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With a growing interest in the use of accelerator-based epithermal neutron sources for BNCT
programs, in particular those based upon ¢ p,n)’Be reaction, there is a need to address the
question of “what is the best proton energy to use?” This paper considers this question by using
radiation transport calculations to investigate a range of proton energies from 2.15 to 3.5 MeV and
a range of moderator sizes. This study has moved away completely from the use of empty therapy
beam parameters and instead defines the beam quality and optimizes the moderator design using
widely accepted in-phantom treatment planning figures of merit. It is concluded that up to a proton
energy of about 2.8 MeV there is no observed variation in the achievable therapy beam quality, but
a price is paid in terms of treatment time for not choosing the upper limit of this range. For higher
proton energies, the beam quality falls, but with no improvement in treatment time for optimum
configurations. ©2000 American Association of Physicists in Medicine.
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[. INTRODUCTION moderator and phantom computer simulations. In this way

o the problems associated with empty beam parameters are cir-
Accelerator-based neutron sources are becoming increagymyented by going straight to a consideration of in-

ingly popular for research programs into boron neutron capphantom figures of merit. A paper by Bleua al® on more

ture therapy(BNCT). The advantages of such sources aregeneral aspects of BNCT moderator design also considers
listed elsewheré the main ones being low cost and the pos-ihe question of proton energy, but only over a more limited
sibility of siting small accelerator-based sources actuallyrange using two-stage noncoupled moderator and phantom
within a hospital environment. simulations.

Of all the possible neutron-producing reactions, the most The cross section for th.i( p,n)’Be reaction has a pro-
popular choice appears to Bi( p,n)'Be. This is due t0 its  ton threshold energy of 1.88 MeV and shows a resonance
high yield at low proton energies and its endothermic naturgyeak at 2.25 MeV. This study has investigated the following
(Q=-1.644MeV), which means that the neutrons pro-proton energies for suitability: 2.15, 2.25, 2.4, 2.8, 3.1 and
duced have a relatively low mean energy. However, due t@ 5 Mev, representing energies below, at, just above and
the high proton current requirements, high power targets arge|| above the resonance. Higher proton energies have not
required and appropriate cooling systems must be developgsben investigated because the higher mean energy of the
in order to exploit this reaction for clinical BNCT. neutrons produced counteracts one of the chief physical ad-

Given the critical significance that the neutron source ha%antages of using an accelerator-based source. Near-

in a BNCT system, it is most important that we consider notiyeshold concepts have been considered elsevihere.
only which is the best target to use, but also what is the best

proton energy to use. Other authors have proffered answers

to this question based on consideration of empty neutroH' THE COMPUTER MODEL

therapy beam parameters, using concepts such as “useful” At each proton energy considered, the neutron yield from
neutron fluence rate, mean neutron energy and neutron dosethick natural lithium target was calculated as a function of
rate per unit “useful” epithermal neutron fluené&’ How-  angle and energy using the method described in Ref. 1 and
ever, empty beam parameters are of limited value in descritthe double-differential cross-section data of Liskien and
ing an accelerator-based BNCT neutron beam, since thRaulser.A total of 18 angle bins were used to cover the full
close proximity of the patient or phantom to the moderatorfange, and the width of each energy bin was 10 keV. The
filter assembly results in a very high degree of neutronidotal yields were taken from the experimental data of Camp-
coupling. This means that any derived empty beam fluencbell and Scotf

rate, dose rate or spectrum is immediately altered once a The calculated neutron yields were then used as the
patient or phantom is introduced to the therapy position. Thisource terms in a series of neutron and coupled neutron-
paper attempts to answer the question of what is the begthoton Monte Carlo simulations using the general purpose
proton energy to use with a thick lithium target, using argu-codemcNp.® This code was used to simulate the transport of
ments based exclusively on the results of coupled sourceeutrons and neutron-generated photons throughout the tar-
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Proton beam TasLE I. The calculated dose components together with the relative biologi-
cal effectiveness and compound biological effectiveness factors used for this
Lead shield study.
Li-doped polyethylene Dose component RBE/CBE
Lithium target i

g shield Proton recoil'H(n,n’)'H RBE=3.2
Nitrogen*N(n,p)*“C (neutron RBE=3.2

MIRD head and Photons RBE1.0

body phantom 198(n,@)"Li to normal tissue CBE1.?

