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Abstract

Near—threshold boron neutron capture therapy (BNCT) uses proton energies only
tens of keV above the (p,n) reaction threshold in lithium in order to reduce the
moderation requirements of the neutron source. The goals of this research were to
prove the feasibility of this near-threshold concept for BNCT applications, using
both calculation and experiment, and design a compact neutron source prototype
from these results. This required a multidisciplinary development of methods for
calculation of neutron yields, head phantom dosimetry, and accelerator target heat
removal. First, a method was developed to accurately calculate thick target neutron
yields for both near-threshold and higher energy proton beams, in lithium metal as
well as lithium compounds. After these yields were experimentally verified, they were
used as neutron sources for Monte Carlo (MCNP) simulations of neutron and photon
transport in head phantoms. The theoretical and experimental determination of heat
removal from a target backing with multiple fins, as well as numerical calculations of
heat deposition profiles based on proton energy loss in target and backing materials,
demonstrated that lithium integrity can be maintained for proton beam currents up to
2.5 mA. The final design uses a proton beam energy of 1.95 MeV and has a centerline
epithermal neutron flux of 2.2 x 10® n/cm?-sec/mA, an advantage depth of 5.7 cm, an
advantage ratio of 4.3, and an advantage depth dose rate of 6.7 RBE-cGy/min/mA,
corresponding to an irradiation time of 38 minutes with a 5 mA beam. Moderator,
reflector, and shielding weigh substantially less than other accelerator BNCT designs
based on higher proton energies, e.g. 2.5 MeV. The near-threshold concept is useful
as a portable neutron source for hospital settings, with applications ranging from
glioblastomas to melanomas and synovectomy.
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Chapter 1

Introduction

1.1 An Overview of BNCT

Extensive research has been undertaken in the past 50 years in the United States,
Europe, and Japan in the area of boron neutron capture therapy (BNCT), a novel
method for treating certain malignant brain cancers, such as glioblastoma multiforme
(GBM). The GBM mass in the brain generally has a large central mass (the primary
tumor mass) plus extensive, root-like fingerlets that invade the surrounding healthy
tissue. GBM cells tend to be quite resistant to traditional (photon) radiation treat-
ment, and the tumor fingerlets make surgical debulking ineffective since some of the
fingerlets almost always remain. These tumors are also not generally diagnosed until
they are quite large and able to affect normal brain function, and by this time, the
expected patient survival time is short (often less than six months). In the United
States alone, more than 11,000 people were diagnosed with GBMs in 1995, so there

is a need and a market for an effective treatment of this tumor [6].

The BNCT treatment is a binary modality that consists of preferentially load-
ing a compound containing °B into the tumor location, followed by the irradiation

of the patient with a beam of neutrons. Damage to cancer cells comes from the
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densely ionizing, high linear energy transfer (LET) heavy charged particles from the
0B(n,a)7Li reaction, whose cross section follows a 1/v law and hence is dominant
for thermal neutrons. Since the range of the reaction products is on the order of cell
dimensions, the heaviest tissue damage is restricted to the tumor cells, provided the
boron compound has a substantially higher concentration in tumor compared with
the surrounding healthy tissue. The BNCT treatment modality is considered binary
because two events must occur for high dose rates to tissue: introduction of 1°B and

irradiation by thermal neutrons.

While BNCT in Japan has historically removed the skull cap during the treatment
so that a thermal neutron beam can be used [7], the more common methodology in
current practice and theory removes the skull cap during a surgical debulking of the
primary tumor mass but replaces the cap during the irradiation [6]. Surgical debulk-
ing is generally necessary because by the time the tumor is diagnosed, the primary
mass is large and has developed its own vasculature. Irradiation of this primary mass
can destroy this system of blood vessels, causing internal bleeding in the brain. The
replacement of the skull cap reduces chances for infection and allows somewhat less
strenuous requirements on treatment room sterility. Since thermal neutrons do not
have sufficient penetrability to reach deep seated tumors, an epithermal beam of neu-
trons is necessary in order for the skull cap to remain intact during patient treatment.
(High energy neutrons are less desirable for reasons described in Section 1.2 below.)
The epithermal neutrons slow down within the patient, reaching thermal energies in

the tumor region.

Excellent summaries of many different aspects of BNCT are found in the May 1997
issue of Journal of Neuro-Oncology, including reviews of the rationale of BNCT [6],
history [7], neutron beam requirements [8], boron compounds [9], and microdosimetry
[10]. The 1996 review in Cancer Investigation is also excellent [11]. Finally, the bi-

annually proceedings of the International Symposium on Neutron Cancer Therapy for
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Cancer provide a centralized source for the latest developments in all areas of neutron

capture therapy research.

1.2 Neutron Beam Requirements for BNCT

1.2.1 Neutron Energy Requirements

The neutron source requirements peculiar to the BNCT methodology are complex
and difficult to achieve in practice. It is worth discussing each major requirement in
detail, since these beam parameters will be crucial to the development of the neutron
beams in this research.

As mentioned previously, BNCT beams utilize epithermal neutrons for patient
treatment. The first question that comes to mind is: what energy range is considered
epithermal for this application? Many authors have tackled this question, and the
general consensus at the time of writing is from several electron-volts (eV) to several
tens of keV [8, 12]. The criteria for determining this range basically rest on balancing
the need for high penetrability and low dose to healthy tissue. High penetrability
through the skull and outer brain allows the treatment of tumors located deep in the
patient’s head, obviously necessary for any practical radiation treatment modality.
Low dose to healthy tissue is one of the biggest selling points of BNCT: there is the
potential for selective damage to tumor relative to healthy tissue, so any components

of the treatment beam that reduce this therapeutic advantage are undesirable.

1.2.2 Beam Contamination Components

Radiation dose to the patient in BNCT consists of three main components: neutron
dose, which is often subdivided into fast, epithermal, and thermal doses; gamma dose;
and dose due to the high LET heavy charged particles from the fission of '°B, generally

called the 1°B dose. Some amount of dose due to neutrons is inevitable, but fast and
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thermal components of the beam striking the patient are undesirable for different
reasons. Fast neutrons deposit dose primarily near the skin surface and skull, since
these neutrons quickly slow down into the epithermal region. The primary drawback
of the fast neutron component is the steady increase of KERMA values with neutron
energy in the fast region—the principle neutron interaction for fast neutrons in tissue
is proton recoils produced by elastic scattering with hydrogen, and increasing neutron
energy leads to larger proton kinetic energies, and hence larger tissue doses—which
deposits large, shallow doses that do nothing to aid the treatment of the deep-seated

tumors in question.

Thermal neutrons deposit energy in tissue primarily from the *N(n,p)!*C reaction,
which produces a 580 keV proton and a 40 keV recoiling 1*C nucleus [13]. In addition,
thermal neutrons are unable to penetrate the skull, so they too are unable to aid in
the BNCT process. Note, however, that while fast neutrons produce large doses at
shallow depths, they can still slow down in tissue to thermal energies and be captured

by 1°B in the tumor, so it is an oversimplification to consider them useless.

The dose from gamma contamination of the beam is indiscriminate: it affects both
tumor and healthy tissue to the same degree, reducing the effectiveness of the treat-
ment. Gamma contamination will always be present in a neutron beam, but careful
beam design can reduce this component to acceptable levels (see Chapter 4). Gamma
contamination is primarily produced from the radiative capture of thermal neutrons
by hydrogen in the patient via the 'H(n,y)?H reaction, which may be viewed as an
irreducible gamma background that must be included in all patient treatment plan-
ning. Gamma contamination can also be produced from interactions in an accelerator

target; target backing material; or moderator, filter, and reflector materials.

