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Advanced methods of boron neutron capture ther@\CT) use an epithermal neutron beam in
conjunction with tumor-targeting boron compounds for irradiation of glioblastomas and metastatic
melanomas. A common neutron-producing reaction considered for accelerator-based BNCT is
Li(p,n)"Be, whose cross section increases very rapidly within several tens of keV of the reaction
threshold at 1.88 MeV. Operation in the proton energy region near threshold will have an appre-
ciable thick target neutron yield, but the neutrons produced will have relatively low energies that
require little moderation to reach the epithermal range desirable for BNCT. Because of its relatively
low projected accelerator cost and the portability of the neutron source/target assembly, BNCT
based on the near-threshold technique is considered an attractive candidate for widespread hospital
use. A systematic Monte Carlo N-Partidl®CNP) investigation of the dosimetric properties of
near-threshold neutron beams has been performed. Results of these studies indicate that accelerator
proton energies between 1.93 and 1.99 MeV, using 5 cm,af koderator followed by thifiLi

and Pb shields, can provide therapeutically useful beams with treatment times less than one hour
and accelerator currents less than 5 mA. 2@00 American Association of Physicists in Medicine.
[S0094-240800)03101-1

Key words: epithermal neutrons, accelerator, neutron capture therapy, near threshold

[. INTRODUCTION Accelerator neutron sources, considered necessary for the

Boron neutron capture theragNCT), a binary treatment successful implementation of BNCT in hospital settings,
modality that is primarily studied for the treatment of glio- Must provide intenseéto permit reasonable treatment times
blastoma tumors, achieves h|gh doses to the target region @pithermal beams with small fast neutron, thermal neutron,
the brain by injecting a boronated compound into the patientand y-ray contamination. The reaction most commonly stud-
followed by irradiation with an epithermal neutron beam.ied for neutron sources in accelerator-based BNCT research
The boron compound, which preferentially accumulates iris ‘Li( p,n)’Be, since the rapid increase in the reaction cross
cancerous cells, provides highly localized dose deposition iection at proton energies just above threshold provides a
the tumor due to the energetic heavy charged particles frorfignificant source of relatively low energy neutrons. For ex-
the 1°B(n,«)Li reaction. The lower boron accumulation in ample, the p,n) cross section reaches 270 mb within only
surrounding healthy tissue results in relative sparing of thesB0 keV of 1.88 MeV, the reaction threshold enefgand the
tissuest Additional potential applications of the BNCT con- resulting  thick target neutron yield is 2.58
cept include treatment of peripheral and intracranial metax 10" neutrons/mA-min. In addition, since the maximum
static melanomas, as well as rheumatoid arthfitis. and mean neutron energies for this source are 137 keV and
BNCT research in the United States and Europe is con50.6 keV, only a small amount of moderation is required to
centrated on the use of epithermal neutron beams. An epittieach the epithermal energy range defined above.
ermal beam produces a peak in the thermal neutron flux, and Other researchers have concentrated on simulations using
hence boron neutron capture rate, at a distance several cgproton bombarding energies around 2.5 MeV in order to take
timeters below the skin surface. This permits deeply seateddvantage of the 2.25 MeV resonance where fha) cross
tumors to be treated without excessively high doses to theection is 580 mB-8 This proton bombarding energy pro-
scalp. In addition, the removal of the skull cap during irra-duces large neutron yields as the beam slows down in the
diation, which is required for irradiations with thermal neu- thick lithium target (5.3 10'** neutrons/mA-min). How-
tron beams, is unnecessary with more penetrating epithermaber, the maximum and mean neutron energies are 787 keV
neutron beams. Previous work has established that the ranged 326 keV, respectively, and therefore they require exten-
of epithermal neutron energies ideal for BNCT~dl eV to  sive moderation to reduce the neutron energies to the epith-
~10kev? ermal region. It is possible that the lower neutron energies
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produced with proton energies near the reaction thresholgatient (treatment timeallowed healthy tissue dose/
will offset the higher intensity produced with a 2.5 MeV maximum healthy tissue dose rat&he units of AD are cm,
bombarding energy, and that a more efficient moderator syshe units of the ADDR are cGy/mA-min, and the AR is di-
tem can be designed. This approach has led to the develogensionless. It is desirable to have all three parameters as
ment of near-threshold BNCT as a potential alternative tqarge as possible for a well-designed beam.
common accelerator-based BNCT methdds. In all dosimetry calculations of biological systems, dose
Previous work has studied near-threshold beams based @@mponents should be weighted with appropriate relative
in-air figures of merit, such as useful neutron flux, current-yig|ogical effectivenes¢RBE) factors. The following RBE
to-flux ratio, and ratios of fast neutron and photon dose ratga|ues are used for the dose components in these BNCT
to useful neutron flux? These figures of merit are often used simulations: fast neutron, 3.2: thermal neutron, 3% in
to describe and compare reactor neutron beams fol‘iealthy tissue, 1.35198 i?\ tur’nor, 3.8: photon, '1'0. Cur-
BNCT.**' However, these in-air parameters present an iNtently, these RBE values are being used in clinical BNCT
complete picture, since patient dosimetry is not included iryjg|g 4t the Massachusetts Institute of TechnoldyT ) and
the evaluation. Brookhaven National Laborato§BNL).>*" In these trials,
A systematic study of near-threshold neutron beams base[ e pharmaceutical boronophenylalani@®A) is the boron
on calculations of patient dosimetry using a cylindrical headdelivery compound. Using BPA, the tumor-to-healthy tissue

