50 kW
6/1/2000
Various

/

8 7

6

9

5

4

2

Date

AIlT Environmental Medical Service MITR Reactor Radiation Protection Offiee

Di -ra I -Re"

I
E



i it las II e l C-4@I4 a l.I .W1 Ke

MIT

Work 0gwration LLA j 1,40 - 4- I./,

IntIrumcmt No. 6 Z zj(
Strvcyed by L t P iCY'A

R II Radiation/Contamination Survey Form

FL,-izaIm / Arca
Scrial No.
Documcnt No.

N IlT Reactor itadimt otictio, Orrice
R RP1' 3001.5

Rx. Power
Datc
Time

Diagram / Rcsults

t)

40( 1

IA

All radiation measurements are reported in mrcm/hr unless otlicrwisc noted.

I

Cnmlaminatinn Survey Type

1. Swipes- 100cm2 (dpmIOOcm2) Preceeded by X
2. Swipes< I OOcn2 (dpm/I00cm2) Preceeded by X
3. Direct reading (dpn-/l00cm2) Preceeded by #
4. Wipes > 100cm2 (dpm) Preceeded by #
Radhriinn Survey Type

Cirle - contact measurement gamma

Uncircled - gen. area waist level gamma
Square - contact measurement neutron
Triangle - gen. area waist lcvel neutron

Rcvicwcd by Date
I I

I./s/:

Contamination Survey Results
No. Type ap

I I



MITR II Radiation/Contamination Survey Form

Work Operation
Instrument No.
Surveyed by

Radiological Surveys for FCS-4
RO-2A/ Xetec / rem 500
McWilliams / Date / Riley

Item / Area
Serial No.
Document No.

FC Med Room (Inside)
4276 / 45894 / 00148

FCS-4

Water Shutter Opened CC&

\\ 1

9

5

10 , wv O r

10

-7

2

Temporary Shielding

1 N

All radiation measurements arerore nmeruls tews ntd.

aram esauts

.l raitoeaue etae______n_____nesohewsoed______=___arawitleeeto

Reviewed b Date

Di / RuI n

Rx. Power
Date
Time

4.6 MW
5/24/00

Various

/

8

/

7

6

4

v1IT Environmental Medical Service MITR Reactor Radiation Protection Offiee

Radiation Survey Res I r k
Symbol Distance Gamma Neutron

1 GA 2 -
2 GA 4.5 -
3 GA 4.5 -
4 GA 7 -
5 GA 12 -
6 GA 5 -
7 GA 15 203
8 GA 9 -
9 GA 20
10 GA 280

Contamination Survey Type
1. Swipes=100cm2 (dpm/100cm2) Preceeded by X
2. Swipes < 100cm2 (dpm/100cm2) Preceeded by X

3. Direct reading (dpm/100cm2) Preceeded by #
4. Wipes > 100cm2 (dpm) Preceeded by #
Radiation Survey Type

Cirle = contact measurement gamma
Uncircled = gen. area waist level gamma

Square = contact measurement neutron

Triangle = gen. ares waist level neutron



NIII I li rouiOllds(AI %Crvkc

MITR II Radiation/Contamination Survey Form

Vbork Operation hj /v,)jt ein /Arca 'TA1a 4 .A& (7g, O.
Iltrumllnt No. ag iSoo Y.4ar.' do-AA Serial No.
Surveyed by % k , t - Documcn No.

Rx. Power
Date
Time

N11"T'Rl Reactor Rndhia ioni O ic
RM111F 3001.5

5OkLJ
.~ , ~ yd

Diagram / Rcsults

K

'6

k

(J

'I

/

All radiation mCasurements are reportCd in mrem/hr unless othcrwisc noted.

Contamination Survey Results
No. Type a J

Crnnam;natinn Survey Type

1. Swipes- 100cm2 (dpn/tI00cm2) Prcecded by X
2. Swipes< 100cm2 (dpn/tOOcm2) Prccecded by X

3'. Direct reading (dpnI00cm2) Prececdcd by #
4. Wipes> 100cm2 (dpm) Preceeded by #
Radialinn Survey Type

Cirle - couitact measurement gamma

Uncircled - gen. area waist level gamma

Square - contact measurement neutron
Trinngle - gen, area waist lcvel neutrin

Reviewed b Date

.