The final dose component, the 1°B dose, should be very high in the tumor and
very low in healthy tissue. The only real control over this component is in the phar-

macological aspects of the compound used to transport the boron to the tumor site.
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A high tumor-to-healthy tissue uptake ratio, as well as high tumor uptake levels, are
necessary for the success of a BNCT treatment. Sufficiently high uptake ratios and
tumor uptake levels can swamp the relative contribution of the contamination doses,
reduce treatment times, and improve the experience for the patient by reducing side
effects like erythema and epilation. Since the control over this component lies in the
hands of chemists and pharmacologists, it is effectively constant for this research,
although the degree of beam thermalization will correlate with the B dose. The
specific tumor-to-healthy tissue uptake ratio and '°B concentration in tumor used in

this research are given in Section 3.1.

1.2.3 RBE Effects

Whenever radiation dose is applied to a biological organism, the concept of relative
biological effectiveness (RBE) must be applied to dose calculations. The RBE concept
is necessary since equal physical doses (energy absorption per unit mass) for different
types of ionizing radiation do not produce identical biological effects. In general,
higher LET radiations such as neutrons and heavy charged particles are more effective
in producing damage in an organism, i.e. have higher RBE values, than lower LET
particles such as electrons, positrons, and photons [14]. The definition of RBE for a
particle 7 is generally taken to be the ratio Dx/D;, where Dx and D; are the doses
of 250 kVp X rays and particle 7, respectively, needed to produce a given biological
endpoint [15]. It is important to note that RBE depends on many factors, including
the biological endpoint of interest, the energies of the radiations considered, and in the
case of 1B dose, the microscopic distribution of 1°B in tumor and healthy tissue cells
[16, 17, 18]. The exact RBE values for the dose components in BNCT are unknown,
but reasonable estimates are necessary for adequate dosimetry and neutron beam
design so that the relative contribution of good and bad components is accurately

gauged. The exact RBE values used in this research will be discussed in Chapter 4.
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1.3 Accelerator—-Based BNCT

While only certain nuclear research reactors are currently performing clinical BNCT
trials in the United States and Europe [19, 20], widespread future applicability of this
treatment modality will likely require the use of charged particle accelerators that
can be used in a clinical environment. The application of particle accelerators for
this problem is not a trivial task. In order to allow for reasonable patient treatment
times, accelerator currents will need to be on the order of milliamps [21, 22, 23, 24].
These high currents are not only difficult to obtain for heavy charged particles such
as protons and deuterons; such high currents will also deposit kilowatts of heat as the
charged particles lose energy in the target, making target cooling difficult. Finally, the
particular requirements on the neutron beam for BNCT (discussed in the previous
section), as well as the need for large neutron production rates, will dictate the
choice(s) for the charged particle- induced reactions to be used. The specific aspects
of the “Li(p,n)"Be reaction that is considered in this research meet these criteria.

The “Li(p,n)"Be reaction cross section is shown in Figure 1-1. The total cross
sections for the reaction leading to the ground state of "Be, as well as the combination
of ground and first excited "Be states, are given. The cross section is seen to rise
rapidly from a threshold at 1.88 MeV to a plateau of about 269 mb from 1.93 MeV to
2.00 MeV. This plateau is followed by a large resonance centered at 2.25 MeV with
a peak cross section of nearly 590 mb. This large cross section, combined with a low
threshold energy, makes the "Li(p,n)"Be reaction an excellent source of relatively low
energy neutrons.

One may ask, why not use any nuclear reaction with high neutron yields for accel-
erator BNCT? For example, the D-D and D-T reactions are well studied and produce
about 10° and 10! neutrons/sec/mA, respectively, at easily obtained deuteron ener-
gies of 100-300 keV [25]. Deuterated materials are easier to handle than pure lithium

metal, which has a low melting point (181°C) and readily oxidizes in air and water
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Figure 1-1: Total (p,n) Cross Section for "Li. From [1]. The lower dashed curve is
the cross section for the reaction leading to the ground state of "Be, while the solid
curve is the cross section for reactions leading to both the ground and first excited
states of "Be.
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[26]. So why use a (p,n) reaction, especially "Li(p,n)"Be?

The answer lies in the requirements for BNCT that were spelled out in Section 1.2,
namely that useful neutron energies for BNCT are in the range of about 1 eV to
10 keV. The D-D and D-T reactions produce neutrons with energies of almost 3 MeV
and 14 MeV, respectively, due to the positive Q—values of the reactions. These neutron
energies are much too high for patient treatment [27], and hence need extensive
(greater than 20 cm of D,O) moderation to bring the average energy down to the
useful range for BNCT. The concomitant attenuation of the neutron flux makes the
current requirement very high if patient treatment times are to be reasonable, and
even so, the fast neutron component of these sources can be reasonably high, especially
when the high RBE values for fast neutrons are considered. By comparison, the
maximum energy of neutrons from the bombardment of 2.5 MeV protons on a thick
lithium target is 787 keV, the average neutron energy is 326 keV, and the neutron

yield is 8.9 x 10! neutrons/sec/mA.

One of the most striking features of Figure 1-1 is the extremely rapid rise of
the cross section immediately after threshold. Specifically, the cross section reaches
the plateau value of 269 mb within 50 keV of the reaction threshold. This fact,
combined with the neutron beam requirements described in Sectionl.2, has led us to
consider near—threshold reactions in lithium targets [28, 29, 30, 31, 32, 33, 34, 35].
Near-threshold BNCT uses an accelerator proton beam energy several tens of keV
above the "Li(p,n)"Be reaction threshold to produce neutrons for BNCT treatments.
Working close to threshold reduces the thick target yield compared to higher beam
energies such as 2.5 MeV, but the maximum and mean neutron energies are much
lower, requiring less moderation and hence less attenuation of the raw neutron yield
from the target. For comparison with the neutron yield and energies for 2.5 MeV
protons described above, the maximum energy of neutrons from the bombardment

of 1.91 MeV protons is 105.3 keV and the average neutron energy is only 42.4 keV,
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while the neutron yield is 2.4 x 10! neutrons/sec/mA, a substantial yield considering

the lowered moderation requirements for this neutron source.

1.4 Research Goals and Thesis Summary

A study of the viability of near—threshold neutron beams as a neutron source for
BNCT brain treatments requires a multidisciplinary analysis of the total engineering
of the neutron beam source. Primary requirements include the development of a
method for calculating near—threshold neutron yields, Monte Carlo simulation of head
phantom dosimetry, and accelerator target heat removal.

First, a method was designed and implemented to accurately calculate thick tar-
get neutron yields for near—threshold proton beams that can be applied in a self-
consistent manner to higher energy proton beams, in lithium metal as well as lithium
compounds. After these yields were experimentally verified, they were used as sources
for Monte Carlo (MCNP) simulations of neutron and photon transport in head phan-
toms in order to determine the effect of proton beam energy, moderator thickness,
gamma production in the target, backing materials, and thermal neutron and gamma
shielding on beam parameters such as penetration depth and treatment time. The
engineering design of the neutron source involved theoretical and experimental deter-
mination of heat removal capabilities for a multi—fin target backing design, as well as
numerical calculation of the heat deposition profiles for protons stopping in lithium
and backing materials. The results of these studies were combined into a unified
neutron source design, including the design of an acrylic head phantom for measuring

the primary dose components of the final beam.
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Chapter 2