phantom has been performed as part of this work. Dose r""t‘iﬁ)take ratio of%B is 3.5 and the tumor uptake concentration
have been calculated for fast neutrdnwinly due to elastic is 40 g '°B/g tissue, or 40 ppm. Any adjustment of these

scattering of hydrogenthermal n_eutronsmainly duito the " RBE values will change all three figures of merit defined

prct)'ton ar;ld tcarbon n TCISUS :ecggszfﬁ/?m ﬂ‘l‘hl(n,fp) Cthre— above, and intercomparisons of the results presented here
ac Ilon), R[ 0 ons(r?amyt/) l:1e do : de:/y—rays rgrr;] (Iaj[rh with published results for other neutron beams must take this
mal neutron capture by hydrogerand tumor and healthy into account. It should be noted that tumor and healthy tissue

5'5_5.“6 borortfrom high linear energy transfer partlclgs and boron RBE values are unlikely to differ between reactor and
Li ions). These dose rates have been used to estimate treat- . . . .

. - . : near-threshold beams, since they are primarily determined by
ment time, beam penetrability, and therapeutic effectivene

S C o
using a dosimetric set of BNCT figures of mefilescribed the distribution of the boron compound within cells. How-

X ..._ever, the neutron RBE values for near-threshold beams may
below). These results have been used to design a unified. .
. . iffer appreciably from those for reactor beams, because the
target/moderator/reflector assembly that is applicable to

Lo . . neutron energy spectra of reactor and near-threshold beams
hospital-based treatment of glioblastomas using BNCT. differ. Since RBE values for near-threshold neutron energy

spectra of have not been determined, the RBE values given
Il. BNCT TREATMENT FIGURES OF MERIT above are considered at this point a “best guess” and are

Three quantities, initially defined by Zamenhof et'dl., Used for comparison purposes only. .
are used in this work to provide quantitative descriptions of N most cases, an adjustment to a neutron beam that im-
the therapeutic efficacy of neutron beams for BNCIj:ad- ~ Proves one of these treatment parameters has a detrimental
vantage deptiAD), which indicates the penetrability of the €ffect on one or both of the other parameters. Since high
neutron beamj2) advantage ratidAR), which gives the values are desirable for all three parameters, a compromise is
tumor dose relative to surrounding healthy tissue dose; anBecessary in choosing the target/moderator/reflector combi-
(3) advantage depth dose rd&DDR), an indicator of treat- nation (hereafter called the combined target unit, or GTU
ment time. This also means that no particular neutron beam is clearly

The advantage depth is defined as the depth in a phanton®Ptimum,” and the design of the CTU is thus driven by
at which point the tumor dose rate equals the maximuniinimally acceptable requirements on treatment parameters
healthy tissue dose rate. Any tumor mass located beyond tHaich as treatment time and penetration depth. These in turn
AD receives less than the maximum healthy tissue dose, thu#ictate minimally acceptable values for the RBE-weighted
reducing any treatment “advantage.” The advantage ratio iAD (RBE-AD) and ADDR (RBE-ADDR), respectively.
defined as the ratio of the areas under the dose rate curves fjear-threshold designs that produce RBE-AD and RBE-
tumor and healthy tissue along the phantom centerline frorADDR values exceeding these minimum requirements form

the surface to the advantage depth: an envelope of acceptable solutions. In establishing a basis
AD for the design of a CTU, the following parameters were used
— fOD‘”—mO’(Z)dZ to define the acceptability envelope for treatment:
AR ()
AD ’
0 Dtissuéz)dz

¢ RBE-AD>5cm
e Maximum healthy brain dose& 12.5 RBE-Gy
* Nominal accelerator currert 5 mA

where Dymo(2) and Dy dz) are the doses to tumor and
healthy tissue, respectively, along the centerlinexis) of

the phantom. Finally, the advantage depth dose rate is de-
fined as the tumor dose rate at the advantage depth, which is ¢ Treatment time<1 hour

equal to the maximum healthy tissue dose rate. Since the . RBE-ADDR>4.2 RBE-cGy/mA-min

total dose to healthy tissue is usually a limiting factor for

treatments, the ADDR determines the treatment time for the Treatment plans for the BNL clinical trials have used a
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¥ w,0 MODERATOR cm radius circular region at the target end of the beam tube.
— The neutron energy spectrum was given as a histogram dis-
Al,0, REFLECTOR tribution with 10 keV-wide intervals. For each energy bin,
the angular distribution of neutrons was represented by
BRAIN PHANTOM 10°-wide angle histograms. The doubly differential thick tar-

get neutron yields were calculated using a program written to
__ provide accurate neutron yields for near-threshold protons on
i T lithium targetst® While BNCT was the motivation for devel-

| |8cm

oping this computer program, it may be used to predict neu-
tron angular distributions and energy spectra for any proton
energy below 3 MeV in a wide variety of accelerator appli-
cations that use th&.i( p,n)'Be reaction. The neutron yields
predicted by this program have been experimentally bench-
marked for lithium, lithium fluoride, and lithium oxide
targets®

