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Abstract

Gamma-ray spectra have been measured in cylinders, 18 inches in diameter and
15-16 inches thick, to evaluate previous theoretical calculations of gamma-ray spectra
in proposed fusion reactor blankets. The cylinders were constructed of 0.5 inch graph-
ite slabs and 1l-inch thick layers of lithium-beryllium fluoride salt mixture con-
tained in aluminum pans. Molybdenum plates were used to approximate first walls,
0-1, 25 inches thick.

The cylinders were irradiated by 14-Mev neutrons produced by bombarding a trit-
ium target with a beam of deuterons from a 150-kilovolt Cockroft-Walton accelerator.
The target was positioned on the center line of the cylinder, 5. 25 inches from its base.

The gamma-ray spectra were measured by collimating a beam of gamma rays
leaking out of the side of the blanket mock-up and by using a sodium iodide scintillation
crystal as a detector.

The gamma-ray spectra from the graphite assemblies are characterized by a large
peak at 4.43 Mev, a smaller peak at 6.87 Mev, and a still smaller peak at 4. 95 Mev.
The spectra in the salt assemblies are characterized by large peaks at 6. 63 Mev and
5.13 Mev, and several smaller peaks.

The relative magnitudes of these peaks at different depths in the assemblies are in
agreement with previous theoretical calculations. Varying the thickness of the first
wall had no observable effect on the spectrum. The absolute magnitude of the measured
spectrum differs from previous theoretical calculations by a factor of approximately 4.






PREFACE

This is the last in a series of five reports on Fusion Blanket research. With the
publication of this report the initial phase of this work has been completed.

A list of the authors and titles of the four preceding reports follows.
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1. INTRODUCTION

A major goal for nuclear research for more than ten years has been the attainment
of a controlled fusion plasma. The primary effort has been directed toward creating
and maintaining a plasma at high enough temperature and density to sustain a continuous
fusion reaction. Since this goal has not yet been accomplished, and does not seem to be
attainable soon, only a relatively small effort has been made to study the problems for
converting the fusion energy of the plasma into some more useful form. The studies that
have been madel'3 show that there are important problems in obtaining useful, econom-
ical energy from a controlled fusion plasma even if it had been attained.

In order to study the problem of recovering the energy from a fusion plasma, certain
assumptions must be made as to the nature of the plasma. In previous studies at the
Massachusetts Institute of Technology it has been assumed that a fusion reactor would

4-1 The reactor was envisioned as being cylindrical

operate on the H3(d,n)He4 reaction.
in shape, with a blanket surrounding it. The principal tasks of the blanket would be to
convert the energy liberated in the plasma in the form of 14 Mev neutrons into heat, to
produce enough tritium so that when all losses are taken into account, there would be a

net production of one tritium atom for every tritium atom burned in the plasma, and to
shield the magnet coils confining the plasma, the coils being envisioned as supercon-
ducting.

Impink5 studied the neutronics and tritium breeding of the blanket of such a system
by assuming that the diameter of the cylinder was large enough that the system could be
approximated by an infinite slab blanket with an infinite plane source. His calculations
were limited by the absence of microscopic data, such as cross sections and emission
spectra of inelastically scattered neutrons, and by the lack of verification of some of the
simplifications he made in scattering models for his computer codes.

Horneyer'4 made a complementary study of heating and physical properties of this
blanket. He showed that for such a fusion reactor to produce economical electrical power,
it would indeed have to be a large enough cylinder (~2 meters in diameter) to justify the
infinite-slab approximation.

Impink showed that the only practical reaction for producing the tritium is the
Li6(n, a)H3 reaction. Some tritium can also be produced by the Li7(n, ncz)H'3 reaction.
This reaction has the further advantage that there is a neutron left for still further pro-
duction. It was assumed that the blanket would use LiF as a moderator for the fast neu-
trons, as a coolant to remove the heat produced in the blanket, and to produce tritium.
In order to reduce the melting point of LiF, it would be mixed with BeF,. Beryllium
offers the further advantage of having a (n, 2n) cross section that provides neutron multi-
plication in the blanket. This in turn leads to more tritium production. The fluoride
salt was chosen because of its good stability, which leads to better corrosion properties,
its good heat transfer properties, and because its parasitic capture of neutrons is not

too high, being primarily from the F19 (n, a) N16 reaction which has an average cross



section of approximately 130 millibarns. The chosen salt composition was 2 LiF - BeF2
which has a melting point of 455°C.

Graphite was chosen as the structural material in the blanket for a number of rea-
sons. It has excellent nuclear properties, being a good moderator with a very low para-
sitic absorption cross section. It is very resistant to corrosion by the fused salt, being
compatible with it at temperatures as high as 700°C. Graphite's low strength is not a
deterring factor, as it would be used primarily to channel coolant flow in the blanket.
Homeyer calculated that the maximum thermal stresses in the graphite would be only
100-200 psi.

Some sort of vacuum wall must separate the blanket from the plasma. Because of
the high temperature of this blanket (500-600°C), the first wall should be a refractory
metal. Calculations by Homeyer showed that approximately one-fourth of the total heat
load is deposited in a first wall of 2 cm thickness. Another quarter of the heat load is
deposited in the coolant channel immediately following the first wall, The first wall
must also provide some neutron multiplication if tritium breeding is to take place. It
should resist corrosion by the fused salt, and it should not suffer seriously from radia-
tion damage. Present knowledge indicates that molybdenum is a good choice. With a
2-cm molybdenum first wall and an energy flux on it of 5 MW per square meter,
Homeyer calculates that the thermal stresses in the first wall amount to approximately
35,000 psi. Energy fluxes of this magnitude will be necessary for an economical reactor,
so that the stresses in the first wall are an important limiting factor in the design of a
fusion blanket.

Other materials were studied by Impink and Homeyer, but those listed above seemed
the most promising when cost factors were included. In order to test the simplifications
made by Impink in writing his computer codes, Spangler7 measured the neutron spectrum
in a mock-up of the blanket, using a point source of 14 Mev neutrons. Because the
mock-up did not approximate an infinite slab very well and the neutron source was
a point rather than a plane, only rough comparisons between the experiment and the
calculations were possible. Nevertheless, the experiment did indicate that there were
no gross errors in Impink's calculations. In an effort to provide a closer check of the
assumptions, Lontai6 is writing a Monte Carlo computer program for a specific experi-
mental arrangement.

The purpose of the work reported here was to gather experimental data on the
gamma spectrum in the blanket mock-up to be used as a check on Homeyer's heating
calculations1 and as a guide for future calculations to determine which reactions are of
importance in a fusion blanket. The experiment for gathering the data will be described
in Section II. The results will be presented in Section III and discussed in Section IV.
Conclusions will be presented and recommendations for future work will be made in
Section V. A sample calculation will be given in Appendix A. The computer codes used
for the data reduction will be discussed in Appendix B. Data will be given in Appendix C.




II. EXPERIMENT

The blanket was mocked up by taking a cylindrical core out of it. This core was
built of plates of molybdenum as the first wall with pans of the LiZBeF 4 salt mixture,
supplied by Oak Ridge National Laboratory, and slabs of graphite stacked on it. This
assembly was irradiated with a point source of neutrons created by bombarding a trit-
ium target with a beam of deuterons. The gamma rays produced in this blanket were
measured by collimating a beam of gamma rays leaking out of the blanket at some level

and measuring the spectrum of this beam with a sodium iodide scintillation crystal.

2.1 BLANKET

The molybdenum was in the form of square plates, 12 inches on a side. There were
three plates having the following thicknesses: 0.25 inch, 0.375 inch, and 0. 50 inch. With
these plates used, the three first-wall thicknesses of 0.375, 0. 750, and 1. 125 inches, cor-
responding approximately to 1, 2, and 3 cm, were studied.