Thick Target Neutron Yields

In the investigation of near—threshold BNCT, it is necessary to have an accurate
method for computing thick target neutron yields. In particular, both the energy
spectrum and angular distribution of the neutrons produced by protons of a certain
bombarding energy are required. It has been determined that the existing data for
computing thick target yields is insufficient for accurate yield calculation over the
range of incident proton energies of interest in this research. In particular, tabu-
lated cross sections provide excellent data for energies above about 1.95 MeV, but
mathematical peculiarities close to the reaction threshold lead to erroneous results
in this region. Analytical forms of the differential cross section work well close to
threshold, but are incorrect for higher energies. A self-consistent method was de-
veloped for producing differential thick target neutron yields for all proton energies
below 2.50 MeV. This method has also been modified to determine neutron yields
from compounds that contain lithium, as well as extending the method to partially
thick targets. Partially thick targets are of sufficient thickness to result in significant
proton energy loss, but are not sufficiently thick to slow the proton energy below the
reaction threshold. Finally, a model of the effect of the oxidation layer formed when

lithium metal is exposed to air is presented.
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This chapter describes the method developed to generate the thick target dif-
ferential neutron yields from near—threshold protons, focusing on the mathematical
difficulties that arise for calculations within several keV of the reaction threshold and
the techniques for overcoming these complexities. The results of calculations using
this method are presented, including differential and total yields for thick targets,
partially thick targets, and targets exposed to air. Comparisons of calculated results

with experimental measurements are included.

2.1 Theory

2.1.1 Near-Threshold Kinematics

For illustrative purposes, consider a monoenergetic incident proton beam energy, E,,,
of 1.95 MeV striking a thick lithium target. A thick target is defined to be of sufficient
thickness to slow protons down to energies below the reaction threshold. Figure 2-1
provides kinematic relations between 6, the polar angle of emission of the neutron in
the laboratory (LAB) frame of reference; E,, the LAB neutron energy; and E,, the
LAB proton energy that produced the neutron, for the "Li(p,n)"Be reaction. Lines
of constant E, are plotted from E,, to E, = Ey, the threshold energy of 1.88 MeV.
When the proton beam impinges on a thick lithium target, the initial neutron yield
will follow the energy and angle behavior shown on the uppermost contour. As
the protons lose energy in the target, the energy and angular dependence of the
neutron yield will be determined from contours of continuously decreasing proton
energy, until neutrons are only produced in the forward direction at an energy of
29.7 keV at Ey,. The neutron energy at threshold is determined from E,(E;) =
mypmy, Ey, [(mpe + my,)?, where m,, m,,, and mp, are the proton, neutron, and "Be
nuclear masses, respectively. A thick lithium target will only produce neutrons with

energies and angles corresponding to proton energies below E,, i.e. neutrons will
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Figure 2-1: Proton Energy Contours for Thick Lithium Targets.
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not be produced with energies and angles above the uppermost contour of Figure 2-1.

Note that for proton energies below

E* = MBe (mBe +m, — mp)
P mBe(mBe +m, — mp) - MpMy,

Ewp = 1.92 MeV, (2.1)

neutron production is double-valued, giving two neutron energies for each LAB angle
of emission. In addition, neutrons are only produced in the forward direction (8 <
90°).

It is clear from Figure 2-1 that any combination of § and E, uniquely specifies E,,
and the differential neutron yield is therefore a pointwise function of these variables.
This observation means that it is not necessary to discretize the proton energy as the

beam slows down in the target. The differential neutron yield at each proton energy

is given by o 4 dE
Opn p
2y dQ' dQ dE,

dx

where d?Y/dQ) dE, is the differential neutron yield in units of neutrons per keV per
steradian per millicoulomb, Np; 7 is the “Li (target) atomic density, doy,,/dS) is the
center-of-mass (CM) differential (p,n) cross section, d? and df' are differential solid
angles in the LAB and CM, respectively, and —dE,/dz is the proton stopping power

in the target.

In order to have more compact notation in the equations that follow, it is useful
to introduce two kinematic parameters, v and & [36]. < is defined as the ratio of
the post-reaction speed of the CM to the speed of the neutron in the CM. The
following expression for v can be obtained from the nonrelativistic conservation of

linear momentum and energy equations:

MpMy, E, )
= . 2.3
7 J mpe(Mpe + My — My) (Ep — Ey (2:3)
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Note that as E, approaches threshold, v — oo, and for E, < E;, v > 1. In addition,

the parameter £ is defined by

€2 =1/4* —sin® 0. (2.4)

The first step in the determination of the thick target differential neutron yield is
choosing a set of (6,E,) grid points at which d*Y/dQ2dE, is calculated. This research
used 1°, 1-keV intervals ranging from 0° to 180° and 0 to 250 keV. It is important
to note that a different grid spacing will lead to a different number of calculated
yields, but the yield computed at a particular location is independent of mesh size
and hence will not change. For each grid point, the proton energy E, is calculated
in a manner similar to that used to produce the contours of Figure 2-1. Once E, has
been determined, -, £, and the mass stopping power are immediately calculated since
these quantities are functions of E, alone. The mass stopping power is determined

from analytic formulas fit to experimental data [37].

Since the differential cross section dop,/dSY is a function of the CM angle of
emission, @', the next step in the calculation is to determine the correct value of ¢’

corresponding to (6,E,). For E, > E;, neutron production is single-valued and

6 = 6 +sin~!(ysin#), (2.5)

while for E, < Ej, neutron production is double-valued and there are two possibilities

for #'. These CM angles, 8] and 6, are related to 6 by

¢, = 0 + sin~! (sin 6) (2.6)

0, = 7+ 6 —sin"*(ysin6). (2.7)

Note that ¢ is the more forward-directed of these two angles and corresponds to
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higher neutron energies, while 6, is directed in the backward direction and corresponds

to lower neutron energies. Now define a neutron energy Eegyq:
Bequa = (1 +7°)E,, (2.8)

where E] is the CM neutron energy, given by

1 mpe mBe+mn —m )
E =2 ((mB Ty P (E, — Eu). (2.9)

It is straightforward to demonstrate that for a given proton energy E,, Eequa coOr-
responds to the point where 6] = 65 = 6 + 90°. From the statements above, if
E, > E.qua for the grid point in question, we will need ¢; and Eq. (2.6) must be
calculated; if E, < Egua, 0 is the correct CM angle and Eq. (2.7) must be used.
Note from Eq. (2.6) that the maximum angle of emission for proton energies below

* - . =1
E; is given by Opme, = sin™ (1/7).

It now remains to determine the CM differential cross section and the Jacobian
transformations given in Eq. (2.2). These transformations are given by

sy

o=t %(0059 +£)? (2.10)

dEp _ 1 (mBe + mn)2Ep€
dE,  cosf + & lmym,Eé(cosf £ &) £ mpe(mpe + my — my) Bl

(2.11)

In Egs. (2.10) and (2.11), the + sign is used when #' = ¢} and the — sign is used when
§' = 0,. Care must be taken in employing these expressions in various regions of (6,E,)
space. For example, in the neighborhood of 6,,4,, d§¥'/d) — oo and dE,/dE, — 0.
This means that Eq. (2.2) is indeterminate at points where § = #6,,,,, and this
will create a computational problem for (6,F,) values at or close to these points.

However, this problem can be easily remedied by considering the product of d§2'/d$2
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and dE,/dE,, given by

d dE, +(mpe + my)?(cos 0 £ €)VE, (2.12)
dQ dE, mym,Ep¢(cosf £ &) £ mpe(mpe + mn — myp) B '
Now the limit for this product of Jacobians is given by
Q/ . n 2
im SYdE __ (mpetma)'E, 72— 1. (2.13)

0-0maz EﬁdEn o mpe(Mpe + My — mp)Eth

Using the product of the Jacobian transformations therefore circumvents the com-
putational problems that arise when calculating each transformation separately. For
this reason, and since the expression for the Jacobian product has the simple closed

form given in Eq. (2.12), this expression is used in all differential yield calculations.