198 (n, ) Li to tumor tissue CBE3.8

“Reference 14.
bReference 15.

250mm

the distance between the axis of the incoming proton beam
and the exit surface of the neutron therapy beam.
The phantom used was a standard MIRD deSignodi-
fied by the inclusion ba 5 mmscalp as described by Liu
et al’® In addition to the head model often used, the whole
body MIRD phantom has been included, since reflected neu-
trons and photons from the upper torso can make significant
contributions to the head phantom dose rates—up to 10% at
Fic. 1. A sectional view through the moderator and phantom axis of the]']j0 mm qepth in this study. The axis of the phantom was
geometry used for the Monte Carlo simulations. aligned with that of the moderator and the top of the head
was placed against the moderator exit surfacd &2 mm
clearance. All of the in-phantom dose-depth distributions
get, moderator, reflector, shield and phantom, using the geralculated were as a function of depth into the brain, not the
ometry depicted in Fig. 1. The proton beam was assumed twhole phantom. Thus the center of the brain is at a depth
be uniform over a diameter of 50 mm. A previous study hasalong the phantom axis of 65 mm, or 78 mm into the phan-
shown that the diameter of the source term has little effectom from the top; the combined thickness of scalp and skull
upon the quality of the orthogonally extracted neutronbeing 13 mm in this phantom at this position %8 concen-
therapy beam for source diameters up to about 75%hm.  tration of 15ug/g was included throughout the whole phan-
The moderator material chosen consists of aluminuntom.
(43.299, fluorine(55.9%9 and natural lithium0.9%). This is Table | lists the dose components that were calculated for
a popular choice of BNCT moderator/filter material, basedeach tally cell and the RBE/CBHrelative biological
on an original idea proposed in Ref. 11, which is subseeffectiveness/compound biological effectivenesctors
quently being used by several existing and proposed BNCWhich were applied to calculate the biologically weighted
facilities. The main advantage of moderators with this com-doses. The CBE figures used assume that Bfonophe-
position is that neutrons within the energy range of 20 to 40Ghylalanine is the boron delivery agent.
keV are preferentially scattered to lower energies, where the The RBE for neutron dose components will be beam de-
cross section is much lower, by the complementary resopendent and is, in any case, subject to considerable uncer-
nances found in aluminum and fluorine. After moderation,tainty. In order to gain some insight into the effect that this
the epithermal neutron beam in our design is extracted in aoncertainty may have upon beam design studies, we have
orthogonal direction to the incoming proton beam as derepeated the calculations using a neutron RBE of 4.5 for both
scribed in Ref. 10, and is delimited using a 50 mm thickneutron components, the other RBE/CBE factors being kept
natural lithium-doped polyethylene shield with a 180 mmthe same.
diameter aperture. It is recognized that the choice of moder-
ating material may affect the conclusions reached in thidll- TREATMENT PLANNING FIGURE OF MERIT
study regarding the optimum moderator dimension for each This study uses the definitions in Ref. 16 for the in-
proton energy. phantom treatment planning figures of merit in order to de-
Various thicknesses of moderating material were used itermine the quality of each particular BNCT therapy beam.
this study and the individual dose components were calcuAt any point within a phantom ththerapeutic ratio(TR) is
lated as a function of depth in the phantom using track lengtldefined to be the ratio of the total biologically weighted dose
cell flux tallies. The tally cells were spheres of diametersto tumor at that point to the maximum biologically weighted
ranging from 5 mm, at the center of the brain where the fluxdose to healthy tissue anywhere in the brain. In most cases
is low, to 2.5 mm near the surface. This change in tally celithe maximum dose to healthy tissue occurs at the surface of
size, together with a judicious use of variance reductiorthe brain where the neutron beam enters, but it may also
methods, enabled relatively rapid calculations whilst main-occur at up to a few centimeters depth.
taining acceptable statistical uncertainties for all of the tal- Figure 2 shows a typical set of biologically weighted in-
lies. The moderator thickness is denoteddiy Fig. 1 and is  phantom healthy tissue dose-depth curves for the dose com-