C.) 320

A

O C\. \o 14-)\. c f- ggT



MITR II Radiation/Contamination Survey Form

irk Operation Radiological Surveys for FCS-4
trument No. RO-2A/ Xetec / rem 500
-veyed by McWilliams / Date / Riley

Item / Area
Serial No.
Document No.

FC Med Room (Inside) R
D

FCS-4 T

x. Power Full Ppower Equivalent (4.5 MW)
ate 6/1-2/00
ime Various

igram / Results

N
/

/

/

7

CUS and H20 Opened

8 7

6

4

mew. 3WtM(z Eucc D

10

9

5

2

7

Temporary Shielding

1flN

-,
7

Notes: All readings scaled from 50 kW to 4.5 MW

All radiation measurements are reported in mrem/hr unless otherwise noted.

Raciation Survey Results vr n /
Symbol Distance anma Neutron

40 -
2 GA 200 -_____

3 GA 260
T GA 250 -
3 GA 650
6--- GA 650 -
7 GA 3000 10800

9 GA 2800 1000
10 GA 6000 -

Contamination Survey Type

1. Swipes= 100cm2 (dpm/lOOcm2) Preceeded by X

2. Swipes < 100cm2 (dpm/100cm2) Preceeded by X
3. Direct reading (dpm/100cm2) Preceeded by #

4. Wipes> 100cm2 (dpm) Preceeded by #

Radiation Survey Type

Cirle = contact measurement gamma

Uncircled = gen. area waist level gamma

Square - contact measurement neutron

Triangle = gen. area waist level neutron

viewed by C. Date

.

MITR Reactor Radiation Protection Office
r Environental Medical Service

z

z
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MIT Environmental Medical Senice

Radiation Survey Record

Location: _F C- iZ VA C3. U X Qc-

Surveyed By: T , VA (- W t t...

Condition:

MITR Reactor Radiation Protection Office

RRPF 3001.4

Rx Power / M ,

Date 4

~ 0~ < . ME & C- v AD 

Instruments Used: R02,RO2A V1

Air Sample_

GM_

Other (Describe)

Neutron Detector_

Survey Results:

4 j ,- )2e,o 1 r0- /fr/0

Q AL- G T0

VA 77- Ot -4n--rL..-- /4 -cr~ c r-

eZ Or-rs.A -. s Z er,

U 0.') C, 2. 6-r*4

J. 0Af

Reviewed By:

Comments:

Date: 65-49

Swipes



MITR II Radiation/Contamination Survey Form

Work Operation
Instrument No.
Surveyed by

Radiological Surveys for FCS-4
GM / rem 500
B. Rice/ K. Nicholson

Item / Area
Serial No.
Document No.

FC Med Room (Inside)
158 / 00148

FCS-4

I .-. .-,

Liagram / Kesults
All Shutters Closed

8 mrem/h contact
1-- 0.9 mrem/h neutron

A-6
B - 6
C - 5

5

A-2

2 B - 1.5
C - 2.5

A - 0.1
B - 0.1
C - 0.1

Temporary Shielding

1 N

/

Note: A = 1 meter elevation, B = 0 meter elevation, and C = 2 meter elevation

All radiation measurements are reported in mrem/hr unless otherwise noted.

Kaciation :urvey Kesults 'rrpn/h
Symbol Distance Gamma Neutron

2
3
4
5
6

9
10

Contamination Survey Type
S Swipes=100cm2 (dpm/100cm2) Preceeded by X

2. Swipes< <100cm2 (dpm/100cm2) Preceeded by X
3. Direct reading (dpm/100cm2) Preceeded by #
4. Wipes> 100cm2 (dpm) Preceeded by #
Radiation Survey Type
Cirle = contact measurement gamma
Uncircled = gen. area waist level gamma

Square = contact measurement neutron
Triangle = gen. area waist level neutron

Reviewed ryf-f - Date

Rx. Power
Date
Time

4.6 MW
5/22/00

1000 - 1300 h

K

T A-3
8 - 0.8
C - 1.2

6

A-7
B-0.3 9
C - 6

7
A - 1.5
B -8.0
C0-0.6A -

B -
C -

1.2
1.2
1.2

4A-4A - 4- 8-2

C0-1.7

A -
B -
C -

1.3
1.0
1.3 3-__

I,

,, /g~~oe!)