The Li2 . BeF4 salt mixture was cast in pie-shaped wedges, ~1 inch thick, and held in
aluminum pans. The aluminum pans were 20 inches in diameter, and the metal was
~0. 0335 inch thick. The salt wedges formed 120° angles with an outside diameter of
approximately 18 inches. When placed in the aluminum pan, the wedges left a hole in the
center, 2 inches in diameter. This hole was filled with salt chips. The effective den-
sity of the salt in the pan was ~2. 25 grams per cc. The lithium in the salt was ~3%
lithium=~6. The outside diameter of the salt slabs varied as much as 0. 5 inch, and the
thickness of the wedges as much as 0. 125 inch. The sides of the aluminum pans were
slanted so that the diameter of the bottom of the pans was 18 inches. The graphite slabs
used in the experiment were 18 inches in diameter and 0. 5 inch thick.

The blanket mock-up was stacked on a movable cart. Figure 1 is a picture of the
cart with a blanket assembled on it. The cart was designed to fit around the base of the
accelerator. This arrangement allowed the cart to be repositioned for each run within
~0. 125 inch. The top of the cart was marked so that the molybdenum plates, which were
placed on the cart first, could be repositioned within ~0, 0625 inch. The pans of salt and
slabs of graphite were then stacked on top of the molybdenum plates in the desired order.
These pans and slabs could be stacked with a positioning error of approximately
0. 125 inch. The height of the blanket when it was assembled would be approximately 2 ft.

2.2 NEUTRON SOURCE

The source of 14-Mev neutrons for the blanket consists of a copper disk, 1. 25 inches
in diameter with a l1-inch diameter area on one face, activated with 3-5 curies per square
inch of tritium. The target was obtained from the Texas Nuclear Corporation. The tar-
get was bombarded by a beam of deuterons in a Cockroft-Walton accelerator. The accel-
erator was capable of delivering a beam slightly in excess of 1 ma at 150 kilovolts. The
beam would strike the target in an area of 1 square centimeter. At this beam current




Fig. 1. Accelerator and blanket,




the target would have an effective halflife of 2-4 hours. A fresh target could produce
approximately 101 1 neutrons per second at 1 ma of current. Targets varied among them-
selves by factors of as much as 1.5. The physical center of the target was 5. 25 inches
from the face of the blanket., As the beam only struck a portion of the target, and this
portion depended upon the machine conditions, there was an uncertainty in the effective
target-to-blanket distance of as much as 0. 25 inch, Spangler7 was able to observe this
variation in standard foils which were placed within 2 inches of the target, but no effects
were observed in the blanket itself. The variation in distance should also have a negli-
gible effect on this experiment.

The energy of the neutrons impinging on the first wall of the blanket varied from
13.5 Mev to 14. 5 Mev as a function of the angle between the deuteron beam and the point
of observation. Since the cross section for the D-D reaction at 150 kilovolts is a factor of
200 lower than the D-T cross section, less than 0. 5% of the neutrons produced come from
a D-D reaction. The target holder is made of aluminum, 2 inches in diameter and 1 inch
thick, with the target placed in the middle. At 14 Mev, the cross section in aluminum for
producing a neutron of degraded energy is ~70 millibarns, so that more than 99% of the
neutrons emerging from the target holder in directions of interest have energies in the
13.5-14. 5 Mev range.

The high backgrounds observed in this experiment limited the target output to approx-
imately 5 X 109 neutrons per second. For this output, the sodium iodide crystal gave a
count rate of 250,000 counts per minute. This count rate was about as high as could be
tolerated, because the analyzer began to saturate. Also, enough pulses in the sodium
iodide were overlapping to begin reducing the resolution, and the photomultiplier tube
began to experience gain shifts, A fresh target could produce this output at a current
of 40-60 pa, and could be used 25-40 hours before the neutron output at maximum cur-
rent became too low to be useful,

Figure 2 is a picture of the room in which the experiment took place. The blanket
was 1 meter from the wall nearest it (the wall to the right) and 3 meters from the next
nearest wall (the far wall in the picture). These walls are far enough away from the
blanket, as compared with the target, so that the maximum effect they could contribute
would be approximately 1 per cent. Spangler7 did not observe any effects from the walls
in his measurements of the neutron spectrum in the mock-up.

2.3 NEUTRON MONITOR

The neutron output was monitored by means of a small BF3 counter placed approxi-
mately 1 meter from the target. Owing to its close proximity to the blanket, this counter
was found to be sensitive to whether or not the blanket was in place, and even to which
blanket was being studied. For a given neutron output, the count rate with a blanket was
20% higher than the count rate without a blanket. To correct for this, the counter was
calibrated against a BF3 counter which was placed far enough away from the target
(~6. 25 meters) to be relatively insensitive to the blanket. Finally, the long counter was




Fig. 2. Accelerator room.




calibrated against teflon foils taped to the end of the target.

The fluorine in the teflon foil has a threshold of approximately 10 Mev for a (n, 2n)
reaction. Therefore scattered neutrons had a negligible effect on the foil, both because
their intensity was much less than the target intensity and because nearly all of them
were degraded below the fluorine threshold. The foils showed that the count rate in the
long counter increased about 2 per cent when a blanket was put in place. This effect was
small enough so that corrections to the long counter for other blankets were scaled from
the measured value. These corrected values were then used to calibrate the small BF3
counter. Using the calibration of the long counter as the standard, a count rate on the
small counter of about 100,000 counts per minute was found to correspond roughly to a

target output of 1010 neutrons per second.

2.4 DETECTOR

Figure 3 shows the position of the detector shield relative to the target. The detector
was a thallium-activated sodium iodide scintillation crystal, 2 inches in diameter and
3 inches long. The crystal had a resolution of 7. 5-8 per cent at 1. 33 Mev,

The crystal was mounted behind a collimator, approximately 1 meter long, with a
1-inch hole through it. Directly in front of the crystal the collimator consisted of
3 inches of lead. Next, there were 16 inches of dense masonite acting as a neutron
shield. Finally, the entrance end of the collimator was a lead cylinder, 19.75 inches
long. The wall at which the collimator pointed was 3 meters behind the blanket; thus it
did not affect the measurements.

The crystal was in a lead shield 9 X 9 X 27 inches. This shield provided a minimum
3 inches of lead shield in all directions, except directly to the rear. There the lead was
only 1 inch thick. This lead shield was inside a neutron shield of dense masonite. This
shield was made of slabs of masonite, 3 ft X4 ft X2 inches thick, and bricks, 2X4 X8 inches.
The minimum thickness of this shield was 1 ft, and in the direction of the blanket and
target it was a minimum of 16 inches. The shield was mounted on a table that could be
raised and lowered, allowing measurements to be taken at different depths in the blanket.

As well as the shielding, a copper cone, 12 inches long by 1.5 inches in diameter at
one end, and 2.5 inches in diameter at the other end, was placed between the target and
the crystal to act as a shadow shield. The cone was mounted on the blanket cart so that
when the cart was in place, the small end of the cone was 1. 5 inches from the center of
the target and the center line of the cone passed through both the center of the target and
the center of the crystal. By doubling the length of this cone, the over-all background
in the crystal could be cut approximately 10 per cent. This second piece, however,
would have had to be mounted externally on the cart. Due to the difficulty in properly
aligning it, the resulis would have suffered more from the poorer reproducibility than
they would have gained from the better statistics. A major share of the remaining back-
ground apparently came from gamma rays produced in the lead collimator and from

hydrogen capture in the masonite., Another important source of the inelastic scattering




Fig. 3. Accelerator and detector shield.




gamma rays is the lead shield around the crystal.

The output of the photomultiplier tube attached to the crystal was fed through approx-
imately 60 ft of doubly shielded cable to a matched impedance preamplifier with a current
gain of 10. The output of the preamplifier fed into a TMC Model 210 plug-in unit in a
TMC 256 Model CN-110A channel analyzer.

2.5 PROCEDURE

The following steps were performed at the beginning of each set of measurements.
The shield was raised or lowered to the proper level, and the copper cone was adjusted so
that it shadowed the crystal. The blanket cart was positioned and the accelerator started.
The beam current was increased until the neutron monitor showed a count rate of approx-
imately 45, 000 counts per minute. A 10-minute measurement was then made with the
base line of the analyzer set to zero. This measurement was the background count with
no blanket in place. The base line of the analyzer was increased to ~2.5 Mev, and
another background measurement lasting 30-90 minutes was made.