All calculational difficulties are not removed by the substitution given in Eq.
(2.12). The greatest difficulty in near-threshold neutron yield calculations comes
from the behavior of v as E, — Ey,: as pointed out earlier, v becomes unbounded,
and dY'/dQ) dE,/dE, — co. We know that the CM differential cross section must
go to zero at the reaction threshold, so Eq. (2.2) is still indeterminate (0 - co) at
E, = E;,. To understand how this problem is overcome, the particular aspects of the

"Li(p,n)"Be cross section near threshold must be considered.

2.1.2 Near—Threshold (p,n) Cross Sections

In 1975, Liskien and Paulsen compiled extensive experimental cross section measure-
ments from the existing literature and generated best fits to the data over the proton
energy range from 1.95 MeV to 7 MeV for both the reaction leading to the ground

state of "Be and the first excited state, which has a threshold at 2.37 MeV [1]. These

35



CM cross sections are given as Legendre polynomial expansions:

dopn oy _ AOpn o & ‘ : '
o ) =750 ) > Ai(Ep) Picosd'). (2.14)

1=0

The proton energy-dependent parameters Ay, Ay, Az, A3, and do,,/d€¥(0°) are tab-
ulated, making it extremely simple to use their fits for calculating reaction cross
sections. In order to replicate the smooth variation of the cross section parameters
with proton energy, cubic splines were fit through the data points given in Liskien

and Paulsen’s paper.

The Liskien and Paulsen tabulated cross section data are good for energies above
1.95 MeV, but they don’t help to resolve the problem of indeterminacy near the
reaction threshold. It is necessary to use an analytical form for the CM differential
cross section to determine the actual near-threshold limits of the terms in Eq. (2.2). It
has been pointed out by Newson et al., as well as other sources [38, 39, 36, 40, 41, 42],
that the reaction cross section has the form expected from a broad s—wave resonance

centered at about 1.93 MeV. The resulting form of the theoretical cross section is

dopn T
i =~ AE ATy (2.15)

where z = I',/T'p, the ratio of the neutron to proton channel widths, which has a
functional form on the narrow energy range near threshold of z = Com,
and Cy and A are constants to be determined. A value of Cy = 6 is consistent with
the cross section data of Newson et al.. A proton energy of 1.925 MeV was chosen as
the boundary between tabulated and theoretical cross section values. This energy is
roughly the upper limit of applicability of Eq. (2.15) (~50 keV above threshold), and
the theoretical expression for do,, /d§?’ has zero slope at this energy, making a smooth
transition to the interpolated values a simple matter. Theoretical and interpolated

cross section values agree at this energy if A = 164.913 mbarn MeV /sr.
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Now using the definition of v in Eq. (2.3), it is possible to combine Egs. (2.12)

and (2.15) to give the cumbersome but useful formula

dopn dQY dE, +AC,(mpe + mp)?(cos 6 + 5)\/mpmn/m36(m33 + my, —my)
d0 dQdE, (1 + z)%[mym,Ep€(cosf £ &) £ mpe(mpe + my — mp) Ey)
(2.16)

for proton energies near threshold. Note that the threshold limit of Eq. (2.16) is a

finite, non-zero value:

lim dO',m ﬁ dEp _ ACy (mBe + mn)z\/mpmn/mBe (mBe +m, — mp)
BpoEy dQY dQ dE, mpe(mMmpe + Mp — myp)Eypy '

(2.17)

For proton energies above the 1.925 MeV cutoff, the CM differential cross section
is determined by interpolating the cross section parameters between their tabulated
values using the cubic spline fits, and this is multiplied by the product of Jacobians
given in Eq. (2.12). For proton energies below this cutoff, the expression given in Eq.
(2.16) is used to determine the differential neutron yields. Finally, using expressions

for the "Li density in natural lithium metal, the thick target differential neutron yield

is given by o dQY dE
Opn P
d’Y fri-7No dQV dQ dE <
) = n 2.
dQ dEn( ’ ) BAeff _l@ ( 18)
p dz

where fr;_7 is the "Li atomic fraction in natural lithium metal (92.5%), N, is Avo-
gadro’s number, e is the electronic charge, and A.ss is the atomic weight of natural

lithium metal.

A complete listing of the Fortran 77 program, 1i.f, that was written to cal-
culate thick target neutron yields using the techniques described above is given
in Appendix A. The 1i.f program reads cross section data from sigmafile and
sigmaspline, which contain tabulated CM differential cross section parameters and

natural cubic spline parameters, respectively; these files are included in Appendices B
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Figure 2-2: Differential Neutron Yield for 1.95 MeV Protons Incident on Natural
Lithium Metal.

and C. Note that 1i.f can calculate thick target yields for natural lithium metal as
well as certain lithium compounds; modifications of yield calculations for compounds

is discussed in Section 2.2.4 below.

2.2 Calculated and Experimental Results

2.2.1 Thick Target Neutron Yield Surface

Figure 2-2 shows an example of a thick target differential neutron yield surface for
1.95 MeV incident proton energy. Note that the techniques described in the previous
section have resulted in a smooth behavior of the yield surface in all regions of the

calculation. An irregular, jagged boundary edge between zero and non-zero yields is
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Figure 2-3: A Comparison of 0° Thick Target Neutron Yields.

apparent in Figure 2-2, which occurs because the yields are evaluated on a square
array of grid points. There is actually a smooth line between the zero and non-zero
values at the edge of the yield surface, which is the yield due to protons with an
energy of precisely E,,, but because this line does not intersect the grid points where
computed yield values are displayed, it is not visible as a smooth edge. The computer
program is designed to calculate the location of this edge and the corresponding differ-
ential neutron yields, so that energy spectra and angular distributions are integrated

smoothly.

Figure 2-3 is a plot of the 0° thick target differential neutron yield for neutron en-
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ergies between 0 and 150 keV, corresponding to an initial proton energy of 1.94 MeV.
The calculations described previously have been modified in this plot to predict neu-
tron yields for “Li metal, rather than natural lithium. The 0° differential yield shows
good agreement with experimental data given by Kononov [43]. Error bars for these
data were not given in the original reference. The rounding of the yield curve at
threshold can be explained by the proton beam energy spread. For comparison, the
same quantity is plotted using the tabulated data of Liskien and Paulsen for energies
below 1.95 MeV in order to demonstrate the mathematical pathologies that occur

near threshold.

2.2.2 Thick Target Energy Spectra and Angular Distribu-

tions

It is straightforward to calculate thick target neutron energy spectra and angular

distributions by integrating Eq. (2.2) over solid angle and energy, respectively:

dy bmaz(Epy)  d2Y ,

y Enmas(Epo) 2
d / J_4Y o EBydE, (2.20)

m‘(o) = oo m(
Thick target neutron energy spectra produced for near-threshold energies using Eq.
(2.19) are shown in Figure 2-4, which gives the energy spectra for incident proton
energies in steps of 10 keV between 1.89 MeV and 2.00 MeV. Note that there is
no unusual behavior around 30 keV (E, at the reaction threshold), where other
yield computation techniques can produce erroneous spikes due to the infinity in the
Jacobian product. The accuracy of these energy spectra should only be limited by
the accuracy of the experimental cross section data, the nuclear masses, the mass

stopping power, numerical roundoff error, and errors incurred by integrating using
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Figure 2-4: Near-Threshold Thick Target Neutron Energy Spectra for Natural
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Figure 2-5: Near—Threshold Thick Target Neutron Angular Distributions for Natural
Lithium Metal.

the trapezoidal method, all of which are expected to be small.