MITR Reactor Radiation Protection OffceMIT Environmental Medical Service





MITR II Radiation/Contamination Survey Form

Radiological Surveys for FCS-4
RO-2A/ Xetec / rem 500
McWilliams / Date / Riley

Item / Area
Serial No.
Document No.

FC Med Room (Inside)
4276 / 45894 / 00148

FCS-4

'iagram / Results
Mechanical Shutter Opened CCs i Lo CLep

10

7 9

5

4

2

Temporary Shielding

1 N

All radiation measurements are reported in mrem/hr unless otherwise noted.

Reviewed by ZZ f Z a Dat

'ork Operation
Lstrument No.
irveyed by

Rx. Power
Date
Time

4.6 MW
5/12/00

-1200

8

7 6

____

MITR Reactor Radiation Protection Offce(T Environmental Medical Service

Date

Radiation Survey ResuIts wtM j-
Symbol Distance Gamma Neutron

1 GA 2-Jan -
2 GA 10 -
3 GA 300 -
4 GA 800 -
5 GA -
6 GA - -
7 GA 5000 220

56.3 (mrad/h)
8 GA -
9 GA -
10 GA -

Contamination Survey Type
1. Swipes= 100cm2 (dpmi/100cm2) Preceeded by X

2. Swipes < 100cm2 (dpm/100cm2) Preceeded by X

3. Direct reading (dpm/IOcm2) Preceeded by #

4. Wipes> 100cm2 (dpm) Preceeded by #
Radiation Survey Type
Cirle = contact measurement gamma

Uncircled = gen. area waist level gamma

Square = contact measurement neutron
Triangle = gen. area waist level neutron

.,-

-



MITR II Radiation/Contamination Survey Form

lork Operation Radiological Survey for FCS-4
Lstrument No. GM
irveyed by K. Nicholson

Item / Area
Serial No.
Document No.

Outside FC Med. Room
158
FCS-4

'iagram / Results

Right of Silicon Loa
6RH1 13 mrem/h

k- 1.2
3 - 1.2
,-3

AL
/

7

A - 1
B - 0.9
C - 0.8

S
N

iutter Status: All Shutters Opened *
ote: A = 0 meter elevation, B = 1 meter elevation, and C = 2 meter elevation

d Tray/

7-.
.7

-r

Water Shutter Piping
4 mrem/h contact with Pinch ValveI _________

A-5
B - 5

RC - 6

B -5
0-6

A - 0.7 A - 1.2 M
K B- 0.6 L B - 1 M

C - 0.8 C - I

All radiation measurements are reported in mrem/hr unless otherw

A-4
B - 4

p C-3

A-8

AA--10

B - 4
S C - 4 -100

B - 80
i a C - 60

A - 8

N B - 9
C -10

A-100
A - 1.2 B - 100
B - 1.2 C - 200
C -1.4

ise noted.

Radiation Survey Results
Symbol Distance Gamma Neutron

Contamination Survey Type
1. Swipes- 100cm2 (dpm/100cm2) Preceeded by X
2. Swipes < 100cm2 (dpm/100cm2) Preceeded by X
3. Direct reading (dpm/lI0cm2) Preceeded by #
4. Wipes > 100cm2 (dpm) Preceeded by #
Radiation Survey Type
Cirle - contact measurement gamma
Uncircled - gen. area waist level gamma
Square - contact measurement neutron
Triangle - gen. area waist level neutron

teviewed by c X/ - Date

Rx. Power
Date
Time

4.5 MW
6/2/00

0900 - 1200

- - I- Rr I- -- --

IT Environmental Medical Service MITR Reactor Radiation Protection Office

VU RA'rL25 I ) ) M rzm I h r

711-



MITR II Radiation/Contamination Survey Form

Vork Operation
istrument No.
urveyed by

P M4,, (JI. 6V I C efLa .Da. d&A

4m -- / h 10 t-

Item / Area
Serial No.
Document No.