For each measurement the live time of the analyzer, the true time of the run, and
the number of neutrons counted by the monitor during the run were recorded. The accel-
erator was then shut off, the blanket to be studied was stacked on the cart, and the cart
was repositioned over the target. Changing blankets took 10~15 minutes. The acceler-
ator was restarted, and the two measurements were repeated. This time, however, the
count rate on the neutron monitor was set at ~55,000 cpm. As many blankets as desired
could be studied at this position in this manner. Measurements showed that the back-
ground was nearly constant from beginning to end, so that it only needed to be measured
once for a given set of runs.

2.6 TRIPLE COINCIDENCE

In the spectra measured by this method, the result shows both the peaks present in
the spectra and peaks caused by the escape of the annihilation radiation from pair pro-
duction events and Compton distribution in the detecting crystal. In order to determine
which peaks were actually present in the spectra, some measurements were made by
using a triple coincidence counter.

In this type of counter, only pair production events in which both annihilation gamma
rays escape the detector crystal and are detected in surrounding side crystals are
measured. The detector crystal was the same as that used for the previous measure-
ments. The side crystals were sodium iodide, 3 inches thick by 6 inches in diameter.
The faces of these crystals were slotted so they would completely surround the sides of
the detector crystal. The circuitry for this arrangement is shown in Fig. 4.

Each side crystal was fed to a single channel analyzer with the window set at
0.511 Mev. A coincidence output from each of the three crystals was fed to a fast
coincidence unit. If all three crystals recorded an event within ~0.5 psec, the pulses
to the fast coincidence circuit would trigger, and a pulse would appear at its output. This
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Fig. 4, Triple coincidence circuit.

output was fed into a slow coincidence circuit, along with the outputs from the single
channel analyzers. If all three of these inputs had pulses occurring within ~2-3 psec of
each other, the circuit was triggered, and the output pulse was used to gate the multi-
channel pulse-height analyzer.

The linear output of the detector crystal was fed through a delay line to the input of
the analyzer. When the gating pulse occurred at the coincidence input of the analyzer,
the pulse from the crystal would be admitted; otherwise, it would not. The intrinsic
efficiency of this triple coincidence counter was approximately 0. 03 per cent.

The three crystals were housed in a shield consisting of 1 inch of lead surrounded by
2 inches of steel, Dense masonite was stacked around this to increase the neutron
shielding. The collimator was approximately 76 cm long with a 0. 75-inch hole, giving
a geometric efficiency of approximately 0. 004 per cent. The over-all efficiency of the
system was then 1.5 X 10_6 per cent. Because of the low efficiency, measurements with
the triple coincidence counter took 6 hours each. The rest of the procedure for making
these measurements was the same as before.

Unfortunately, the results of these measurements had so much statistical scatter that
only one peak showed up definitely in the graphite blanket, and two other peaks showed
up in the salt. The rest of the spectrum depended on just how the data were smoothed,
The results obtained were a guide to interpreting the spectra, but they could not be

used to definitely eliminate certain peaks.
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III. RESULTS

3.1 BLANKET CONSTRUCTION

The 67 mole per cent salt — 33 mole per cent graphite blanket, known hereaiter as a
67 salt 33 graphite blanket, was built up by alternating pans of salt with slabs of
graphite. The composition of this blanket was actually approximately 65. 5 mole per cent
salt and 34. 5 mole per cent graphite. This blanket was to be stacked on an appropriate
first wall as shown in Fig. 14, The all-salt blanket was built up by stacking ten pans of
salt on the appropriate first wall. A 6-inch reflector of graphite was placed on top of
this blanket (Fig. 10) so that the measurement at the 8. 25-inch depth would not be
affected by leakage out the back of the blanket. Since the scattering properties of graph-
ite are similar to those of the salt, only a small error should be introduced by making

the reflector graphite rather than salt.

3.2 DATA REDUCTION

The raw data for these spectra consisted of the multichannel analyzer output from
0 to 5 Mev both with and without a blanket in place, and also from 2.5 to 7.5 Mev with
and without a blanket. A sample calculation with numbers illustrating the data reduction
is given in Appendix A.

The measurement without a blanket in place was used as the background. For each
set of data from the analyzer, there were also the total count from the neutron monitor,
the live time of the analyzer during the count, and the actual time of the measurement.
The live time was the time during which the analyzer was available to receive a new
count, The number of counts that a channel in the analyzer was capable of holding
(65,537) determined the length of a measurement. If more than this number of counts
was fed to a channel, it would recycle to zero and start counting again.

The raw data in the analyzer roughly fit a decreasing exponential with increasing
channel number (or energy). Therefore the channel overflows would occur starting at
low channel numbers and advancing to higher channel numbers. Because of this, a lim-
ited number of overflows could be corrected for, but if too many occurred, it became
impossible to tell how many times a channel had overflowed. Counting had to be stopped,
therefore, before this point was reached.

For the low-energy measurements, some of the low channels would overflow four or
five times in 10 minutes. For the high-energy measurement, the low channels were
about to overflow a second time at the end of 90 minutes. To correct for overflows, the
channel capacity times the number of overflows was added to the counts remaining in a
channel. It was found that the first five channels did not count properly, and there was
some doubt as to the sixth channel.

After the data had been corrected for the channels that overflowed, it was normalized.
Since the efficiency of the neutron monitor was dependent on just which blanket was being

measured, the average neutron count rate during the measurement was divided by a factor
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to make it equal to the count rate that would have been measured if no blanket were there.
This factor varied from 1. 00 for no blanket to 1. 29 for the all-graphite blanket. This
factor was very important, as this 30% difference was more than the difference between
the measurements with a blanket and without a blanket for most of the channels.

Six measurements were made to determine these factors, and the maximum spread
measured from the average was 1-2 per cent. This spread represented an error in the
magnitudes of the spectra of from 3% to as much as 40%. Most of the channels would
change by approximately 10% for this much spread.

Next, the gamma-ray count rate was divided by the corrected neutron count rate. The
normalized data from the measurement without a blanket was then subtracted from the
normalized data with a blanket to give a normalized spectrum.

Standard deviations of the unnormalized data were calculated, normalized, and added
to give a measure of the statistical variations of the spectrum. The standard deviations
for all except the graphite blankets were approximately 10% spread from 0 to 0. 75 Mev,
gradually increasing to approximately 25% at approximately 2 Mev, staying 25-30% at
approximately 3 Mev, decreasing to 15-20% at approximately 4 Mev, and remaining con-
stant from there to 7.5 Mev.

The spectra at this point were in two parts for each blanket: one from 0 to 5 Mev;
and the other, from 2.5 to 7.5 Mev. These two parts were now joined. Because of the
uncertainties of the first few channels, joining was started in the high-energy part at
channel 8, the first 7 channels being ignored.

From measurements made at different times in which the base line was varied, the
correspondence of channels in the high- and low-energy parts of the spectrum was known
probably to +1 channel, and almost certainly within 2 channels. This was true of all the
runs except for a group taken at a depth of 4. 25 inches. For this group the high- and
low-energy parts of the spectrum were measured at different times, so that a larger
error probably occurs. Only Fig. 16 represents data taken in this group.

After the spectra were joined, they were smoothed by using the least-squares tech-
nique presented in Hildebrancl.8 In the smoothing process the point at which a peak
occurred might be shifted as much as 5 or 6 channels, so that the error in joining the
spectra should be insignificant compared with the errors caused by poor statistics. The
smoothing formulas were for a third-order polynomial; 11 points were used, and the data
were smoothed twice. The smoothing should decrease the statistical standard deviations
by a factor of approximately 3, in other words, to 3-10 per cent. Now, however, instead
of the variation being randomly distributed, adjacent channels have substantially the same
variation. At this point, the data normalization was corrected to approximately 1 neutron
per square centimeter per second incident on the blanket wall.