Figure 2-5 gives the thick target neutron angular distributions for incident proton
energies between 1.89 MeV and 2.00 MeV. These distributions were determined as
shown in Eq. (2.20). A logarithmic scale has been used for the angular distributions in
order to show the extremely low yields in backward emission directions. For incident
proton energies below E;, no neutrons are produced for angles greater than 6y,.. (Ejp, ),

as expected.

It is important to note that while the differential neutron angular yield, dY/d2(8),
with units of neutrons/sr mC, in Figure 2-5 is peaked in the 0° direction, the peak in

the actual neutron emission spectrum in the LAB will not be in the forward direction.
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Figure 2-6: Near—Threshold Thick Target Neutron Angular Yields for Natural
Lithium Metal. These yields, with units of neutrons/degree mC, are obtained by
multiplication of the angular distributions of Figure 2-5 by the solid angle differential
element.

In fact, there will be NO neutrons emitted in the 0° direction. This may be seen
in Figure 2-6, where the angular distributions of Figure 2-5 are multiplied by the
27 sin @ term from the solid angle differential element. The differential neutron yield
in Figure 2-6 is therefore given in units of neutrons/degree mC, and the neutron yield
between two angles 6; and 6, is simply given by the integral of this new yield function
over #. The sin@ term from the solid angle element forces the yield to go to zero in
the forward direction, and the maximum yields in the near-threshold region are seen

to be in the 20° to 40° range.
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Table 2.1: Near—Threshold Thick Target Neutron Yields for Natural Lithium Metal

Incident Proton Total Maximum Mean Maximum  Mean
Energy Neutron Neutron Neutron Neutron  Neutron
Yield Energy Energy Angle Angle
(MeV) (n/sec/mA) (keV) (keV)  (degrees) (degrees)

1.89 6.34 x 10° 67.1 34.0 30.0 16.5
1.90 1.49 x 100 87.6 38.3 45.2 23.0
1.91 2.41 x 10 105.3 42.4 60.3 27.8
1.92 3.35 x 100 121.4 46.5 180 31.9
1.93 4.30 x 1010 136.6 50.6 180 35.3
1.94 5.25 x 1010 151.1 54.4 180 38.3
1.95 6.21 x 1019 165.1 58.1 180 41.0
1.96 7.16 x 10 178.8 61.6 180 43.5
1.97 8.12 x 1010 192.1 65.0 180 45.6
1.98 9.08 x 100 205.1 68.4 180 47.6
1.99 1.00 x 10! 218.0 7.7 180 49.4
2.00 1.10 x 10! 230.6 75.1 180 51.1
2.10 2.13 x 101 350.4 108.4 180 63.0
2.20 3.62 x 10! 463.4 158.9 180 68.7
2.30 5.78 x 10! 573.1 233.1 180 66.3
2.40 7.48 x 10! 680.6 286.5 180 63.8
2.50 8.83 x 10!t 786.7 326.4 180 62.9

2.2.3 Thick Target Total Neutron Yields

Integrating the thick target differential neutron yields over both neutron energy and
solid angle gives the total neutron yields for the various incident proton energies.
Table 2.1 gives total thick target neutron yields, maximum and mean neutron energies
over all angles, and maximum and mean emission angles over all energies.
Experimental verification of the total (47) neutron yields for natural lithium metal
are shown in Figure 2-7. A major concern in these measurements was the formation of
a corrosion product layer on the lithium surface which could seriously impact the yield
measurement (see Section 2.2.6). In order to remove this effect, the lithium target
was formed inside the accelerator beam tube under vacuum. A piece of lithium was

placed in a small wire cage at the base of a stainless steel (type 304) backing inside
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a Van de Graaff beam tube. The cage was placed below the proton beam area so as
to not interfere with the beam once irradiation began. The wire leads were attached
outside the tube to a Variac voltage controller. Once a vacuum was established in
the beam line, the Variac voltage was increased, vaporizing the lithium in the cage
and depositing it on the stainless steel backing. Deposition times were increased until
yield measurements no longer indicated that partially thick targets were being formed
for the initial proton energy range of interest (see Section 2.2.5 below). This criterion
was satisfied when the Variac voltage remained on for 10-15 minutes.

The total neutron yield was measured using a 47 detector [25] employing 12 18-
inch long *He thermal neutron detectors. The counter, shown in Figure 2-8, was
designed to have a flat neutron detection efficiency for neutron energies up to 100 keV
[2]. The end flange of the beam line was placed at the midpoint of the central hole
of the counter, and a paraffin plug was placed in the other end. The counter was
calibrated before each measurement using a standard AmBe source. The relative
error of each data point in Figure 2-7 is about 5%, primarily due to fluctuations in

the energy of the proton beam.

2.2.4 Application to Lithium Compounds

It is a relatively simple matter to modify Eq. (2.18) to predict neutron yields in
lithium compounds. We need to change the A.ss term to correspond to the molecular
weight of the lithium compound, and in addition it is necessary to multiply by n, the
number of lithium atoms per unit cell of the compound. For example, in the case
of lithium oxide, Li,O, there are two lithium atoms per molecular unit, so n = 2
in this case, and the molecular weight of Li;O is now used for A.s;. Unless the 7Li
enrichment is changed, fr,_7 will not change. The only other change in calculating
yields for lithium compounds is in the mass stopping power, which in the absence of

experimental data must be estimated from the addivity rule for stopping powers. Our
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Figure 2-8: Schematic of Long Counter Used to Measure Total Neutron Yields for
Lithium Compounds (2]
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proton energy range of interest falls in the region of greatest applicability of the Bethe—
Bloch formula [44], so that the Bragg-Kleeman rule is generally applicable [45, 46, 47].
Unlike lithium metal, lithium compound stopping powers are tabulated at particular
proton energies, and linear interpolation is used to determine the stopping power at
energies between these tabulated values. Tabulated elemental stopping powers used
to construct compound stopping powers were taken from Janni [44].

Thick target yields have been calculated for LizN, Li;O, LiF, LiOH, and LiH.
These compounds were chosen because they have high lithium atom densities and
low molecular weights. Although the lithium atom density is actually higher for all
compounds listed above except LiOH, the neutron yields are lower than for lithium
metal targets. This is due to the larger stopping powers that appear in the denomi-
nator of Eq. 2.18. The angular distributions and energy spectra of lithium compound
neutrons are similar to those of lithium metal because the stopping powers of all
elements have the same general energy variation in the proton energy range of inter-
est. The greatest errors in compound stopping powers are expected to be for LiH,
for which the Bragg—Kleeman rule has the least applicability. A comparison of thick
target neutron yields for several compounds is given in Table 2.2. In addition, ex-
perimental and calculated total neutron yields are given for LiF in Figure 2-9 and
for Li;O in Figure 2-10. As with the experimental data for lithium metal given in
Figure 2-7, the relative errors for all experimental points is about 5%. The good
agreement between calculation and experiment verifies not only the capabilities of
the calculational technique, but also the validity of the additivity rule for stopping

powers for these compounds.

2.2.5 Partially Thick Targets

This technique is also well suited to the prediction of neutron yields from targets

that are not sufficiently thick to slow the proton beam past the reaction threshold.
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Figure 2-9: Calculated and Experimental Total Neutron Yields for Thick LiF Targets
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Table 2.2: Near—-Threshold Thick Target Neutron Yields for Lithium Compounds.
Yields are in units of neutrons/mC.