C 6 V 16 , _

'.4/A

Rx. Power
Date
Time

Af f f
i , LI ?/ Za

,e J o;

9 13-

10

7 9

5

4

Temporary Shielding

2
'3 a3 AX, 4 A- 0 Aa r.-

AllAdiation me4rements are reported in mrem/hr unless otherwise noted. I

)iagram R LesuLs

CQntamina tign Survy 1=vp
1. Swipes- 100cm2 (dpm/100cm2) Preceeded by X
2. Swipes < 100cm2 (dpm/10cM2) Preceeded by X
3. Direct reading (dpm/100cm2) Preceeded by #
4. Wipes> 100cm2 (dpm) Preceeded by #
Radiation Survey Type

Cirle = contact measurement gamma
Uncircled - gen. area waist level gamma
Square - contact measurement neutron
Triangle - gen. area waist level neutron

Ccs ont It) f Ft6cjj. C ,M o

j
~.1

6

--- - 0 -_ - - -

IfT Environmental Medical Service MMT Reactor Radiation Protection Office

.1 & / / j IL C-

Radiation Survey Res ats mre he
Symbol Distance IGamma euon

2

5
6

9 csuwo r - .-
10

N

1- N/

*"//>d 1eviewed by Date

1j;8 .



MITR II Radiation/Contamination Survey Form

Work Operation Radiological Survey for FCS-4
Instrument No. GM
Surveyed by K. Nicholson

Item / Area
Serial No.
Document No.

Outside FC Med. Room
158
FCS-4

iutter Status: Water Shutter Opened, CCS Opened
ote: A = 0 meter elevation, B = 1 meter elevation, and C = 2 meter elevation

DNS MtCS i 4 hrrtm 4

7

A - 0.08
B - 0.06
C - 0.08

A - 0.05
B - 0.05
C - 0.06 J

Water Shutter Piping 0.06 mrem/h GA
0.15 mrem/h contact with Pinch Valve

--- r

A - 0.3
B - 0.4
C - 0.5

QA-0.3
B - 0.4
o - 0.5

A - 0.3

p B - 0.3
C - 0.2

A - 0.3
o B - 0.3

C - 0.3

A - 2

N B-4
C - 573D

.7,

A - 0.08
K B - 0.08

C - 0.1

A - 0.05
L B - 0.03

C - 0.03

A - 0.08
M B-0.1

- 0.08

All radiation measurements are reported in mrem/hr unless otherwise noted.

Radiation Survey Results
Symbol Distance Gamma Neutron

Contamination Survey Type

1. Swipes= 100cm2 (dpmI/100cm2) Preceeded by X

2. Swipes< 100cm2 (dpm/100cm2) Preceeded by X

3. Direct reading (dpml00cm2) Preceeded by #
4. Wipes > 100cm2 (dpm) Preceeded by #

Radiation Survey Type

Cirle = contact measurement gamma

Uncircled = gen. area waist level gamma

Square = contact measurement neutron

Triangle = gen. area waist level neutron

Reviewed Date

Diagram / Results S
N

Right of Silicon Load Tray/
6RH1 0.5 mrem/h

Rx. Power
Date
Time

250 kW
6/1/00
0900 - 1200

MITR Reactor Radiation Protection OffceMIT Environmental Medical Service

Date

C===



MITR II Radiation/Contamination Survey Form

Work Operation
Instrument No.
Surveyed by

Radiological Surveys for FCS-4
RO-2A/ Xetec / rem 500
McWilliams / Date / Riley

Item / Area
Serial No.
Document No.

FC Med Room (Inside)
4276 / 45894 / 00148

-FCS-4

I ~-~-.---~..- I -

Mechanical Shutter Opened p to &P~rJ

10

7 9

5

4

2
3

K

C.L CL F9

Temporary Shielding

1EN

All radiation measurements are reported in mrem/hr unless otherwise noted.