The accuracy of this calculation depends on the normalization of the BF3 long counter
used for calibrating the neutron monitor. This factor has been measured for fast neu-
trons of 1-2 Mev. For 14-Mev neutrons, however, it may have changed by a factor of
as much as 2. Since the normalization as a function of energy for this counter was not
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known, and since the exact neutron spectrum that it was measuring was not known either,
the normalization factor for 1-2 Mev neutrons was used. Any error from this factor
would decrease the absolute magnitude of the final spectra, but it would introduce no
relative error within a spectrum or between two different spectra.

The spectra were next corrected for the scintillation crystal's efficiency. Since the
crystal saw a collimated beam of gamma rays, the efficiency could be calculated easily
and accurately as (1-exp(-S- L)), where L is the length of the crystal (3 inches), and S
is the total attenuation coefficient for sodium iodide9 at a particular energy. The spec-
trum was then divided by the photofraction11 for a 2 X 3 inch crystal as a function of
energy. This corrected the magnitudes of the different parts of the spectrum so that they
were roughly correct relative to each other. No attempt was made to strip the Compton
distribution out of the spectrum because to do this acceptably would be too complex to be
justified.

Finally, the spectrum was corrected for the collimator transmission and the atten-
uation in the blanket and scaled by the energy. This correction left the spectrum in
terms of the gamma-ray energy flux at the center line of the blanket.

In making this calculation, the magnitude of the spectrum in the blanket was assumed
to have the same spatial distribution as the primary neutrons from the target, while the
relative shape of the spectrum remained constant at a given depth, Spangler7 found
that the magnitude of the neutron spectrum in a blanket followed this spatial distribution
closely. The spectra measured at different levels in a blanket indicate that the shape of
the spectrum changes rather slowly with position, but that there is some build-up of
Compton distribution as distance from the target increases. This build-up is small
enough, however, that it should not cause a significant error in the calculation. The
calculation itself is not very sensitive to the exact spatial distribution, so that the error
introduced by assuming the above-mentioned distribution should be unimportant.

3.3 RESULTS

Results in the form of spectra, along with figures showing blanket make-up, are pre-
sented in Figs. 5-21. The normalization factor in these plots has units of Mev per square
centimeter per second per neutron per square centimeter per second incident on the
first wall, The abscissas cover the approximate range of 0-7. 5 Mev.

Figure 5 is a schematic diagram of the graphite blanket. Figures 6-9 show the spec-
trum in an all-graphite blanket with no first wall at progressively larger depths. Figure 10
is a schematic diagram of an all-salt blanket, and Figs. 11-13 show the spectrum at a
depth of 2. 25 inches in an all-salt blanket as the first-wall thickness is increased.
Figure 14 is a schematic diagram of a 67 salt 33 graphite blanket, and Figs. 15-18 show
the spectrum at progressively larger depths in a 67 salt 33 graphite blanket with a first-
wall thickness of 0. 75 inch of molybdenum, Figures 19-21 show three different measure-
ments of the spectrum of a 67 salt 33 graphite blanket with a 0.375-inch first wall, at a
depth of 2. 25 inches.
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Fig. 5. Schematic of the graphite blanket.
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3.4 REPRODUCIBILITY

Looking at Figs. 19-21, we see that for the three measurements of the spectrum of
this one blanket, the normalization factors are within 4. 5% of their average value. This
spread is just slightly larger than an expected standard deviation for this point (approxi-
mately 4%). The magnitudes of the peaks at 4.5 Mev have a spread of 8%, which, again,
is slightly more than the expected standard deviation here (approximately 6. 5%). For the
peak at 6.7 Mev, the magnitudes have a spread of only 2.5%, which is less than the
expected standard deviation of approximately 5%.

These comparisons show the measurements to be reproducible almost to statistical
limits. Actually, the agreement here is better than would be expected from looking at
the other data. These indicate that the reproducibility of the measurements is probably
closer to 15% for the blanket containing salt. This is not surprising, because of the var-
iations between the different salt wedges and because of the fissures between them. For
the all-graphite blanket the reproducibility is probably better, as the graphite blanket is
a continuous, homogeneous medium.

3.5 STATISTICAL SIGNIFICANCE OF TRENDS

Looking at Figs. 11-13, we see that although there is a trend in the magnitude of the
spectra with different first-wall thicknesses, the total variation in magnitude is less than
10%, so that it is not very significant statistically, These spectra also have different
neutron monitor normalization factors, so that any errors in these would be reflected
by differences in the spectra. Other data taken (which are not shown here) also indicate
that any trend in the magnitude of the spectra with first-wall thickness is too small to
show up among the variations in the spectra.

Figures 15-18 show a trend of decreasing magnitude with increasing depth in the blan-

ket. This trend is certainly large enough to be significant statistically.

3.6 GRAPHITE BLANKET

For Figs. 6-9, which represent the all-graphite blanket, the data are better statis-~
tically than for the other blankets. The maximum standard deviations calculated for the
graphite are only approximately 20%, instead of 30%. For most of the data, the standard
deviation was approximately 10%. This means that for the smoothed curves shown, the
standard deviation should be only approximately 3.5% for most of the curve, and
at worst (from 2-2,5 Mev) become approximately 7%. Since the trends shown in these
curves are a good deal larger than this, they are at least statistically significant. These
curves will be discussed further in Section IV,
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IV. DISCUSSION OF RESULTS

We shall now discuss the various peaks that are evident in the results with respect

to both their origin and significance in terms of important reactions in the blanket,

4.1 GRAPHITE BLANKET

First, referring to the spectrum of the graphite blanket in Figs. 6-9, there are peaks
at the following approximate energies: 7.25 Mev, 6.85 Mev, 6.35 Mev, 5.85 Mev,
5.00 Mev, 4.45 Mev, 3.95 Mev, 3.45 Mev, 2.65 Mev, 2,20 Mev, and a large broad peak
from 0.5 Mev to 1. 5 Mev. Table 1 lists these with their probable and other possible
causes.

Table 1. Peaks in the gamma-ray spectrum of a graphite blanket with possible sources.

Energ Most Probable Source Other
Possibilitiles
2.22 Hydrogen capture in shield
2.62 Inelastic scattering in lead
collimator
3.45 Double escape peak for 4.43 3.68 Mev C13
3.95 Escape peak for 4.43
12
4.43 Inelastic scattering in C
12
4,95 C™" capture gamma ray
5.85 Double escape peak for 6.87
6.35 Escape peak for 6.87
6.87 Resonance neutron
capture in 012
T7.25 Escape peak, resonange
2

neutron capture in C
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The large low-energy peak represents a continuous low-energy gamma-ray spectrum
from Compton scattering in the blanket, background Compton scattering in the shield,
and some Compton scattering in the sodium iodide crystal. The peak at 2.20 Mev is the
hydrogen capture peak at 2.22 Mev and comes from the masonite shield. The peak
208

of 2. 62 Mev and

would come from the lead collimator. The presence of these two peaks is the reason

at 2. 65 Mev is probably an inelastic scattering gamma ray from Pb

for attributing some of the low-energy continuous gamma-ray spectrum to Compton-
scattered gamma rays in the shield. These peaks do not arise because the background
has not been properly subtracted, since subtracting more background would actually
increase their size relative to the rest of the spectrum. The probable cause of these
peaks is that the background was measured with no blanket in place. When the measure-
ment with the blanket was made, probably enough neutrons were scattered out of the blan-
ket into the shield and collimator to raise the background from the sources so that it
could not be properly removed. An attempt was made to measure the background with
the blanket in place by putting a lead plug in the collimator. This plug contributed so
much to the background, however, that backgrounds taken in this way were useless.
These measurements did indicate that the scattered neutrons contributed very little to
the background above the 2. 62-Mev peak.