The beam tube was modeled as vacuum, while the mod-
erator and reflector were light watéiH,0O) and aluminum
oxide (Al,O;), respectively. These materials have been
shown previously to be ideal candidates for near-threshold
Fic. 1. Geometry ofucnp model used for near-threshold BNCT studies. All BNCT.* The phantom was made of brain-equivalent mate-
components have cylindrical symmetry. This configuratios &% cmthick rial consisting of a 50/50 combination of white and grey
light water (H,0) moderator with an alumingAl ,O,) reflector. brain matter by weight. The brain density and material com-

position were taken from Brooket al?!
maximum healthy brain tissue dose of 12.5 RBE-Gy. The The neutron flux t_allied in each of t_he phantom cells was
. . converted to a physical dose rate using total neutron target

nominal accelerator current is close to the lowest acceleratof.

current (4 mA) for accelerator-based BNCT beam designsyleld:s(in neutrons/mA-minand fluence-KERMA values for

found in current literaturé A maximum treatment time of 1 fast neutron, thermal neutron, aift doses. Two important

hour should provide sufficient patient throughput to makedetalls permit the absorbed dose rates of these components to

. . . . ... ‘be approximated by the corresponding KERMA rates:
this treatment economically viable for hospital use. Dividing . S : -

. . : charged particle equilibrium exists to a good approximation

the maximum healthy tissue dose by the nominal accelerator

. . . gexcept within the very small distance from the phantom
current and the maximum treatment time gives a target Valusurface eaual 1o the maximum range of the heavv secondar
of 4.2 RBE-cGy/mA-min for the RBE-ADDR. q 9 y y

charged particles and bremsstrahlung production by these

heavy secondary charged particles is negligible. The neutron

lIl. MCNP INPUT DESCRIPTION KERMA values were taken from tabulated values from
The radiation transport necessary to calculate the BNCTaswellet al,* while the 1B KERMA values were those

figures of merit described in Sec. Il was performed using theletermined by Zamenhait al'® The photon dose was cal-

Monte Carlo N-ParticlémcnP) radiation transport computer culated using photon heating tallies providedNognp. One

program'® The basiavcnP geometry for a moderator thick- million source neutrons were used in all calculations to pro-

ness of 5 cm is given in Fig. 1. There is cylindrical symmetryduce doses with relative errors less than 5% for all depths in

for all objects shown. In the simplestcNpP runs, only the the phantom.

beam tube, moderator, reflector, and phantom were modeled.

The lithium target was not included in the model since it has

dimensions on the order of tens of microfsee Sec. IV IV. PHOTONS PRODUCED IN THE LITHIUM

below). The moderator thickness was variable in these studTARGET

ies. The outer edge of the reflector was adjusted in each

lculation to K it flush with th i f fh q While neutrons are the most important BNCT source
caiculation to keep It fiush wi € outer surface ot the mo ‘component from a lithium target, photons are also produced.
erator. All other dimensions were invariant. In later calcula-

i dditional sheets of material dded to th tThese include 478 keV gammas from inelastic proton scat-
flOﬂS, ?thl lonads etef 0 rga erlaVvE/;ere g VeC boI()vs ou Ptrering (p,p'y) and 14 to 18 MeV gammas from radiative
ace of the moderato(see S€CS. an IEIOV0 capture p,v). As will be shown below, these dose compo-
suppress thermal neutron and photon contamination. Th

ents can have a serious impact on the total dose and the
phantom was located 1 cm from the outer surface of th%herapeutic parameters defined in Sec. Il
CTU. The 16 cm long phantom was divided into thirteen Tabulated thick target photon yields for inelastic proton

disks in order to tally fluxes and doses as a function of dept@cattering in the lithium target have been published by
into the phantom. Concentric cylindrical shells were also de-

. ; . o Kiss 23 A least squares quadratic fit to Kiss’ data is given b
fined to determine the radial variation of all fluxes and doses I : au qu et I 'S gV y
o : the equation
The neutron source definition for thecNP input deck
was of uniform intensityin source neutrons/chhwithin a 1 VYo pr,=2.658< 10PE,— 1.933x 10F, 2
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TasLE |. A comparison of neutron and photon yields for thick natural TasLE Il. Reduced target thicknesses for natural lithium metal. These thick-
lithium targets. nesses are sufficient to reduce the mean energy of a proton beam from the
incident value to 1.88 MeV, th&.i( p,n)’Be reaction threshold.

Incident 478 keV Gamma yield
proton energy  Neutron yield gamma yield relative to Incident proton Lithium target
(MeV) (N/mA min) (y/mA min) neutron yield energy thickness
1.89 3.80¢ 101 9.54x 1012 25.10 (Mev) ()
1.90 8.94< 101 9.72x 10% 10.90 1.89 1.33
1.91 1.45¢ 10% 9.90x 102 6.84 1.90 2.67
1.92 2.0 10%? 1.01x 10 5.00 1.91 4.01
1.93 2.5810%? 1.02x< 10%3 3.96 1.92 5.36
1.94 3.15¢10% 1.04x 10" 3.30 1.93 6.71
1.95 3.7 10 1.06x 103 2.84 1.94 8.07
1.96 4.30x10'? 1.07x 101 2.50 1.95 9.43
1.97 4.8 102 1.09x 103 2.24 1.96 10.8
1.98 5.45¢ 102 1.11x 101 2.04 1.97 12.2
1.99 6.00< 102 1.13x 108 1.88 1.98 13.6
2.00 6.60< 10'? 1.15x 10% 1.74 1.99 14.9
2.10 1.28<10% 1.33x 101 1.04 2.00 16.3
2.20 2.1% 101 1.54x 103 0.706 2.10 30.6
2.30 3.4% 10 1.75x 101 0.504 2.20 455
2.40 4.6 10 1.98x 10" 0.424 2.30 60.8
2.50 5.30< 102 2.22x 101 0.419 2.40 76.7
2.50 93.1
whereY, ., is the 478 keV photon yield in photons/mA-