. agai I esuLsL

Reviewed by Dat -

Radiation Survey Results tj
Symbol Distance Gamma Neutron

I GA 30 -
2 GA 450 -
3 GA - -
4 GA - -
5 GA - -
6 GA - -
7 GA Off Scale 12100
8 GA - -
9 GA -
10 GA - -

Contamination Survey Type

1. Swipes=100cm2 (dpnm/100cm2) Preceeded by X

2. Swipes< 100cm2 (dpm/100cm2) Preceeded by X

3. Direct reading (dpm/100cm2) Preceeded by #

4. Wipes> I00cm2 (dpm) Preceeded by #

Radiation Survey Type
Cirle = contact measurement gamma

Uncircled = gen. area waist level gamma

Square = contact measurement neutron

Triangle = gen. area waist level neutron

Rx. Power
Date
Time

4.6 MW
5/24/00

Various

4:.>

8

6/

K 1

MITR Reactor Radiation Protection OfrceMIT Environimental Medical Service

Date





MITR II Radiation/Contamination Survey Form

irk Operation Radiological Surveys for FCS-4 It
trument No. RO-2A / Xetec / Rem 500 S
'veyed by McWilliams / Date / Riley D

em / Area
erial No.
ocument No.

FC Med Room (Inside)
4276 / 45894 / 00148

FCS-4

Rx. Power
Date
Time

Full Ppower Equivalent (4.5 MW)
6/1-2/00
Various

All Shutters Opened

10

7

5

4

2

Temporary Shielding

1 N

A

Notes: All readings scaled from 50 kW to 4.5 MW except position 1 and N obtained at 4.5 MW
Med room Area Monitor estimated at 40000 mrem/h (overrange at 30,000)
Position N is represented by 10" steel and one layer of "rico-rad" shielding

All radiation measurements are reported in mrem/hr unless otherwise noted.

igram / Results

Radiation Survey Tvpe

Cirle = contact measurement gamma

Uncircled = gen. area waist level gamma

Square = contact measurement neutron
Triangle = gen. area waist level neutron

viewed byate .

Radiation Survey Results M -mn 
Symbol Distance Gamma Neutron

1 GA 5000 826
2 GA 40000 10000
3 GA 60000 20000
4 GA 100000 56000
5 GA - -
6 GA - -
7 GA 800000 960000
8 GA - -

9 GA - -

10 GA -

N GA 8 <1

Contamination Survey Type
1. Swipes= 100cm2 (dpm/100cm2) Preceeded by X

2. Swipes < 100cm2 (dpm/100cm2) Preceeded by X

3. Direct reading (dpm/100cm2) Preceeded by #
4. Wipes> 100cm2 (dpm) Preceeded by #

[ 78 7

6

9

.

Date

' Enviromnental Medical Service MITR Reactor Radiation Protection Offce

I
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MITR Reactor Radiation Protection Office

MITR II Radiation/Contamination Survey Form

Work Operation Radiological Shield Survey
Instrument No. Telescan / TEPC 500 / Ludlum GM
Surveyed by Patric/Rice

Item / Area
Serial No.
Document No.

FC Main Shield / Rx Top
201 / 178 / 145
NA

Rx. Power 4.8 MW
Date 2/1/01
Time 1527

Diagram / Results

47.

44

4,<

2/4> k/

Notes:
1. Shutter Status: CCS Open
2. Rx Top Area Monitor: 2 mrem/h Gamma

,2

x ~ y.
~'2.~' /

/ /
>' .4>

</7/ 7..' 7,

.7.
4/44

F

All radiation measurements are reported in mrem/hr unless otherwise noted.