The 4. 45-Mev peak is the inelastic scattering gamma ray from the 4. 43-Mev level
of Clz. The peaks at 3.95 Mev and 3.45 Mev are probably the positron annihilation
escape peaks from a pair production interaction of the 4.43-Mev gamma ray. The
5. 0-Mev peak is probably the 4. 95-Mev gamma ray from thermal neutron capture in Clz.
The 6. 85-Mev peak is the 6. 87-Mev gamma ray from resonance capture of a 2. 07-Mev
neutron in CIZ. The 6. 35-Mev and 5. 85-Mev peaks are probably, again, the escape
peaks for the 6. 87-Mev gamma ray. Finally, the 7. 25-Mev peak is probably the escape
peak from a 7. 75-Mev gamma ray caused by resonance absorption of a 2. 95-Mev neutron.
The primary gamma ray for this reaction is outside the limits of these measurements,
while the double escape peak would be covered by the 6, 87-Mev peak. From Figs, 6-9
it can easily be seen that the 4. 43-Mev gamma ray is the most important one in graphite
from the point of view of both number of gamma rays and total energy source (which is
the way the figures are plotted).

The total magnitude of the 6. 87-Mev peak and the 4. 95-Mev peak is just about the
same. In terms of peak height above the continuous spectrum, however, the 4. 95-Mev
peak is only 0.3-0. 5 times as large as the 6. 87-Mev peak. Since the resonance cross
section of Clz for 2, 07-Mev neutrons is roughly the same size as the thermal absorption
cross section, this would indicate that the neutrons leak out of the blanket before they
are fully thermalized. Spangler!'s resul'cs7 also indicate this.

4.2 TRENDS IN THE GRAPHITE BLANKET

From Figs. 6-9 it is seen that the normalization constant (representing the height of
the broad, low energy peak) decreases somewhat less than exponentially with depth.
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Since an unknown fraction of this peak may be due to background from the shield, it is
not possible to say whether the spectrum in the blanket at these energies decreases more
or less rapidly than exponentially. Since the background in the shield from neutrons
scattered out of the blanket should have only a small variation with the depth of the
measurement, an appreciable portion of this peak must come from the blanket.

The magnitude of the 4. 43-Mev peak remains relatively constant for the first three
depths, then decreases fairly rapidly at the 8.25-inch depth. The first three points
decrease only approximately 4% (not significant statistically) if only the magnitude of
the peak above the continuous spectrum is considered. If the total height of the peak is
considered, the points vary approximately 20%, with the magnitude of the peak at
4,25 inches actually being the largest. In both cases the magnitude of the peak at
8. 25 inches is smaller by a factor of approximately 2.

This behavior is probably due to a build-up in neutron population in the energy range
around 4. 5-8 Mev over the first few inches of the blanket. Owing to the large cross sec-
tion for exciting the 4.43-Mev level in C12 in this energy range, a small build-up could
compensate for the fairly large decrease in primary 14-Mev neutrons. Eventually, as is
seen at 8. 25 inches, the neutron population for all energies must decrease.

The behavior of the 6. 87-Mev peak is somewhat different. A plot of the magnitude of
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Fig. 22, Gamma-ray at 6. 87 Mev in graphite as a function of depth in blanket,
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the peak as a function of depth in the blanket is given in Fig. 22. A sharp decrease in
the magnitude of the peak is observed between 2. 25 inches and 4. 25 inches. An approxi-
mately 20% increase then takes place from 4. 25 to 6.25 inches. Finally, there is a
decrease to 8. 25 inches, which is somewhat more gradual than the original decrease.
This behavior is the same whether the total peak height, or only the height above the con-
tinuous spectrum, is considered.

The magnitudes of these variations are considerably larger than could be accounted
for by the counting statistics. The probable explanation of this behavior is the following.
Since the 6. 87 gamma ray comes from the resonance capture of the 2, 07-Mev neutron,
the magnitude of the peak will follow the magnitude of the 2~Mev neutron population.

In the first part of the blanket, this level will be populated primarily by the inelastic
scattering of the primary neutrons at the 10, 84-Mev and 11, 83-Mev levels of CIZ. Hence
the original sharp decrease in the magnitude of the peak reflects the decrease in the pri-
mary neutrons. As the depth in the blanket increases, elastic moderation of higher
energy neutrons leads to an increase in the population of this level. Since elastic col-
lisions with high-energy neutrons are predominantly forward-scattering events, the
build-up in the lower neutron energy regions takes place at some distance from the sur-
face of the blanket. Finally, the decrease in the over-all neutron levels causes the pop-
ulation of this level to fall again,

Calculations by Impink11 tend to support this explanation. Impink's calculations were
done for an infinite slab with an infinite plane source of neutrons. His slab consisted of
a 3-cm first wall of molybdenum followed by a homogeneous blanket, 67 mole per cent
salt and 33 mole per cent graphite. His results show the trends outlined above, but his
trends take place somewhat more rapidly with depth than the measurements. Some of
the speed-up is probably due to the molybdenum wall, and the rest could easily be due
to the different geometry. Since the variation in depths between the calculations and the
measurements is approximately 50%, the rather coarse mesh used in both the calculation
and the measurement may be the cause of some of the difference.

4.3 ALL-SALT BLANKET

Looking now at Figs., 11-13, which represent the spectrum of the all-salt blanket,
peaks are observed at approximately the following energies: 6.90 Mev, 6,65 Mev,
6.15 Mev, 5.90 Mev, 5,70 Mev, 5,55 Mev, 5.30 Mev, 5.05 Mev, 4,75 Mev, 4,45 Mev,
4.0 Mev, 3.65 Mev, 3.40 Mev, 3.0 Mev, 2,65 Mev, 2.20 Mev, and again at the
broad low-energy peak, These peaks are tabulated in Table 2.

The low-energy peak has the same explanation as for the graphite blanket. The
2,20-Mev peak is, again, hydrogen capture, while the 2. 65-Mev peak is probably mostly
inelastic scattering in lead. In this blanket, however, since the salt is hygroscopic, there
may be contributions to the hydrogen-capture peak from the blanket itself. There are
also 2. 65-Mev gamma rays produced by inelastic scattering in the fluorine in the blanket.

Comparing the size of these peaks with the similar ones in the graphite blanket indicates
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Table 2. Peaks in the gamma-ray spectrum of an all-salt blanket with possible sources.

Ener Most Probable Scurce Other
Posslibllities
2.22 Hydrogen capture in shield Hydrogen capture
in blanket
2.62 Inelastic scattering in Pb Inelastic scat-
collinmator tering in Flo
18
3.0 r8(3.07), 78(3.00)
3.40 Neutron capture in Be
3.65 pi8
L.o Inelastic scattering in 7o
445 18
4 .78 Inelastic scattering
F9(4.68, 4.80)
Fi9 capture garma ray (5.10) 18
5.05 19 F~-(4.90)
F inelastic scattering
(5.15, 5.18)
5.30 Fl9 capture gamma ray
5.54 F19 capture gamma ray
5.70 Escape peak, 6.13; double F18(5.80)
escape peak, 6.63
6.02 F19 capture gamma ray
19 16
6.13 F7(n,a)N Escape peak, 6.63
6.63 Fro resonance capture gamma ray
6.9 F19 resonance capture gamma ray Neutron capture

in Be and Li
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that they are still primarily due to background causes. It is difficult to make precise
comparisons in the blankets containing salt because the salt wedges have holes between
them. Such holes will cause large, spurious variations between measurements with dif-
ferent blankets. Taking into account the better statistics of the graphite blanket, we find
that the blankets containing salt still have larger variations than the graphite blanket.

The 3. 0-Mev gamma-ray peak is probably a combination of a 3. 00-Mev gamma ray
and a 3, 07-Mev gamma ray from F18 produced by the reaction FIC) (n, 2n) Fls.

The 3,40-Mev gamma ray is probably from neutron capture in the beryllium, which
then emits two 3.40-Mev gamma rays in cascade. Since these cascade gamma rays
are in competition with a 6. 80-Mev single-transition gamma ray, this reaction probably
contributes something to the peak observed at 6.8 Mev,

The 3. 65-Mev gamma ray probably comes also from F18.