min andE,, is the incident proton energy in MeV. Table | photon source having a total yield given by Eg).. The total
gives a comparison of neutron and photon yields for thickphoton dose in the phantom is the sum of the doses from
lithium targets. It is clear that for near-threshold energies, théoth MmcNP runs. The RBE-ADDR increases dramatically,
gamma yield from inelastic proton scattering in the targetbut the RBE-AD drops to only 2.5 cm, with a similar drop of
completely dominates the neutron yield. The effect of theséhe RBE-AR to 2.2.
photons on the BNCT treatment parameters for a 1.93 MeV The scenario above assumes a thick target where the pro-
proton beam with 3 cm of water moderator is shown in Fig.ton beam is stopped in the lithium. It appears from this
2. The two curves with open symbols correspond to results imodel that the near-threshold approach to BNCT is not fea-
which the 478 keV gammas are ignored. The neutron bearaible. However, neutrons are only produced in lithium for
appears to have an RBE-AD of 4.4 cm, an RBE-AR of 4.3 proton energies above 1.88 MeV, and 478 keV inelastic scat-
and an RBE-ADDR of 29 RBE-cGy/mA-min. The two ter gammas are produced for proton energies down to 550
curves with solid symbols include the effects of the inelastickeV. If the lithium target is made just thick enough to slow
proton scattering gammas. These doses are calculated intlze proton beam past the,f) threshold of 1.88 MeV, there
separate photon-onlycNP run with an isotropic, 478 keV is no loss of neutron yield, but the inelastic scatter gamma
yield is reduced significantly. The reduced target thickness

120 can be constructed by vapor deposition of lithium or a

—m— Tumor (with 478 keV 1) lithium compound directly onto a backing material. Lithium
—A— Healthy Tissue (with 478 keV ys) target thicknesses required to slow the protons to 1.88 MeV
100 —0— Tumor (no 478 keV 1) 1 are given in Table Il. They are calculated by integrating the

—&— Healthy Tissue (no 478 keV ys)

inverse of tabulated stopping powers over proton enétgy.
The remaining proton energy deposition will occur in the
target backing material, which can be chosen to limit produc-
tion of significant gammas from similar reactions. The re-
duced gamma yield for incident proton energy, denoted

Y, o (Ep), is given by the differenceY; , (Ep)
=Ypp'»(Ep) = Yp—pro(Etn)-

The reduced target thickness concept reduces the gamma
yield to levels that allow near-threshold treatment beams to
again be feasible, although the 478 keV gamma source is still
L a significant effect and must always be taken into account.
0 2 4 6 8 10 12 14 16 All McNP calculations reported in this work include the dose

Centerline depth in phantom (cm) due to the photons from inelastic proton scattering in the
Fic. 2. Variation of centerline RBE dose with depth. Curves with solid r_ed_uced thickness I|t_h_|um target. The reduced thl(.:kness
symbols include the effects of gamma-rays produced from inelastic protothium target has additional advantages as far as solving the
scattering in the lithium target, while curves with open symbols do not. ~ target heat removal problem. However, there are concerns

£ [=2} o3
[=] (=] o
T T T

RBE dose rate (RBE-cGy/mA-min)
n
(=3
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regarding target stability and lifetime due to differential ther- 1000 fr—————— 77718
mal expansion of target and backing materfals.

The photon yield from theq,y) reaction may be esti-
mated from the thick target formula

Epo O'p——y(Ep)
Yp—yzNLi—7J0 TEpdEpy €

~odx

whereY,_,, is the total photon yield due to the(y) reac-
tion in lithium, N|;_- is the number density diLi atoms in
the targetk is the in.cident proton _energ;r,p_y(Ep) is the
total (p,y) cross section as a function of proton eneggy,
and—dE,/dx is the proton stopping power in lithium metal. Tl s 4 s s 7 s o
Using the f,y) cross section, which has a large, narrow H,O moderator thickness (cm)
resonance at 411 ke¥?,and tabulated proton stopping pow-
ers in lithium?* the calculated thick targetp(y) gamma Fie. 3. Variation of RBE-weighted advantage depRBE-AD), advantage
yield is 3.37x 108 photons/mA-min for 1.95 MeV proton 'ati¢ (RBE-AR), and advantage depth dose réRBE-ADDR) with mod-

. erator thickness for neutrons produced with 1.95 MeV proton beams. RBE
beams. Because the vast majority of photons are produced p)ﬂues are given in Sec. II.
the 411 keV resonance, there is less than 1% difference in
(p,y) photon yields for other incident proton energies. This
yield is at least three orders of magnitude lower than theA. Moderator effects
other yields given in Table | and is neglected in all subse-
guent dose calculations.

o
o
T

o
T

o] —A— RBE-AD
--0-- RBE-AR 11
—e— RBE-ADDR

RBE-ADDR (RBE-cGy/mA-min)
(ssejuoisuswip) Hy-3g4 pue (wo) gv-3ay

The primary parameters, related to moderation, that influ-
ence the treatment parameters are proton beam energy and
moderator thickness. These parameters were the first to be
V. DOSE CALCULATIONS varied in the basic CTU configuration study. The variation of