Radiation Survey Results
Symbol Distance Gamma Neutron

A Contact 13 3
B Contact 2 25
C Contact 13 8
D Contact 180 0.
E Contact 25 9
F Contact 10 3
G Contact 8 10
H Contact 5 3
I Contact 3 15
J Contact 12 7
K Contact 3 7
L Contact 3.5 3
M Contact 4 4

N Contact 4.5 0.5
0 Contact 4 18
P Contact 6 7
Q Contact 9 2
R Contact 16 0

Contamination Survey Type

1. Swipcs= l00c2 (dipm/002cin7 Precedd by X

2. Swipes< 100cm2 (dpm/100cm2) Preceeded by X

3. Direct reading (dpm/100cm2) Preceeded by #

4. Wipes> I00cm2 (dpm) Preceeded by #

Radiation Survey Type

Circle = contact measurement gamma

Uncircled = gen. area waist level gamma

Square = contact measurement neutron

Triangle = gen area waist level neutron

Reviewed by Date

MIT Environmental Medical Service

Reviewed by Date



MITR 11 Radiation/Contamination Survey Form

Radiological Survey for FCS-4
GM
K. Nicholson

Item / Area
Serial No.
Document No.

Outside FC Med. Room
158
FCS-4

Shutter Status: All Shutters Closed 4~
SShutter Status: All Shutters Closedg 4
Note: A = 0 meter elevation, B = 1 meter elevation, and C = 2 meter elevation

M~ MILE' W mrk

ray/

N -0.6
3-0.5
>,-0.6

Wa
1.7

A - 0.7
B - 0.7
C - 0.6

'7
7

ter Shutter Piping
mrem/h contact with Pinch Valve

A - 0.5
B - 0.7
C - 0.7

R
A - 0.5
B-0.8
C - 0.8

A 1

B -1.7

P1 C - I

A - 1.5
B - 1.5

0 C - 1.4

A - 0.8
N B -4

C - 6

A - 0.5

K A .6 1L B -M B - 0.7
IB -0.61 L B-0.5 1  C -0.6
C - 0.5 C - 0.5 o ne

All radiation measurements are reported in mrem/hr unless otherwise noted.

7]

hiagram / Results

Right of Silicon Load T
6RH1 10 mrem/h

Contamination Survey Type
1. Swipes - 00cm2 (dpm/100cm2) Preceeded by X
2. Swipes < l00cm2 (dpm/100cm2) Preceeded by X

3. Direct reading (dpm/100cm2) Preceeded by #

4. Wipes> lO0cm2 (dpm) Preceeded by #

Radiation Survey Type

Cirle = contact measurement gamma

Uncircled = gen. area waist level gamma

Square = contact measurement neutron

Triangle - gen. area waist level neutron

teviewed /_/__ _ _/ _ __

lork Operation
istrument No.
urveyed by

Radiation Survey Results
Symbol Distance Gamma Neutron

Rx. Power
Date
Time

4.5 MW
6/2/00

1000 - 1700

I

,

Date

MITR Reactor Radiation Protection OfficeIT Environental Medical Service

-I :E





MITR II Radiation/Contamination Survey Form

Work Operation
Instrument No.
Surveyed by

Radiological Survey for FCS-4
GM
K. Nicholson

Item / Area
Serial No.
Document No.

Outside of FC Med Room
158

FCS-4

Shutter Status: All Shutters Closed
Note: A = 0 meter elevation, B = 1 meter elevation, and C = 2 meter elevation