The 4. 0-Mev gamma ray
probably arises from inelastic scattering in Flg, which has several different transitions
giving gamma rays of ~4 Mev. The 4,45-Mev gamma ray probably comes from Fls.
Although there are several gamma rays that might be produced by this reaction, and
there are very little published data on the relative abundance of these gamma rays,
available data indicate that this gamma ray is more prominent than the others. The
4,75-Mev peak is probably due again to inelastic scattering in F19, which has transitions
of 4,80 Mev and 4. 68 Mev. No data were found to indicate which gamma ray was more
likely.

The peak at 5. 05 Mev does not correspond directly to any known gamma ray from
the blanket, A 5.10-Mev gamma ray does arise from neutron capture in Flg, and 5. 15
and 5. 18 Mev gamma rays occur from inelastic scattering in Flg. A 4.90-Mev gamma
ray also occurs in F18, and the observed peak is probably some combination of the
sources discussed above. The 5% spread in energies is within the error spread of the
energy base line,

The 5. 30-Mev peak is probably from neutron absorption in Flg. The 5. 55-Mev peak
is the 5. 54-Mev gamma ray resulting from neutron absorption in Flg. This gamma ray
is one of the more prominant members of the decay scheme of on. The 5.70-Mev peak
is probably the escape peak for the 6. 15-Mev peak and the double escape peak from the
6. 65-Mev peak. Possibly included in this peak is a 5. 80-Mev gamma ray from F18. The
5.90-Mev peak is probably the 6, 02-Mev gamma ray from neutron capture in Flg. The
6.15-Mev peak is probably from two sources. The F19 (n, a) N16 reaction gives a
6. 13-Mev gamma ray approximately 68% of the time. This reaction has a large cross
section from 4.5-9 Mev. The largest value of this cross section is approximately
300 millibarns, and it is larger than 100 millibarns for this entire region. The cross
section is unknown between 9 Mev and 14 Mev, but it is unlikely that it becomes negli-
gible. Therefore part of this peak must be due to the 6. 13-Mev gamma ray. The escape
peak for the 6, 65-Mev gamma ray also occurs at this energy, so that part of the peak
is also due to this source.

The 6. 65-Mev peak is from resonance capture of a 0. 027-Mev neutron in Flg. The
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cross section for capture in this resonance is an order of magnitude higher than at any
other energy in Flg.
The peak at 6.9 Mev is probably some resonance capture of 0. 27-Mev neutrons in

Flg, giving a gamma ray of 6. 88 Mev, some neutron capture in Be9

, giving a 6.80-Mev
gamma ray, and some neutron capture in Lié, giving a 6. 76-Mev gamma ray. The pre-
dominant effect is probably the neutron capture in Flg. If this is true, comparison of
the magnitudes of the 6. 63-Mev peak and the 6. 88-Mev peak indicates that the neutron
population at 0.027 Mev is lower than at 0, 27 Mev, possibly by a factor of 2 or 3, since
the cross section at 0.027 Mev is ten times as-large as the cross section at 0. 27 Mev.
The variations of the magnitudes of different peaks with first-wall thickness are
smaller than are statistically significant, and are also fairly random. Other data taken
have similar variations, so that any trend in the gamma-ray spectra with first-wall

thickness in the range 0.375-1. 125 inches is less than 10-15 per cent.

4.4 MIXED GRAPHITE-SALT BLANKET

Figures 15-18 give the spectrum of a mixed blanket of 67 mole per cent salt and
33 mole per cent graphite, with a 0. 75-inch molybdenum first wall at different depths.
The peaks observed are a mixture of the peaks from the graphite and the all-salt blanket.
The 6. 87-Mev peak in graphite combines with the salf peak at ~6. 90 Mev. The 4. 46-Mev
gamma ray from F18 is covered by the 4. 43-Mev gamma ray from Clz. The peaks in
the salt at 3.40 Mev, 3. 65 Mev, and 4, 0 Mev are covered by the escape peaks of the
4.43-Mev gamma ray.

The normalization factors for these curves, as in the case of the graphite blanket,
decrease approximately exponentially with depth in the blanket. In this blanket the peak
at 6. 65 Mev is due to the capture of a 0, 027-Mev neutron in Flg. Both the total mag-
nitude and the height of the peak above the continuous spectrum decrease roughly expo-
nentially with depth in the blanket. This indicates that the neutron population at approxi-
mately 0. 027 Mev decreases exponentially with depth in the blanket. Such a decrease
is in agreement with the calculations of Impink.

As in the case of the graphite blanket, the peak height above the continuous spectrum
for the 4, 43-Mev gamma ray is approximately constant to 6. 25 inches and then decreases
by a factor of two at 8. 25 inches. The behavior of the total magnitude of this peak does
not agree with its behavior in the graphite blanket. The continuous spectrum below the
peak at a depth of 4. 25 inches is much smaller than in the case of the other depths.

This particular spectrum was a member of the first group of spectra measured (all
at 4. 25 inches depth). Several of these spectra gave very poor results, as though too
much background were being subtracted. Therefore the low measured value of the con-
tinuous spectrum at 4. 25 inches depth is probably due to some error made during the
measurement rather than to a real trend in the actual spectrum. The graphite-blanket
-spectrum at this depth was measured at a later time, so that it should be as good as the
other graphite blanket measurements. None of the other spectra measured in this group
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Fig. 23, Comparison of measured and predicted spectra.

are presented here, although the data for same others are given in Appendix C,

4.5 COMPARISON OF SPECTRUM WITH PREDICTIONS

Figure 23 shows a comparison of a predicted source spectrum by Homeyer12 at the
back of a 2-cm first wall of molybdenum, with an averaged spectrum from the data of
Fig. 15. Homeyer's calculations were done for an infinite plane source of neutrons inci-
dent on an infinite-slab blanket. Looking at Fig. 23, we see that the measured values
of the energy flux in the region from 2.5 Mev to 7. 5 Mev are lower than his predicted
values by a factor of approximately 4. Because the neutrons in the blanket mock-up leak
out after only a few interactions, the measured flux would be expected to be somewhat

lower than the flux in a full-scale blanket where the neutrons can only leak out the back.
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Another reason for the measured values to be lower than the predicted ones is that
Homeyer's predictions are at a depth of 2 cm, while the measurements are at a depth
of ~5,5 cm.

The shapes are seen to be very similar from 2.5 Mev to 7.5 Mev., Below 2.5 Mev
the measured energy flux increases much more rapidly than the predicted flux. There
are two reasons for this. First, the predicted spectrum is really a source spectrum
and does not take into account any build-up of the low-energy spectrum caused by
Compton scattering. Second, the measured spectrum includes a large amount of back-
ground that was introduced in this region by leakage of the neutrons from the blanket into
the shield, Therefore comparisons in the region below 2.5 Mev are very difficult to
make. In the higher energy region it is possible that the observed difference is due
mostly to the neutron leakage from the mock-up. It might also arise from inaccuracies
in the cross sections that Homeyer assumed for producing gamma rays. He concluded
that most of the gamma rays were produced by inelastic scattering, while, except for
those produced around 4-5 Mev, the measured gamma rays are due to neutron absorption
or reactions such as (n,e) and (n, 2n). Therefore Homeyer's estimates of the inelastic
cross sections may have been too high.
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V. CONCLUSIONS

This experiment demonstrates that useful results on different fusion reactor blankets
can be obtained by measuring the gamma-ray spectrum of a mock-up of the blanket. The
qualitative agreement between the results obtained in this experiment and those calculated
by Impink11 indicates that he assumed valid models for neutron scattering. A closer
check on his assumptions could be made if his assumptions were used in making a cal-
culation for the mock-up of the blanket.

Qualitatively, the results agree with Homeyer's calc:ula’cions4 in the region where
comparisons can be made. The results differ from his quantitatively, but not enough
to be able to say that his results are in error. The difference could be due to the dif-
ferent geometries.