A systematic study of the effects of proton beam energyRBE-AD, RBE-AR, and RBE-ADDR as functions of mod-
(between 1.89 MeV and 1.99 MeVand light water modera- €rator thlckness_for a representative proton beam energy of
tor thickness(from 1 cm to 9 cm) on RBE-weighted advan- 1.93 MeV are given in Fig. 3. The RBE-AD and RBE-AR
tage depth, advantage ratio, and advantage depth dose riférease rapidly for moderator thicknesses less than 3.5 cm,
was performed for near-threshold neutron beams. In addfen reach a peak at between 5 and 6 cm of water and slowly
tion, the effects of thermal neutron attenuatifii), photon ~ decrease, while the RBE-ADDR decreases monotonically

shielding (Pb), and structures related to target coolifggy)  With moderator thickness. _ _
on these advantage parameters were evaluated. The variation of RBE-AD with moderator thickness for

As mentioned in Sec. I, 50 has been shown in a pre- multi'ple proton energies is gho_wn in Fig. 4, while Fig. '5
vious study to be an effective moderator for near-thresholdrovides the RBE-ADDR variations. For all data points in
beams-2 although this is not true for neutron sources pro_F|g. 4, error propagation calculations produce absolute sta-
duced with higher energy protons. This difference is due to
the lower neutron energies produced by near-threshold pro-
tons: they require small amounts of moderation to reduce the
fast neutron component to an acceptable level, and a useful

treatment beam can be obtained before the thermal neutron 5t -
beam componentand accompanying 2.2 MeV hydrogen
capture gamma compongriiuilds up to an unacceptably Al i

high level. For higher proton energies, however, the amount

of H,O necessary to reduce the fast neutron component is

much greater, and the thermal neutron and capture gamma

fluxes that arise are unacceptably large. In addition, tj@ H

moderator may serve as the target coolant. 2t
Other parameters, which remained constant in all compu-

tations, included proton beam spot sidecm radiug; reflec- ]

tor material(Al,O3) and inner and outer radiil2 cm and 30

cm, respectively moderator radiugl2 cm); distance from . |+1‘9|9 MeV

moderator face to phantom fa¢e cm); and phantom shape % 2 4 6 8 10

(cylindrical) and size(8 cm radius, 16 cm lengthBecause Moderator thickness (cm)

the effects of varymg thesg pazrsameters on beam performanlc_%_ 4. Variation of advantage dep{tAD) with moderator thickness for

have been previously studiéti?®these parameters were not near-threshold neutron beams. The advantage depths are calculated using

varied in this work. RBE-weighted doses.

RBE-AD (cm)

—=—1.89 MeV 4
—0—1.91 MeV
—A—1.93 MeV
—7—1.95MeV
——1.97 MeV
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1 000 3 T T T T 1 00 T T T T T T T T
. 20 —&— Fast neutron ]
—O— Thermal neutron
—_ 80 | —A— Gamma ]
£ < 10,
g 100 £ E 3 —7—"B
v ~ 70} ]
t 2
§ ._g 60 -
[0 0
? g 50 4
g 10 ¢ J =
o % 40 -
P <%
Q —=— 1.99 MeV £ 30
<| 1 L—0—1.97 MeV 4 S ol i
% —e— 1.95 MeV o
[ —0—1.93 MeV 8 10 F i
—&—1.91 MeV
—4— 1.89 MeV or i
0.1 1 1 1 1
"0 2 4 6 8 10 ol ) ) ) TR '

Moderator thickness (cm) o 1 2 8 4 85 6 7 8 9
H,O moderator thickness (cm)

Fic. 5. Variation of advantage depth dose r&aDDR) with moderator

thickness for near-threshold neutron beams. The advantage depth dose rafég: 6. Percentages of healthy tissue RBE-weighted dose components on the
are calculated using RBE-weighted doses. front face of a phantom for a neutron beam produced using a 1.95 MeV
proton beam.