Right of Silicon Load Tray/
6RH1 0.3 mrem/h

A - 0.03
B - 0.03
C - 0.03 I

A - 0.02
B - 0.02
C - 0.02 J

K

0

Water Shutter Piping
0.9 mrem/h contact with Pinch Valve

pW;- gmrT 1 mC'tm/Jr-

A - 0.2
B - 0.3

R C - 0.4

QA-0.4
B - 0.4
C - 0.4

A - 0.2

p B - 0.2
C - 0.2

A - 0.2
0 B - 0.2

C - 0.2

A-2
N B-3

C - 4ID
_ I

A - 0.05
K B-.07 L

C - 0.07

All radiation measurements are

A - 0.04 A - 0.05

B -0.04 M B-0.06
B-00C 0- 0.07

C - 0.04

reported in mrem/hr unless otherwise noted.
i

Radiation Survey Results
Symbol Distance Gamma Neutron

i _ _ I _ _ i _ _

Contamination Survey Type

1. Swipes= 100cm2 (dpm/ 100cm2) Preceeded by X

2. Swipes < 100cm2 (dpm/100cm2) Preceeded by X

3. Direct reading (dpm/100cm2) Preceeded by #

4. Wipes > 100cm2 (dpm) Preceeded by #

Radiation Survey Type

Cirle = contact measurement gamma

Uncircled = gen. area waist level gamma

Square = contact measurement neutron

Triangle = gen. area waist level neutron

Reviewed b - C. -' Date

Diagram / Results

Rx. Power
Date
Time

250 kW
6/1/00
0900 - 1200

1 1 1

MITR Reactor Radiation Protection OffceMIT Environental Medical Service

1:



MITR II Radiation/Contamination Survey Form

'ork Operation Radiological Surveys for FCS-4
istrument No. Xetec,
.irveyed by B. Rice

Item / Area
Serial No.
Document No.

Top of Fission Converter Roof
201
FCS-4

,iagram / Results

Hot Leg
700 Contact

Hot Leg
400 Contact

300 Hot Leg

350 Hot Leg

H Pipe Under Int et
280 ontat 1450 Contact

Vertical Pipe
450 Contact

60 - 70 GA

800 @ Plane

N

A-
50 - 60 GA

S80
F

G

20 GA

B CA
50 - 60 GA

60 GA
30 GA

E

80 - 150 GA
4--- 25 GA

70 - 120 GA

18 GA

15 GA

150 IX Column
Contact

Primary Pump
1000 Contact

-------- 2 00 HX Contact

H

A/

5 GA @ Catwalk Entrance

Shutter Status: All Shutters Open

All radiation measurements are reported in mrem/hr unless otherwise noted.

Radiation Survey sults
Symbol Distance Gamma Neutron

Contamination Survey Tyne
1. Swipes- 100cm2 (dpm/100cm2) Preceeded by X

2. Swipes < 100cm2 (dpm/100cm2) Preceeded by X
3. Direct reading (dpm/100cm2) Preceeded by #

4. Wipes> 100cm2 (dpm) Preceeded by #

Radiation Survey Type
Cirle = contact measurement gamma

Uncircled = gen. area waist level gamma

Square = contact measurement neutron
Triangle = gen. area waist level neutron

RevieweA f ../Date

Rx. Power
Date
Time

4.5 MW
6/2/00

1000 - 1700

R

MITR Reactor adiation Protection OfficeIT Environmental Medical Service

I

150G



MIT Environmental Medical Service

MITR II Radiation/Contamination Survey Form

Work Operation Rad Shield Survey Post Door Adjustment
Instrument No. Telescan / TEPC 500
Surveyed by F. McWilliams

Item / Area
Serial No.
Document No.

FC MR Door / Rx Floor
201 / 178

NA

Rx. Power 4.5 MW

Date 12/7/00
Time 1500

Diagram / Results

I Aw,

Notes: B
1. Shutter Status: All Open

2. NDR= No Detectable Reading
3. Survey point locations are typical and are maximum readings scanned over entire cracks

All radiation measurements are reported in mrem/hr unless otherwise noted.

Radiation Survey Results
Symbol Distance Gamma Neutron

A Contact 2 NDR
B Contact 20 NDR
C Contact 1 NDR

Contamination Survey Type

1. Swipes= 100crn2 (dpm/100cm2) Preceeded by X

2. Swipes< I00cm2 (dpm/I00cn2) Preceeded by X

3. Direct reading (dpm/100cn2) Preceeded by #

4. Wipes> I00cm2 (dpm) Preceeded by #

Radiation Survey Type

Circle = contact measurement gamma

Uncircled = gen. area waist level gamma

Square = contact measurement neutron

Triangle = gen. area waist level neutron

Reviewed by Date

I

MITR Reactor Radiation Protection Office

Reviewed by Date



CONSTRUCiON AND CHARACTERIZATION OF A FISSION CONVERTER BASED EPITHERMAL NEUTRON BEAM FOR BNCT - Kent J Riley

Appendix V.D - Reactor Top (Above Fuel Tank)

The dose rates shown in this appendix are for the final shielding configuration,

which was installed in February 2001.
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MITR Reactor Radiation Protection Office

MITR II Radiation/Contamination Survey Form

Work Operation Radiological Shield Survey

Instrument No. Telescan / TEPC 500 / Ludlum GM
Surveyed by Patric/Rice

Item / Area
Serial No.
Document No.