Several changes could be made which would improve the experiment. First, since
the accelerator is capable of a neutron output that is larger by a factor of 20 than was
used, the detector crystal could be moved farther from the blanket, thereby increasing
the length of the collimator. The shielding around the crystal could then be increased
to give a higher ratio of spectrum counts to background counts. It should be possible
to increase the statistical accuracy of the experiment noticeably this way. Also, since
the shielding contributes so much additional background below 2.75 Mev that the
measurements do not have much value, it would probably be worth while to start each
measurement at 3 Mev. The measurements with and without a blanket could then be run
for a longer period of time, and yield better statistics for the measurements.

One very important change could be made in the method of monitoring the neutrons.
Some method should be devised which is sensitive only to the 14-Mev neutrons, so that
it would be insensitive to whether or not a blanket was in place. This method might be
monitoring the nitrogen 16 in the cooling water to the tritium target. This is produced
by the 0'® (n, p) N'°.

get neutron output, at least relatively, to better than 1 per cent.

The criterion for picking a system is that it determines the tar-

The shadow shield cone could be improved by making it of tungsten. The macro-
scopic cross section for tungsten is approximately twice that of copper, and a much
larger percentage of the tungsten cross section is due to inelastic processes. This
means that a 12-inch tungsten cone would have roughly the same effect as a 24-inch
copper cone.

One obvious improvement that could be made in the mock-up itself is in the salt
slabs. Rather than casting the salt in pie-shaped wedges, it could be cast in one solid
slab. Since the casting is usually done in graphite, the salt could be cast in graphite
pans that could be used in the mock-up directly, Doing this should greatly increase the
reproducibility of the measurements for blankets containing the salt.

A much more important improvement in the experiment would result if a detector
could be found which was small enough to be placed in the blanket mock-up without

affecting the properties of the mock-up appreciably. This detector would either have to
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be insensitive to neutrons, or it would have to allow some method of discriminating
against the neutron-caused pulses. Such a detector could have an efficiency of 107 that
of the 2 X 3 inch sodium iodide crystal used in this experiment, as putting it in the blan-
ket would increase the geometrical efficiency by 104 and the neutron output of the target
could be raised by a factor of 10, This detector would allow the spectrum to be measured
at much lower energies, since almost all of the gamma rays it would see would be from
the blanket itself. Possibly, a solid-state detector will be developed which will fulfill
these requirements.

Important work that needs to be done includes determination of cross sections for
many of the reactions that take place in the blanket over much of the 0-14 Mev range.
Also needed are the emission spectra of neutrons and gamma rays from the excited
nuclei that occur in the blanket. Studies of the radiation damage to blanket materials

would also be valuable.
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APPENDIX A

Calculations

A.1 SAMPLE CALCULATION

The following sample calculation is done for an all-graphite blanket with no first wall
at a depth of 2. 25 inches. The numbers are for channel 50 in the measurement of the

low-energy spectrum,

Counts in Channel/Live Time of Analyzer

neutron counts/(true time of count x neutron normalization factor

= normalized count rate (for both with and without blankets)
normalized count rate with blanket

36014/10

= = 0.1143
489791/(12.102 X 1. 286)

normalized count rate without blanket

25970/10

= = 0,0633
488153/(11.920 X 1, 00)

normalized gamma-ray count rate from blanket = 0. 05102

This is the stage in the processing when the data given in Appendix C are presented.
The data for the high-energy and the low-energy spectra are then joined, and the com-
bined spectrum is smoothed by using the formula

5 .
) = 55 Sum ((89-53°) £(E+)),

where y(I) is the smoothed value, and the f(R) are the unsmoothed values. The first and
last five points are smoothed by using somewhat different formulas. These formulas are
for a third-degree polynomial fitting eleven points. The f(J), J = -5 to +5 are given below.

£(-5) = . 05802 £(5) = . 04751 £(0) = . 05102
f(-4) = . 05725 £(4) = . 04717
£(-3) = . 05600 £(3) = . 05059
f(-2) = . 05455 £(2) = . 04928
£(-1) = . 05323 £(1) = . 04983
y(0) =. 0518

After smoothing a second time with the same formulas, y(0) = 0. 05197, where y(0) is
the value in channel 50. The spectrum is now renormalized to 1 neutron per square centi-
meter per second incident on the first wall. Using the normalization of the neutron
counter of 90,000 counts per minute yields a source output of 1010 neutrons per second
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which in turn equals an average flux on the first wall of 2. 77 X 106; the spectrum was

multiplied by 90, 000/2,. 77 X 106 X 60 = 5,42 X 10_4. The spectrum was then divided by
the collimator transmission as a function of gamma-ray energy, the sodium iodide crys-
tal efficiency as a function of energy, and the crystal photofraction as a function of energy.
The actual correction for these factors was made by fitting the inverse product of the
factors at discrete energies to a polynomial and using the polynomial to compute factors
by which the spectrum was multiplied. This was all done on the computer so that the
exact numbers used cannot be given here. These factors would have the following approx-
imate values for 1.0 Mev (approximately channel 50).

collimator transmission = 8. 64 X IO-—5
photofraction = 0,378 (11)
efficiency = 0. 796 (1)
1/product = 38, 500

Channel 50 really corresponds to an energy of 0,989 Mev (calculated). When the smoothed
value has been multiplied by the factors above and scaled by this energy, the resulting
value is

S = 0.9466 Mev/cmz/sec/neutron/cmz/sec.
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APPENDIX B

Computer Programs

B.1 INTRODUCTION TO THE DATA PROCESSING PROGRAMS

The data from this experiment were processed by a series of three computer pro-
grams. The first program, DATA, took the raw data as it came from the analyzer, cor-
rected it for overflows of the analyzer memory, normalized it, subtracted the background,
and also computed standard deviations. The output of this program consisted of a printed
table containing the channel number, the normalized counts in that channel, and the nor-
malized standard deviation for that channel. The normalized counts and plus and minus
a standard deviation were then plotted in graphical form. Finally, the normalized counts
were punched out so they could be used as input to the next program. DATA would also
read in a series of energies and corresponding channel numbers, fit these data to a
straight line, and print out the analyzer base line, the energy width per channel, and the
energy corresponding to the last channel.

The second program, JOIN, took the output from DATA, joined the high-energy part
to the low-energy part, and smoothed the data. The output of JOIN consisted of the
smoothed data punched out on cards and plotted in a graph.

The final program, SCOPE, reads in the smoothed data, corrects the data
for the sodium iodide crystal efficiency, photofraction, collimator transmission
function, and scales the data by energy, all by means of a polynomial that is read in. The
corrected data are then plotted on the scope in the form of the graphs that appeared in
Section III,

These programs were written in FAP for the IBM 7094 computer by using the input-
output routines of the Computation Center, M.I. T., during the summer and fall of 1964,
These programs are not compatible with IBM 709/7090 computers, and may not be com-

patible with the input-output routines in use at other installations.

B.2 INPUT FOR DATA PROGRAM

The first card for the DATA program is read in under Fortran format (3A6, 2I3).
Columns 1-18 give the dates on which the data were taken. Columns 19-21 contain the
number of sets of data, and columns 22-24 contain the number of channels contained in
each set of data.

A set of data is read in. The first card of each set is read in under Fortran format
(314). Columns 1-4 give the identification number of the set, columns 5-8 contain a code
word for the energy-fitting subroutines, and columns 9-12 give a number that is negative
if the set to be read in is to be used as a background, and is positive otherwise.

If the code word in columns 5-8 is negative, the energy-fitting routines are called,
and the magnitude of the code word is printed out as the number of sets of data to which
the energy fit, which is calculated, applies. If the word is positive, the energy-fitting
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routines are not called, and the raw data are read in next.

If the code word was negative, the next card gives the number of points which will
be used to determine the fit. The format for this card is (I3). If N points are specified
by this card, then the next N cards read in would give the following information in
Fortran format (2F10. 5): columns 1-10 would contain an energy in Mev, and columns
11-20 would contain the channel corresponding to this energy.