200mm

Reactor-grade graphite
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Fic. 2. Biologically weighted in-phantom dose distributions in healthy tis-

sue using a 220 mm moderator with a 2.4 MeV proton beam source.
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Fic. 3. The therapeutic ratio as a function of depth into brain for the case of

MeV proton beam and 220 mm moderator.

plotted, since AD is not very sensitive to changes of this

magnitude in the neutron RBE and the inclusion of these
ponents considered. Also shown are the total biologicallyextra plots would add little to the following discussion. Fig-
weighted doses to healthy tissue and to tumor. These Curv@ge 10 compares the treatment times for all of these configu-
have been calculated for the case of a 2.4 MeV proton bearifhtions, using a neutron RBE of 3.2. There are a number of
on target and for a 220 mm moderator. The two neutrompseryations which can be made from these figures.

components have been combined, since they are weighted
with the same RBE. The maximum dose to healthy tissue fof)
this case is found at the surface of the brain and is 0.092
Gy-Eq per minute per mA of proton beam current. It is the
maximum dose to healthy tissue which determines the no-
tional treatment timdor each beam configuration studied. In
calculating the treatment time a maximum dose to health}ﬁ")
tissue of 12.6 Gy-Eq has been assumed, in accordance with
the current Brookhaven BNCT clinical triaté,and a beam
current of 1 mA has been used. For a given proton energy, as
the moderator is made smaller the fast neutron dose near the
surface increases and eventually becomes the major dose

The treatment planning figures of merit do not change
rapidly with changes in moderator depth. The choice
of moderator depth is not, therefore, as critical a
choice as would appear from the consideration of
empty beam parameters.

All of the curves for advantage depth and TR at the
center of the brain show a broad peak over the range
of moderator sizes considered. From the positions of
these peaks the optimum moderator size range has

component near the surface. For large moderators, the fast

neutron dose becomes the least significant near-surface com gg 1

ponent. The contribution to the total photon dose in-phantom

from a 320 mm moderator with a 2.8 MeV proton beam 8 |

ranges from 22% near the brain surface to 10% at the ther-
mal neutron peak.

_—

Figure 3 shows the therapeutic ratio as a function of depth Eaz I

into brain for the case of a 2.4 MeV proton beam and a 220
mm moderator. These TR curves are of a very similar shape
for all of the configurations studied, with a peak in value at
around 15 mm to 20 mm into the brain. For the purposes of
comparing beam quality this study uses the following crite- < 76
ria: (i) the TR at the center of the brai65 mm), (ii) the
maximumTR and (iii) the advantage deptltAD), which is
defined in Ref. 16 as the depth into the brain at which the TR
falls to 1.0. These quantities are indicated in Fig. 3.

dvantage dept|
-~
©

80 +
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IV. RESULTS AND DISCUSSION

Figures 4—9 present these calculated treatment plannin
figures of merit for all of the proton energies and moderato
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this reason, the optimum moderator size for each pro-