FC Main Shield / Rx Top
201 / 178 / 145
NA

Rx. Power 4.8 MW
Date 2/1/01
Time 1516

Diagram / Results

~ ~

. P

n-~gp ~3<&35~~.

V3

4

C

Notes:
1. Shutter Status: CCS Closed

2. Rx Top Area Monitor: 1.5 mrem/h Gamma

F
F

All radiation measurements are reported in mrem/hr unless otherwise noted.

Radiation Survey Results
Symbol Distance Gamma Neutron

A Contact 1 0-3
B Contact 6 0-3
C Contact 3 9
D Contact 3 0-3
E Contact 3 0-3
F Contact 2 0-3
G Contact 2.5 0-3
H Contact 2 0-3
I Contact 2 0-3
J Contact 1 13
K Contact 1 0-3
L Contact 1.5 0-3
M Contact 1.2 0-3
N Contact 1 0-3
0 Contact 2 0-3
P Contact 1.5 0-3
Q Contact 1 7
R Contact 1.5 0-3

Contamination Survey Type

1. Swipes = I 00cm2 (dpm/ I 00cm2) Preceeded by X

2. Swipes< 100cm2 (dpm/l00cm2) Preceeded by X

3. Direct reading (dpm/I00cm2) Preceeded by #

4. Wipes> I00cm2 (dpm) Preceeded by #

Radiation Survey Type

Circle = contact measurement gamma

Uncircled = gen. area waist level gamma

Square = contact measurement neutron

Triangle = gen. area waist level neutron

Date

MIT Environmental Medical Service

Reviewed by



Appendix V.E - Top of Medical Room
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MITR II Radiation/Contamination Survey Form

Radiological Surveys for FCS-4
Xetec
B. Rice

Item / Area
Serial No.
Document No.

Top of Fission Converter Roof
201
FCS-4

)iagram / Results A-3 H Pipe Under A -2.5 A - 2.8

B - 3.5 190 Contact B - 3.5 B - 3

A-3C - 2.5 VriaPpeC - 2.5 C - 3

B - 10 8 Contact
C - 2.5 4-12 GA

A A - 0.
3 GA plane B - 2.

2 -3 GA

Hot Leg
8 Contact

2-4HotL

2 - 4 Hot Leg

A - 1.12 1

F B- I.E
C -2
1%

C - 1.2

I - 2 GA

A- 2- 3 GA
E1.6

B - 3

3 -6 GA

2 - 3 GA

1-2 lA

4
4

C - 2.5

Primary Pump
12 Contact

A - 0.2

H B - 0.4
C - 1

Shutter Status: All Shutters Closed
Note: A = 0 meter elevation, B = 1 meter elevation, and C = 2 meter elevation

All radiation measurements are reported in mrem/hr unless otherwise noted.

Radiation Survey Results
Symbol Distance Gamma Neutron

Contamination Survey Type
1. Swipes= 100cm2 (dpm/100cm2) Preceeded by X

2. Swipes < 100cm2 (dpm/100cm2) Preceeded by X

3. Direct reading (dpm/100cm2) Preceeded by #

4. Wipes> 100cm2 (dpm) Preceeded by #
Radiation Survey Type
Cirle - contact measurement gamma

Uncircled = gen. area waist level gamma

Square = contact measurement neutron
Triangle = gen. area waist level neutron

teviewed b i Date

Vork Operation
istrument No.
urveyed by

Rx. Power
Date
Time

4.5 MW
6/2/00

1000 - 1700

MITR Reactor Radiation Protection OfficeIlT Environmental Medical Service

I -