The raw data are now read in under Fortran format (8F10. 5) starting with channel 1.
The number of cards read in here is the number of channels specified previously divided
by 8. Any remainder means an additional card is read.

The next cards are read in under Fortran format (26I3). Columns 1-3 of the first card
specify the number of overflows which are to be corrected. If there are none, a blank
card must be inserted here. An overflow is corrected by adding 65536 to the specified
channel and all lower channels. If N overflows are specified, the next 3 N columns of
this card (through column 78) and subsequent cards, if necessary, give the channel num-
bers in which the overflows occur.

Columns 1-3 of the next card after the overflow cards specify the number of peak
overflows which are to be corrected. Again, if there are none, a blank card must be
inserted. A peak overflow is corrected by adding 65536 to the specified channel only.
The channels are given in the remaining columns of this card, and in subsequent cards
if necessary.

The next card is read in under Fortran format (4F10, 5). Columns 1-10 of this card
contain the live time of the analyzer during the run. Columns 11-20 contain the actual
time of the run, columns 21-30 contain the number of neutrons during the run, and col-
umns 31-40 contain a normalization factor to correct the neutrons to the same source
output. The data are normalized by multiplying them by the actual time and the normali-
zation factor, and dividing by the live time and the number of neutrons.

If the background code word were negative, so that this set of data was interpreted
as a background, the program now returns to read in the next set of data. If the code
word were positive, meaning these data were not background, the next card is read in
under format (12A6). This card is used as a heading both for the punched output and for
the plot of the data. DATA now recycles to read in the next set of data, or exits from
the machine if it is all through.

DATA subtracts the latest background from the set of data which is being processed
(unless this set is a new background). For this reason, the data should be read in in
the following order: a background, followed by the runs for which it is applicable, a new
background, followed by its runs, etc. The data are punched out according to the format
(8E10. 4).

B.3 INPUT DATA FOR JOIN PROGRAM

The first card for the JOIN program is read in under format (3I5). Columns 1-5
give the number of sets of joined data which will be processed, columns 6-10 contain
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the number of channels in each unjoined set of data, and columns 11-15 contain a control
word that determines whether the results are punched out on cards or not. If columns
11-15 contain only blanks and zeros (with possibly a sign), the output will be punched
according to the format (8E10.4). If these columns contain any number other than zero,
the output will not be punched.

For each set of joined data, the input cards are read in in the following order. The
first card contains a heading in format (13A6). The next card is read in under the format
(615,012). Columns 1-5 contain the last channel of the low-energy spectrum which will
not be replaced by the data from the high-energy spectrum. Columns 6-10 contain the
first channel of the high-energy spectrum which will be used to replace the low-energy
spectrum in the joined spectrum. Columns 11-15 contain the first channel of the joined
spectrum that the plotting routine will look at in hunting for its normalization factor.
This number is included to keep the graph from being normalized to a meaningless num-
ber which might occur in the first few channels. Columns 16-20 contain the power of the
polynomial that will be used to smooth the joined data. The largest power that this pro-
gram will accept is 7,

If (2%M+1) is the number of points used in the smoothing formula, columns 21-25 con-~
tain M. The maximum allowable value of M is 10. Columns 26-30 contain the number
of times the data are to be smoothed by using the preceding smoothing formulas.
Columns 31-42 contain an octal number controlling the graph of the smoothed data.

The columns have the following significance in this number. Column 31 should be a
1. This tells the graph routine to save all seven index registers. Columns 32-34 should
contain the factor (in octal) by which the graph is to be scaled every N channels, where
N is given (in octal) in columns 35-37. Scaling actually starts after N+1 channels, and
a new scaling factor is determined every N channels thereafter. For example, if col-
umns 32-34 contained 012 (octal for decimal 10) and columns 35-37 contained 062 (octal
for decimal 50), the graph would be scaled by a factor of 10 starting with channel 52, by
a factor of 100 starting with channel 102, and so on. If no scaling is desirable, these
columns may be left blank, and column 40 should be zero.

Columns 38-39 may be any legitimate octal number, as they are not interpreted by
the graphing routine. If scaling as described above is desirable, column 40 should con-
tain a 1. If it is not desired, column 40 should contain a zero. Column 41 should be a 3.
This tells the graph routine to print out the graph and that the data are not stored as in
Fortran. Column 42 should be either a 1 or a 5. A 5 will cause all numbers that are less
than 1% of the normalization factor to be scaled by 100. If they are still less than 1%,
they will be scaled by 100 again. If either of these two scalings makes the number larger
than 1% of the normalization factor, it will be plotted along with an appropriate tag indi~
cating the amount of the scaling. If it is still less than 1%, that channel will be left blank,
and no tag will be given. A 1 in column 42 means all numbers less than 1% will cause
that channel to be left blank.

The next group of cdrds are the data for the low-energy spectrum. These cards are
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read in under format (8E10.4). After these cards, the cards representing the high-
energy spectrum are read in under the same format. The program then processes these

data and returns to read in the next set, or exits if all the sets have been read in.

B.5 INPUT FOR THE SCOPE PROGRAM

The first card for the SCOPE program is read in under format (2I3,A6). Columns 1-3
contain the number of sets of data to be plotted, columns 4-6 contain the number of poly-
nomial coefficients to be read in, and columns 7-12 contain an identification word. (At
the Computation Center, M.I. T., this is the problem number under which the program
is being run.) This word is plotted on the scope as the first film frame, Therefore, the
number of film frames used is one more than the number of data plots.

The next card, or two cards, contains the polynomial coefficients (maximum number
of 10) for a polynomial, which was fitted to the inverse of the product of the crystal effi-
ciency, photofraction, and collimator transmission factor. The coefficients are read
in in terms of ascending powers of E, starting with the zeroth power, or constant, term.
If the data are to be plotted directly, only a constant coefficient of 1 should be read in.

The next card is read in under format (I3, 012, 2F5. 3), and is the first card for each
set of data. Columns 1-3 give the number of channels of data. Columns 4-15 contain
an octal code word to be discussed later. Columns 16-20 contain the base line of the
plot in Mev, Columns 21-25 contain the energy width per channel in Mev.

The octal code word should be of the following form. Column 4 should contain a 4
if scaling of the plot is desired at a certain channel N. If scaling every N channels is
desired, column 4 should be zero. Columns 5-9 give the channel number N (in octal).
If no scaling is desired, this number should be larger than the number of channels to be
plotted. Column 10 should be zero. Columns 11-15 contain the scaling factor in octal.
All scaling is done by integers (no fractional scaling)., If column 4 is a 4, all channels
after channel N will be scaled by the factor in columns 11-15. If column 4 is zero, all
channels between N and 2 N will be scaled by the factor, all channels between 2N and
3N will be scaled by the factor squared, and so on.

The next card in each set of data is the heading card read in under format (10A6).

On this card columns 1-6 contain the figure number, left adjusted. Columns 7-12 con-
tain blanks. Columns 13-36 contain the blanket identification. Columns 37-48 contain
the thickness of the first wall with the units, and columns 49-60 contain the depth of the
measurements in the blanket with the units, All items above are left adjusted in their
fields.

The next group of cards contains the data, read in under format (8E10. 4). The pro-
gram then plots the data and headings on the scope and returns for the next set.
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APPENDIX C

Data Tabulation
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EXPLANATION OF ABBREVIATIONS

67 S 35 C BLAN=67 MOLE PER CENT SALT 33 MOLE PER CENT GRAPHITE BLANKET

GRAPHITE BLAN =ALL GRAPHITE BLANKET

SALT BLAN =ALL SALT BLANKET

MOLY WALL =THICKNESS OF MOLYBDENUM FIRST WALLs INCHES
DIB =DEPTH IN BLANKET FROM SURFACEs INCHES

EO =APPROXIMATE BASELINE ENERGY OF DATA, MgV

DATA REPRESENTS A RANGE OF ABOUT 5 MEV
THE DATA READS L[FT TO RIGHT ON A LINE

FROM TOP LINE TO BOTTOM LINE
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