Incident Proton

Energy Li LiF Li;O

(MeV)
1.89 6.34 x 10° 1.92 x 10° 3.11 x 10°
1.90 1.49 x 10® 4.52 x 10° 7.33 x 10°
1.91 2.41 x 1019 7.29 x 109 1.18 x 1010
1.92 3.35 x 1010 1.01 x 101 1.64 x 10™°
1.93 430 x 1010 1.30 x 10 2.11 x 109
1.94 5.25 x 1010 1.57 x 100 2.57 x 1010
1.95 6.21 x 1010 1.88 x 10° 3.04 x 100
1.96 7.16 x 1010 2,17 x 101 3.51 x 1019
1.97 812 x 101° 2.45x 10 3.98 x 1019
1.98 0.08 x 1010 2.75 x 1010 4.45 x 1010
1.99 1.00 x 101 3.04 x 101° 4.93 x 101°
2.00 1.10 x 101 3.33 x 1010 5.40 x 1010

Consider a proton beam passing through a partially thick target of thickness Az. As
the beam passes through the target, the mean beam energy decreases as before until
it exits the lithium metal or compound with a mean beam energy of E, czit > Eyp.
Figure 2-11 is similar in composition to Figure 2-1, except that only contours for
E,, and E, . are shown. Since the proton beam leaves the target before reaching
energies below Ej, .z, the differential neutron yield for proton energies below this is
zero. Neutrons will only be produced in the region bounded by these contours, but
in all other ways, this calculation is identical to the one described before. It only

remains to determine Ej, .z;;-

Consider a function R;(E,), defined as the range of protons of energy E, in ma-
terial 7. After passing through a partially thick target, the range is reduced and we

may invert this function to determine the exit energy:

(2.21)

1

Epezit = R Ri(Ep,) — Az,
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Figure 2-11: Contours Defining Neutron Production in a Partially Thick Target.
Neutrons are only produced with energy and angle combinations between the upper
and lower contours.
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Figure 2-12: Calculated Total Neutron Yields for Partially Thick LiF Targets

where R;}(z) is the proton energy whose range in material ¢ is z. This method is
applicable for small target thicknesses such that range and pathlength straggling are
not appreciable. In this research, the range is well fit to a least squares quadratic,
which is easily inverted by finding the roots of the quadratic.

Figure 2-12 shows calculated total neutron yields as a function of proton beam
energy for several partially thick targets of LiF. Note that there is an abrupt bend in
the yield at a proton energy that is characteristic of the target thickness. The total
yield levels out, decreasing slightly for higher proton energies. It is important to note

that while the total neutron yield is essentially constant for proton energies above the
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Figure 2-13: Calculated and Experimental Total Neutron Yields for a 1 ym Target

location of this knee, the energy spectra and angular distributions of these yields are
not equivalent (see Figure 2-11).

Figure 2-13 gives a comparison of experimental and calculated total neutron yields
as a function of incident proton energy for a partially thick 1 um LiF target. 99.5%
pure LiF powder was vapor evaporated in vacuum onto a copper disk, and the target
thickness was measured using a Maxtek! thickness monitor. Total yields were then

calculated based on this target thickness and compared with yields measured with

!The Maxtek thickness monitor uses variations in the resonant frequency of a crystal to determine
both thickness and deposition rate.
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the long counter of Section 2.2.3. As with all long counter measurements described

here, the relative error in these yields was on the order of 5%.

2.2.6 Model of Lithium Metal Oxidation in Air

The rapid corrosion of lithium metal when exposed to air presents difficulties in
measurements of thick target lithium yields. The black film that forms on the target
surface will consist of a mixture of lithium compounds, and while neutrons will still
be produced in this film, the yield will be lower than the metal yield, as discussed in
Section 2.2.4 above. If the film thickness is less than the distance to slow down past
threshold, however, the beam will produce some neutrons in pure metal after passing
through the film, so that the degree of yield reduction will depend on the incident
proton energy E,.

The oxidation of lithium metal is modeled as a film of thickness Az, covering
the surface of a thick lithium metal target. The film is produced while the target is
attached to the accelerator beam tube and prior to the establishment of a vacuum in
the tube. Once the vacuum is established, the corrosion film is assumed to remain
constant in thickness and composition.

There is some question as to the exact composition of the black corrosion film,
but it is agreed to be a combination of anhydrous and singly hydrated LiOH, Li;O,
Li3N, and Li,CO; [48, 49, 50]. The fraction of each component in the film depends on
many variables, including exposure time to atmosphere, temperature, and humidity.
There is evidence that the initial product is primarily anhydrous LiOH, with small
amounts of Li,O and Li3N, although water in the air is incorporated within minutes
to form primarily hydrated hydroxide [51]. Given sufficient exposure times, the film
will become almost entirely Li;COj, a white, flaky powder [52]. Since the lithium
metal target is attached to the beam tube in the span of a few minutes of its initial

exposure to air, the corrosion film has been modeled as LiOH.
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To predict the neutron yields from these exposed targets, Eq. (2.21) must be
modified to determine the mean proton beam energy at the point where the LiOH

layer ends and the lithium metal begins:

E, transition = Rizon|Rrior (Epy) — AZ fitm)- (2.22)

For proton energies between E,, and FEj transition, the differential neutron yield is
calculated for LiOH, while for energies between Ej ;ansition @and Eyy, the yield is for
lithium metal.

An example of the total neutron yield of a thick lithium metal target exposed to air
is given in Figure 2-14. These yields were measured with the 47 detector described
in Section 2.2.3, with relative errors again on the order of 5%. Also shown is the
total neutron yield calculated for a 1.5 um LiOH layer using the technique described
above. This thickness was chosen by adjusting the hydroxide layer thickness to the
value that minimized the squared error between calculated and experimental values.
A distinct knee is observed in the total yield, whose location is strongly dependent
on the assumed film thickness. Note that since the slope of the curve below the knee
depends on the corrosion layer material (a layer that consists primarily of another
corrosion compound, such as Li,O, will have a greater slope than that in Figure 2-14),
the agreement in the slopes of the calculated and experimental results below the knee
indicates that the corrosion layer is primarily LiOH, as assumed.

This method has been demonstrated to correctly account for the change in the
variation of the thick target neutron yield with incident proton energy, using a single
adjustable parameter (Ej, transition). While this model is unable to predict thick target
neutron yields from corroded lithium targets in general, the agreement with experi-
ment indicates that the basic assumptions of the model are valid, e.g. the corrosion

layer is primarily anhydrous lithium hydroxide.
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Chapter 3

Feasibility of Near—Threshold
BNCT

This chapter consists of basic demonstrations of the feasibility of near-threshold
BNCT, using the thick target neutron yield results of Chapter 2. The main pur-
pose here is to demonstrate that the epithermal neutron flux is sufficiently intense for
reasonable accelerator proton beam currents to allow for realistic patient treatment
times. It is also necessary to consider the magnitudes of the fast and gamma fluxes
in order to see if they will be low enough to make the near-threshold BNCT concept

viable.

3.1 What is necessary for a useful BNCT treat-

ment beam?

The general requirements on neutron beams for BNCT were outlined in Chapter 1, but
quantitative descriptions of beam parameters is necessary for detailed beam design.
Moss et al. list the following as basic requirements for a useful BNCT treatment

beam [8]:

29



epithermal neutron flux, ¢,;: 10° neutrons/cm?-sec

neutron energy, E,: 1 eV to 10 keV

e gamma dose rate, D,: < 1.0 Gy/hour (2.8 x 107! ¢Gy-cm?/neutron)

fast neutron dose rate, D,: < 0.5 Gy/hour (1.4 x 107! ¢Gy-cm?/neutron)

current-to-flux ratio, J/¢: > 0.8

There is some question, however, whether these requirements are unnecessarily
stringent for BNCT neutron source design. For comparison with the values given
above, consider the beam parameters for existing BNCT treatment beams shown in
Table 3.1 [11]. The beams considered are the Brookhaven Medical Research Reactor
(BMRR) at Brookhaven National Laboratory (BNL), the Massachusetts Institute of
Technology (MIT) Reactor (MITR-II), and the High Flux Reactor (HFR) at Petten
in the Netherlands. The epithermal neutron flux is defined to be between 1 eV and
10 keV, and all doses are physical, not RBE, doses. It seems reasonable that if this
simple feasibility assessment can predict near—threshold beams that are comparable
to the beams in Table 3.1, there should be ample motivation for further analysis of

these beams.