tistical errors in the RBE-AD of less than 0.15 cm, and rela-
tive errors in the RBE-ADDR under 5%. For all near- begins to erode all the gains made in the RBE-AD and
threshold energies, the RBE-AD has a rapid initial increasd&RBE-AR by reducing the fast neutron component. The de-
due to the reduction of the fast neutron dose componentrease in the RBE-AD due to an increaseyinontamination
reaches a peak around 5-6 cm, and slowly decreases f@ not as dramatic as the rapid rise in the RBE-AD for low
larger amounts of moderator. It is clear from the data thamoderator thickness because the fast neutron RBE is more
there is little or no difference in near-threshold beams forthan three times the photon RBE.
moderator thicknesses aboveb cm. The RBE-ADDR in Figure 6 also helps explain why there is little difference in
Fig. 5 is seen to be highest for the highest proton beanthe RBE-AD for near-threshold beams produced with differ-
energies, since the neutron yield increases with incident proent near-threshold proton energies for moderator thicknesses
ton energy. greater than~5cm. The neutron beams for all near-
The results given in Figs. 3-5 include degrading effectghreshold proton energies become overmoderated with large
due to fast neutron, thermal neutron, apndontamination of H,O thicknesses, consisting primarily of thermal neutrons
the epithermal neutron beam. To improve on these results &nd external gammas with a greatly reduced fast neutron
is necessary to understand the contribution of each contaméomponent. The neutron beams essentially become thermal
nation component on the front face of the phantom. Thereneutron beams with a significant gamma component, and any
fore, additions and modifications to the basic design of thalistinction between one near-threshold source neutron en-
CTU can focus on reducing each particular beam contamiergy spectrum and another disappears. Both tumor and
nant in order to improve parameters such as advantage deptiealthy tissue depth dose profiles are then primarily deter-
Using the 1.95 MeV proton beam as a representative exmined from thermal neutron®8, and gamma doses, and the
ample, a plot of the variation of the dose percentage of thesBBE-AD becomes nearly independent of proton energy.
components, as well as the healthy tiss#B dose, with Figures 4 and 5 are useful for seeing how the BNCT
moderator thickness is given in Fig. 6. The fast neutron dos&reatment parameters vary with moderator thickness, but it is
completely dominates for thinner moderators; this is ex-difficult to see how they vary in unison for different CTU
pected, since there is not enough moderator to substantiallyonfigurations. The plot in Fig. 7 facilitates this comparison
reduce the neutron energie@nd corresponding high by plotting the RBE-AD versus RBE-ADDR for each mod-
KERMA valueg in the beam. Since the fast neutron doseerator thickness studied for a 1.95 MeV proton beam. As the
affects both tumor and healthy tissue equally, the advantagemoderator thickness increases, the RBE-A&Drizontal axi$
depth and advantage ratio are reduced. As the moderatorcreases and the RBE-ADDertical axig decreases until
thickness increases, the fast component quickly dfapsl  the maximum RBE-AD is reached at about 5 cm moderator
the RBE-AD and RBE-AR improve while the other beam thickness. The RBE-AD will then decrea&nd hence bend
components slowly increase. Since thicker moderators prdsack to the left while the RBE-ADDR continues to de-
duce larger thermal neutron fluxes, the external gamma dosease. All near-threshold beams have similar shapes.
due to photons from théH(n,y)?H reaction will continu- The minimum acceptable RBE-AD and RBE-ADDR are
ously increase with moderator thickness. As with fast neuplotted as dotted lines in Fig. 7. Any points located in the
trons, the gamma dose affects tumor and healthy tissuepper quadrant above and to the right of these lines meet the
equally, so a point is reached where this dose componemhinimum requirements outlined in Sec. Il. Proton energies
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Fie. 7. Variation of RBE-weighted advantage de®BE-AD) and advan-  Fg. 8. Effect of afLi thermal shield on RBE-weighted BNCT figures of
tage depth dose ra(RBE-ADDR) as functions of moderator thickness for a merit for neutron beams produced using a 1.95 MeV proton beam and mod-
neutron beam produced using a 1.95 MeV proton beam. Points above and ator thicknesses ranging from 1 to 9 cm.

the right of the vertical and horizontal dotted lines satisfy the acceptability

criteria discussed in Sec. Il. Other near-threshold beams produce similar

curves. of the beam and should be reduced. Reduction of this exter-

nal photon dose using lead sheets placed on the downstream
from 1.91 to 1.97 MeV were found to produce RBE-AD Side of the moderator and thermal neutron shield, between

versus RBE-ADDR curves with portions in this region. For the other CTU components and the phantom, is a way to
proton energies less than 1.91 MeV, the neutron yields arbnprove the RBE-AD and RBE-AR of these beams.

too low to meet the minimum RBE-ADDR requirement. For ~ Several thicknesses of lead were placed on the down-
proton energies greater than 1.97 MeV, the fast neutron angfream side of the moderator to gauge the effect of gamma
gamma doses are too large for thin and thick moderatorttenuation on the BNCT treatment parameters. As with the

respectively, to meet the minimum RBE-AD requirement. thermal neutron shields described in Sec. VB, a 0.25 cm
copper backing was included in all MCNP calculations. For

each thickness of lead, the BNCT treatment parameters were
calculated for the entire range of moderator thickness from 1
In an effort to reduce the thermal neutron component ando 9 cm of H,0 in order to determine the water moderator
thus improve the RBE-AD and RBE-AR of the beams underthickness that gave the maximum RBE-AD for a given lead
consideration, a thif0.01 cm sheet ofLi was placed on the  thickness. This moderator thickness was found to always be
downstream side of the moderator, between the moderatat the range from 5 to 6 cm.
and phantom. This thickness @fi will reduce the thermal The gains in the BNCT treatment parameters due to a
neutron flux exiting the CTU by 31%. A 0.25 cm copper thermal neutron shield, usirftji, and a photon shield, using
target backing was included in the calculatiofsee Sec. lead, are shown in Fig. 9. In this figure, RBE-AD and RBE-
VD). Figure 8 shows the effects on the RBE-AD for a 1.95ADDR are plotted for 1.95 MeV protons with no shielding,
MeV proton beam. The penetrability of the beam is seen t®@.01 cm of°Li shielding, and 0.25 cm of lead shielding. The
increase with the addition diLi, as expected, but with a SLj thermal neutron shieldopen circles leads to larger ad-
complementary decrease in the RBE-ADDR. vantage depths, but the lead shid€kblid triangle$ gives
Cadmium is not a viable attenuator material, despite aigher advantage depth dose rates within the acceptability
larger thermal neutron absorption cross section fhindue  region. The combination of thermal neutron and photon
to the large number of thermal neutron capture gammas thahielding (open diamondsis better still, with a maximum
it produces. These gammas overwhelm any advantage thatRBE-AD of nearly 6 cm.
gained by the reduction of the thermal neutron flux, actually
reducing the RBE-AD rather than improving it. In the case ofp_ Target cooling

8Li, however, there is no gamma production, so the RBE-AD ] ) 5 o
improves. The low melting point (181 °C) of lithium metal makes

target cooling an important concern in any accelerator-based
BNCT neutron beam design. This includes near-threshold
beams, despite their lower proton energies. For example, a 5
There is always an unavoidable gamma dose in the heathA beam of 1.95 MeV protons will deposit 9.75 kW of heat
due to hydrogen capture photons; nevertheless, any addiithin the beam area, which in these calculatiom®i2 cm
tional photon dose from the CTU degrades the effectivenesgdiameter spot. While an entire paper is necessary to give a