been identified for each proton energy, based on the ton energy has been chosen to be the upper limit of
assumption that maximizing the TR at the center of the ranges indicated in Figs. 4 to 9
the brain and the AD are the main goals of optimiza-(j,)  The change of neutron RBE from 3.2 to 4.5 makes an
tion. These optimum ranges have been indicated on obvious quantitative difference to the achievable
_ thefigures for the case of neutron RBB.2. treatment planning figures of merit, but very little
(it} Of secondary significance is the peak value of the TR, qualitative difference to the shape of these curves. We
which rises monotonically over the ranges considered, might, however, decide to opt for a slightly larger
but tends to level off for large moderator sizes. For moderator if we were using the figure of 4.5, although
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90 - TasLE II. Summary of the in-phantom treatment planning figures of merit
143 for the proton energies considered at the optimum moderator depth.
O Advantage depth |
T | ——TR at centre of brain Proton Optimum Therapeutic Maximum Treatment
g5 1 | TA—PeakTR T38 energy moderator ratio at therapeutic Advantage time @ 1 mA
1 (MeV) depth(mm) 65 (mm) ratio depth(mm)  (minutes
£ +33 2.15 260 176003 4.01:007  81.8 5679
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3 & 3.1 360 1.580.04 4.06:0.10 79.2 1664
251 T238 35 400 1.480.04 3.94-0.10 77.3 1554
s g
©
<
E /I/ a 1 18
w01 E 1 variation, which is within the errors, the peak TR shows only
I1a a 2.4% variation, also within the errors, and the AD varies by
only 2.3%. In contrast, increasing the proton energy to 3.5
Optimum depth range . . . . .
[ I MeV results in optimum figures of merit which are markedly
65 T e 0.8

worse than those achieved at lower projectile energies.

The treatment times required, however, are not indepen-
dent of the selected proton energy. The marks on Fig. 10 for
Fic. 9. The peak value of TR and TR at the center of the brain for variousthe optimum moderator sizes show that we have a steady
mo_derator sizes and a nt_euFror_l source from 3.5 MeV pro_tons. The range c(;iecrease in treatment time as the incident proton energy is
optimum moderator size is indicated. Neutron RBE2 (full lines) and 4.5 ) -

(dashed lines The advantage depth for neutron RBE? is also plotted.  INCreased, up to 2.8 MeV. Because of the considerably larger
moderator required, we see little further reduction in treat-
ment time if a 3.5 MeV proton beam is used.

the changes would not be major. We must also re- The proton energy for each of the optimum moderators is
member that the actual beam neutron RBE will beplotted against the resulting treatment time in Fig. 11. This
dependent on the moderator size and must be detefi.gure shows a series of iso-current curves which demon-
mined for each proposed treatment fac|||ty strate the energy and current requirements necessary to
achieve a given total treatment time. All of the points on

Table Il summarizes the figures of merit and treatmenthese curves below about 3.0 MeV produce, with an opti-
times for the optimum moderator sizes assuming a neutromum AlF;/Al/LiIF moderator, approximately the same treat-
RBE of 3.2. What is clear from this summary is that the ment beam quality, in terms of advantage depth, maximum
beam quality is remarkably independent of the choice of protherapeutic ratio and therapeutic ratio at the center of the
ton energy between 2.15 and 2.8 MeV if the optimum mod-brain. It can be seen from this figure that for a treatment time
erator is used. For the selected proton energies up to 2@& 50 min we require 3.3 mA of 2.8 MeV protor{8.2 kW
MeV, the TR at the center of the brain shows only a 2.4%beam power There is little advantage in using higher ener-
gies unless treatment beam quality is to be compromised.
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Fic. 10. Required treatment times for each moderator and proton energlic. 11. Iso-current plots of proton energy against treatment (tmdeliver
configuration, assumgna 1 mA poton beam current and a maximum bio- 12.6 Gy-Eq maximum biologically weighted dose to healthy tis$aeop-
logically weighted dose to healthy tissue of 12.6 Gy-Eq. timized moderators.
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However, if clinical requirements determine that the treat-
ment is to be delivered in, say, four fractions of no more than

50 min each, then treatment can be achieved using the fol-

lowing combinationsi(i) a beam current of only 0.82 mA
with 2.8 MeV protons(2.3 kW beam power (ii) a beam
current of 1.4 mA with 2.4 MeV proton$3.4 kW beam
powel, (iii) a beam current of 2.1 mA with 2.25 MeV pro-
tons(4.2 kW beam poweror (iv) a beam current of 2.8 mA
with 2.15 MeV protons(6.0 kW beam power The advan-
tages of choosing the highest of these proton ener@ss
MeV) is clear from a point of view of target engineering
design.

V. CONCLUSIONS

This paper has demonstrated the importance of com-

pletely coupled moderator-phantom simulations in BNCT
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