Table 3.1: Existing Epithermal Neutron Beams for BNCT Clinical Trials in the U.S.
and Europe

Parameter Units BMRR MITR-II HFR
Pepi (n/cm®sec) | 1.8 x 10° | 0.21 x 10° | 0.33 x 10°
Dy/pepi | (cGy-cm?/n) | 4.3 x 1071 | 9.3 x 107! | 8.6 x 10711
Dy/pepi | (¢Gy-cm?/n) | 1.4 x 1071 [ 14.1 x 10711 | 10 x 101!

D, (Gy/hour) 2.79 0.70 1.02
D, (Gy/hour) 0.91 1.07 1.19
776 - 0.67 0.55 >08
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3.2 Light Water versus Heavy Water

It is clear from Figure 2-4 that even the lowest near—threshold beams will require
moderation of the neutrons to get them into the ~1 eV to 10 keV range. For most
accelerator-based neutron beams for BNCT, light water (HO) is not used because the
large moderation requirements of those high energy neutrons produce high thermal
neutron fluxes in the moderator, the hydrogen capture gammas from the source reduce
the effectiveness of the beam, and the hydrogen capture itself reduces the overall
efficiency of the moderator assembly. Other moderators, such as heavy water (D;0)
and AlF3, have therefore been considered to alleviate this gamma source problem
and to improve the overall filter efficiency. For near—threshold beams, however, the
lower neutron energies produced in the target (which are only tens of keV above the
epithermal region) require less moderation, so there will be a much lower thermal
neutron flux and hence gamma flux. Light water has, in fact, been found to be the

ideal moderator for near—threshold beams [34].

Figure 3-1 shows how the neutron energy spectrum changes with light water mod-
erator thickness for a near-threshold proton energy of 1.91 MeV. This energy is based
on the optimum beam energy determined by Kudchadker [34]. The vertical lines on
the figure are lines of demarcation for the epithermal energy range, 1 eV to 10 keV.
These spectra were calculated by the Monte Carlo neutron and photon transport
program MCNP [53], using a source spectrum calculated from the 1i.f program
described in Chapter 2. As expected, the fast neutron flux decreases steadily with
increasing moderator thickness. Figure 3-1 indicates that a moderator thickness be-
tween 3 and 6 cm is necessary to reduce the fast neutron flux without substantially

reducing the epithermal flux.
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Figure 3-1: Neutron Energy Spectra as a Function of HyO Moderator Thickness for
1.91 MeV Protons
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Table 3.2: Calculated Neutron Beam Parameters as a Function of Moderator Thick-

ness for 1.91 and 1.95 MeV Protons

Incident Moderator Epithermal Fast Gamma
Proton Energy | Thickness | Neutron Flux | Neutron Dose Dose
(MeV) (cm) (n/cm?-sec/mA) | (cGy-cm?/n) | (¢Gy-cm?/n)
1 3.7 x 107 31x1071 | 1.1x107"
1.91 3 3.0 x 107 8.3x 1071 16 x 1071
6 0.68 x 10° 5.3 x 1071 140 x 10~H
1 9.0 x 107 42x 1071 | 1.3x107!
1.95 3 6.9 x 107 12 x 1071 16 x 10~1
6 1.7 x 107 6.7 x 1071 140 x 1071

3.3 Demonstration of Feasibility

Results of MCNP calculations using 1.91 and 1.95 MeV proton beams are shown in
Table 3.2. Comparing these values with those of Table 3.1, we see that comparable
fast neutron doses per epithermal neutron flux are achievable with 3-6 cm of water,
and the proton beam currents necessary to be comparable with the MITR-II are 7
and 3 mA for 3 cm of water with 1.91 and 1.95 MeV protons, respectively. These
currents are reasonable for a hospital-based BNCT accelerator. The only point of
concern is the gamma dose, which is higher than one would like. However, this simple
geometry does not include any kind of beam filter or photon attenuator, such as lead
or bismuth. The gamma flux can be easily reduced by placing a thin sheet of one
of these materials on the outside of the moderator, with a small reduction in the
epithermal neutron flux. These numbers are sufficient to support further analysis of

near—threshold beams.
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Chapter 4

Near—Threshold BNCT Dosimetry

Now that the feasibility of near—threshold BNCT has been established, it is necessary
to determine, in a more quantitative way, how effective these near-threshold beams
are for BNCT treatments. To do this, a descriptive set of treatment parameters must
be defined to allow for comparison of neutron beams from different proton beam
energies. These parameters will be used to compare the therapeutic effectiveness for
different components of the neutronic design of the target, target backing, moderator,

and reflector.

4.1 BNCT Treatment Parameters

In addition to the three physical beam parameters given in Chapter 3, there are
three descriptors of neutron beams that give information about therapeutic efficacy:
depth of treatment, relative dose to tumor compared to surrounding healthy tissue,
and treatment time. These beam descriptors may be quantitatively defined using the
treatment parameters advantage depth (AD), advantage ratio (AR), and advantage
depth dose rate (ADDR), respectively. These parameters were initially defined by
Zamenhof [54].

The advantage depth is defined as that distance along the centerline of the phan-
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tom at which the tumor dose rate is equal to the maximum healthy tissue dose rate.
For distances in the phantom less than the AD, the tumor will receive a larger dose
than the maximum allowed healthy tissue dose. Any tumor located outside the “ad-
vantage zone” defined by the AD will receive less dose than certain parts of the
healthy brain, thus reducing any treatment “advantage” for that neutron beam. For
the treatment of deeply seated brain tumors, it is desirable to have as large an AD as
possible. For other BNCT treatment applications, the AD may not be as important

a factor.

The advantage ratio is defined as the ratio of the areas under the dose rate curves
for tumor and healthy tissue along the phantom centerline from the surface to the

advantage depth; in other words,

AR = 2 , (4.1)

where Dyymor(2) and Dy;sge(2) are the doses to tumor and healthy tissue, respectively,
along the centerline (z-axis) of the phantom. The AR indicates the dose that any
tumor located within the “advantage zone” will receive relative to the surrounding
healthy brain tissue. A beam with a high AR is potentially more effective than a
beam with a lower AR, so that high AR values are desirable. Note that the AR is
always greater than one, by definition.

Finally, the advantage depth dose rate is defined as the tumor dose rate at the
advantage depth, which is necessarily equal to the maximum healthy tissue dose rate
according to the definition of AD. Since the total dose to healthy tissue is usually a
limiting factor of treatment designs, the maximum healthy tissue dose rate determines
the treatment time for the patient (treatment time = allowed healthy tissue dose /
maximum healthy tissue dose rate). Again, the ADDR should be as large as possible

to reduce the treatment time.
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Figure 4-1: BNCT Treatment Parameter Definition

Figure 4-1 demonstrates the definitions of these three parameters for a hypothet-
ical BNCT treatment beam. Plotted are centerline doses for both tumor and healthy
tissue along the full length of the phantom. The AD is determined by drawing a hor-
izontal line from the maximum healthy tissue dose rate to the point of intersection
with the tumor dose curve. The AR is calculated by integrating under each curve
and taking the ratio, as described in Eq. 4.1. The ADDR is self-explanatory. For
an accelerator-based neutron beam, the parameters AD and ADDR have units of
centimeters and centigrays per minute per mA of proton beam current, and the AR

is dimensionless. If RBE values are used in the determination of these parameters
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Table 4.1: RBE Values for BNCT Calculations

Dose RBE
Component, Value
Fast neutron 3.2

Thermal neutron | 3.2
0B (tissue) 1.35
B (tumor) 3.8

Photon 1.0

(see Section 1.2.3), they are called RBE-AD, RBE-AR, and RBE-ADDR.