B. Thermal neutron attenuation

C. Photon attenuation
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1000 R : . _ gives a total temperature drop of 58.2 °C/mA between the
RS lithium target surface and bulk coolant for a 1.95 MeV near-
threshold proton beam with a 0.25 cm copper backing, or a
total temperature drop of 43.9°C/mA for a 0.1 cm copper
Pb + °Li : backing. Additional temperature drops due to the duty factor
and repetition rate of the particular accelerator being used
must also be include®. For a 10% duty factor and 200 Hz
repetition rate, the additional temperature drop for this con-
figuration is estimated to be 3.0°C/mA. For this cooling
configuration, a safety margin of 40 °C for the peak lithium
target temperature permits proton currents of 2.0 and 2.6 mA
_ for 0.25 and 0.1 cm Cu backings, respectively. However, the
"""""""""""""""""""""""""""""""""" Ao temperature drop across target, backing, and coolant may be
reduced by decreasing the bulk coolant entrance temperature,
increasing the flow rate, changing the geometry of the cool-
o T 2 s ) 5 6 ing fins, increasing the area of the beam spot, or adjusting the
RBE-AD (cm) duty factor and repetition rate of the accelerator. For ex-
ample, increasing the beam spot radius from 1.0 cm to 1.5
Fic. 9. Effect offLi and Pb on RBE-weighted BNCT figures of merit for cm increases the allowable proton currents to 4.4 and 5.8 mA
neutron beams produced using a 1.95 MeV proton beam. A combination dfor 0.25 and 0.1 cm Cu backings, respectively, without re-
thermal neutror(®Li) and photon(Pb) shields is seen to produce superior ducing the 40 °C safety margin for the peak lithium tempera-
penetrability(RBE-AD) than with either shield alone. ture.
The simplicity of the target cooling design using multiple
fins does not appreciably change the overall CTU design
full description of a cooling system for near-threshold neu-from the basic geometry given in Fig. 1. There will be some
tron beams, some comments about target cooling and its e&dditional copper between the lithium target and the patient,
fect on neutron transport are in order. and inlet and outlet cooling lines will be added, but most of
For a reduced thickness lithium targsee Sec. I, the  the volume between the target and phantom is st HThis
Bragg peak of the protons, as well as the majority of heasmall reduction in the hydrogen atom density will change the
deposition, will be located in the target backing. A copperadvantage parameters slightly, but the gross variations of
target backing was considered due to its high thermal conRBE-AD, RBE-AR, and RBE-ADDR with parameters such
ductivity and insignificant effect on advantage parameters. as proton beam energy and moderator thickness will only
Using tabulated proton stopping powers in lithium andchange by a few percent. This has been demonstrated
copper* the total temperature drop across target and backelsewheré?®
ing has been calculated for 2.54 cm diameter beam spots
with proton energies between 1.89 MeV and 2.5 MeéWor V1. COMPARISON WITH OTHER ACCELERATOR
a 9.5um thick Li target and 0.25 cm thick copper backing, gNCT DESIGNS
the total temperature drop per unit proton current for a 1.95 ) ) ,
MeV beam is 23.9°C/mA. This temperature drop may be As a result of this systematic study, the followmg set of .
reduced by using a thinner target backing: reducing the CopdeSIQH paramet_ers haS_ been detgrmlned which meet the mini-
per thickness to 0.1 cm will decrease the total temperatur8'UM therapeutic criteria stated in Sec. I:
drop across target and backing to 9.5°C/mA. Note that the ° Proton energy: 1.95 MeV
associated temperature drops for 2 cm diameter beam spots * 1arget: 9.5um natural Li
will be 1.272=1.6129 times higher than those given above. ° larget backing: 0.25 cm Cu
A prototypical target cooling configuration, which uses * Moderator: 5 cm HO _
multiple rectangular copper fins protruding from the rear of * 1hermal neutron shield: 0.01 chhi
the copper backing, has been studied elsewffeFéns are * Photon shield: 0.25 cm Pb
commonly used to increase the heat transfer surface area of a It is instructive to compare the treatment figures of merit
cooling surface. Using several fins spreads this improvedetermined in this work with other accelerator-based BNCT
heat transfer uniformly over the rear surface of the copper. lmlesigns. The designs of Yanch, Zhou, Shefer, and Klinkow-
addition, multiple fins define coolant flow channels that cre-stein (YZSK)’ and Woollard, Blue, Gupta, and Gahbauer
ate turbulence in the 4@ coolant stream, which further im- (WBGG)® will be considered here. Comparisons will require
proves the heat transfer between copper and coolant. modeling of the CTU configurations given in these papers,
For a ten gallon per minut€7.9 liters per minutecool-  since the WBGG design analysis does not use the same fig-
ant flow rate of 20 °C light water, the temperature drop be-ures of merit used here, while the YZSK design analysis uses
tween the back surface of the copper disk and the bulk coolelder RBE values and boron concentrations.
ant was determined from calculation and experiment to be The YZSK design uses a heavy wat&,0) moderator
17.6°C/kW for this multi-fin cooling configuration. This and Pb reflector, with a fD/ALi neutron shield surrounding
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TaBLE Ill. Comparison of accelerator-based BNCT neutron sources. MeV and 2.5 MeV proton beams, these production rates may
= mA be written as 1.68 and 23.9 Ci/mA, respectively. Approxi-
RBE-ADDR treatment  Total mating the target as a point sou@good approximation for
RBE-AD (RBE-cGy/ time CTUmass the near-threshold and YZSK designthe exposure rate in
Design (cm)  RBE-AR  mA-min)  (minutes  (kg) air is given byD=TA_ /d?, whereT is the specific gamma
YZSK 8.5 4.1 7.9 32 1258 ray emissionA., is the 'Be activity, andd is the distance
WBGG 9.2 5.0 1.3 190 874  from the targe 2 Eor Be, I' is 24.8 mR-n¥/Ci-h.
('\‘leggt'\f;lfe\zho'd 5.9 4.8 7.1 35 159 Assuming four BNCT treatments are performed each day
. e

of a 5-day work week, then using the treatment times given
in Table I, the total amount of time that 1.95 Me(iear-
threshold and 2.5 MeV(YZSK design proton beams are
turned on each week will be 11.7 and 10.7 h, respectively.
the reflector. The moderator used in this comparison has a 1ince these times are much shorter than’Be half-life, the
cm radius and 19 cm thickness. The 2.5 MeV proton beam ipuildup of activity increases approximately linearly with
uniform ove a 4 cmdiameter circular area. THi thick-  time, and the exposure rates in air one meter from the target
ness at the moderator exit, as well as surrounding tf@ D at the end of the week are 1.32 and 17.1 mR/h, respectively,
shield, is 0.01 cm. for a 5 mA accelerator current. Higher weekly accelerator
The WBGG design uses a BeO moderator angCO;  workloads(in mA-min) will produce correspondingly higher
reflector. The multiple sections of the CTU are separated bgxposure rates for the bare target. The 478 keV photon
thin (0.5 cm layers of a magnesium/aluminum alloy. The source from’Be decays will not affect the advantage param-
front of the CTU has an annulus of,0 for neutron shield- eters already calculated for these designs, but any mainte-
ing, and the moderator surface angshield are coated nance that requires the CTU to be removed from the beam-
with a thin (0.01 cm layer of°Li. The patient head is placed line can lead to significant exposure rates for workers. While
inside the inner radius of the D shield. The moderator used the exposure rates after one week that are given above are
in this comparison has a 15.5 cm radius and 20 cm thicknessiot restrictively high, they will not decay appreciably for
The 2.5 MeV proton beam is uniform over a 13 cm radiusmany months, so that lithium targets that are not exchanged
circular area, nominally designed for a 10 mA acceleratorregularly will provide increasingly high exposure rates when
current. the CTU is removed.
The YZSK and WBGG designs were modeled using the
same head phantom, material compositions, boron concep-
trations, and RBE values used in the near-threshold analysggl' SUMMARY
discussed previously. The three designs are compared in A systematic study of the near-threshold neutron source
Table Ill. Note that the figures of merit for the YZSK design concept for BNCT has been performed using quantitative
presented here differ from those in their paper for the reasorfgyures of merit based on head phantom dosimetry calcula-
given above. tions. This has led to a BNCT neutron source design capable
Each design clearly has advantages and disadvantagex.treating tumors located within 5.9 cm of the head surface
The YZSK and WBGG designs have superior RBE-ADs,in less than 35 minutes ugjra 5 mAproton accelerator. The
and therefore can treat deeper tumor systems than the neapecifics of this design were given in the previous section.
threshold design. The near-threshold RBE advantage ratio iBhe design proton energy is part of an envelope of accept-
greater than the YZSK design and less than the WBGG deable energies, ranging from 1.93 to 1.99 MeV. 1.91 MeV
sign, although all three are comparable. The YZSK desigmproton beams can also produce acceptable BNCT treatment
RBE-ADDR is slightly greater than the near-threshold value beams if nd’Li and lead are added to the CTU; adding these
indicating a slightly shorter treatment time for equal accel-materials drops the RBE-ADDR below the acceptability cri-
erator currents, while the WBGG design RBE-ADDR is terion.
roughly five times lower. This is due to the larger source Note that the penetrabilityRBE-AD) of near-threshold
area, which provides a more uniform beam exiting the CTUbeams may be increased to values greater than 7 cm using
at the expense of longer treatment times or higher acceleratgreater thicknesses of moderatti, and lead, but the con-
currents. The total CTU mass of the near-threshold design isomitant decrease in dose radf@BE-ADDR) pushes treat-
5.5 times smaller than the WBGG system mass and 7.9 timasent times and/or accelerator currents higher than the 1 hour
smaller than the YZSK system mass. and 5 mA restrictions, respectively, used in this research.
Another advantage to near-threshold BNCT relative toNeutron beams with greater penetrabilities, such as reactors
higher proton energies will be the lower induced radioactiv-or the accelerator designs discussed in Sec. VI, are available
ity in the lithium target. Each,n) reaction will produce for deeply seated tumors. For more shallow tumors, near-
both a neutron and a radioactiVBe nucleus, which decays threshold beams provide an attractive, lightweight, and rela-
with a 53.3 day half-life via electron capture followed by tively low cost alternative neutron source for hospital-based
emission of a 478 keV gamma 10.4% of the tith@&he’Be ~ BNCT.
production rates per unit proton current are equivalent to the Accelerator costs depend strongly on beam current capac-
neutron yields in the second column of Table I; for 1.95ity, so that the lower currents used by near-threshold beams
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