The RBE values used for different dose components are given in Table 4.1. Values
listed are those currently used in clinical BNCT trials at MIT and BNL [17], and
they are considered the best choice in current practice. Any adjustment of these
RBE values will change all three BNCT treatment parameters defined above, and in-
tercomparisons of the results presented here with published results for other neutron
beams will not be completely equivalent for this reason. In addition, it is conceiv-
able that RBE values for near—threshold beams will differ from reactor beams, but
since RBE values have not been determined for the former, the values in Table 4.1
are considered a “best guess”. The effect of RBE values is further discussed in Sec-
tion 4.4.1. In addition, the tumor—to-healthy tissue uptake ratio of °B is taken to
be 3.5, and the tumor uptake concentration is 40 ug '°B/g tissue, or 40 ppm. These
are realistic values for the pharmaceutical boronophenylalanine (BPA), which is used

in the current clinical trials at BNL and MIT [20, 17].

It is important to recognize that, in most cases, an adjustment to a neutron
beam that improves one of these treatment parameters will reduce at least one of
the other parameters. Since it is desirable to have high values for all three parame-
ters, a compromise will be necessary in determining what target/moderator /reflector
combination (hereafter called the combined target unit, or CTU) to use for a proto-

typical near-threshold BNCT neutron beam. This also means that it is unlikely that
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any particular neutron beam will be clearly “optimum”. Rather, the requirements
described in Section 3.1 will dictate minimally acceptable values for the advantage

depth and advantage depth dose rate.

4.2 MOCNP Design

The radiation transport necessary to calculate the BNCT treatment parameters de-
scribed in Section 4.1 was performed using MCNP!. The MCNP input consisted of
four main sections: geometry specification, source definition, materials specification,
and tally description. Explanations of each of these sections is given below.

The basic MCNP geometry is given in Figure 4-2. Note that there is cylindrical
symmetry for all objects shown. In the simplest MCNP runs, only the beam tube,

moderator, reflector, and phantom were modeled. The target was not included in the

IMonte Carlo N-Particle radiation transport computer program.
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model since it has dimensions on the order of microns to tens of microns (see Sec-
tion 4.3 below), so a negligible number of reactions occur in the target and including
it in the model needlessly slows down the computation. The moderator thickness was
variable, and the outer edge of the reflector was always even with the outer surface
of the moderator, but all other dimensions were invariant. The front of the phantom
was always located 1 cm from the outer surface of the moderator, so that the location
of the phantom relative to the target changed with increases or decreases in mod-
erator thickness or the addition of material layers on the outside of the moderator.
The 16 cm long phantom was divided into twelve disks so that fluxes and doses could
be tallied as a function of depth into the phantom. Concentric cylinders were also

defined to allow the radial variation of the fluxes and doses to be computed.

The source definition for the MCNP input deck was defined within a circular
region of the surface at the end of the beam tube where the target is placed. The
neutron source was uniform within this disk. The neutron energy input was defined as
a histogram distribution determined by integrating the energy spectra of Section 2.2.2
over 10-keV intervals and normalizing with the total neutron yield. The full angu-
lar and energy dependence was implemented by defining the angular variable of the
source as a function of the energy variable. In other words, there is a certain proba-
bility that a neutron is produced with an energy in a given energy interval. For this
interval, there is an angular distribution of the neutrons, which is different for every
energy interval. The angular distributions for each energy interval were represented
by 10°-wide angle histograms. These histograms were determined by first binning the
differential neutron yield surfaces calculated in Chapter 2 in 1-keV, 1° bins. These
bins were then combined into 10-keV, 10° bins for MCNP, and the normalized bin

values for each energy interval were used as the angular distribution definition.

The beam tube was taken to be a vacuum, while the moderator and reflector were

light water (H,O) and aluminum oxide (Al,O3), respectively. The phantom was made
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Table 4.2: Brain Material Specification for the MCNP Phantom

Element | Weight Percentage

(%)

H 10.57

C 13.97
N 1.84

0O 72.59
Na 0.14
P 0.39
Cl 0.14
K 0.39

of brain-equivalent material consisting of a 50/50 combination of white and grey brain
matter by weight [55]. The density was taken to be 1.047 g/cm?, and the specific
material composition is given in Table 4.2. Note that the MT material cards, which
provide accurate thermal neutron transport in certain materials in MCNP, were used

for light water.

The neutron flux was tallied both within cells defined by the thirteen planes and
nine cylinders making up the phantom, as well as on the planes themselves. The
neutron flux was modified in certain tallies by dose functions, which are essentially
KERMA values for neutron and '°B doses. The neutron KERMA values were taken
from tabulated values from Caswell [56], while the B KERMA values are those
determined by Zamenhof [54]. The photon dose was calculated in a similar manner.
These tallies, while producing very large output files, allow very detailed mapping
of the principal dose components that were described in Section 1.2.2. One million
source particles were used in all calculations to produce doses with relative errors less

than 5% for all depths below 10 cm.

A sample MCNP input file is given in Appendix D. This input file calculates
neutron and photon doses, as well as 1B doses for a 1 ug/g concentration, for a

1.95 MeV proton beam with 5 cm of HoO moderator.
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4.3 Photons Produced in the Lithium Target

While neutrons are the most important BNCT source component from a lithium
target, photons can also be produced from different reactions, the most significant of
which are radiative capture (p,y) and inelastic proton scattering (p,p'y). The (p,7)
reaction is important because it produces very hard gammas in the energy range from
14 to 18 MeV due to the extremely low binding energy of the residual nucleus, 8Be
[57]. The shielding of these gammas would be very difficult, and the resulting effect
on the treatment efficacy could be important. Inelastic proton scattering produces
478 keV gammas [58], which are not as energetic as the radiative capture gammas
but could present a greater problem if the reaction cross section is larger. The first
step in designing MCNP simulations of lithium targets requires an evaluation of the
contribution of each of these components.

The yield of photons from the (p,y) reaction may be estimated from the cross

section and the formula

Ep
Y;)—"r = NLi—?/O ’ M dEp, (4-2)

where Y},_, is the total photon yield due to the (p,y) reaction in lithium, o,_,(E,) is
the total cross section as a function of proton energy E,, and the other variables are
defined as in Section 2.1.1. Eq. 4.2 is seen to be an integration of Eq. 2.2 over solid
angle for the (p,y) reaction. The (p,y) cross section is shown in Figure 4-3 [59, 60].
It is important to recognize that the scale of the cross section is on the order of
microbarns, as compared to that of the (p,n) reaction, whose cross section is on the
order of millibarns. There is, however, a relatively large, narrow resonance located at
441 keV, with a width of only 12 keV [61]. The 441 keV energy corresponds to the
17.63 MeV excited energy level in the compound nucleus ®Be [62]. Using this cross

section and tabulated proton stopping powers in lithium from Janni [44], the thick
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Figure 4-3: Total cross section for (p,y) reaction in "Li
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Figure 4-4: Experimental 478 keV Gamma Yield for Inelastic Proton Scattering in
Lithium. Experimental points are taken from Ref. [3]. The least squares quadratic
fit to the data is given in E