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Abstract compensate for a lower neutron yield. The evaluation of a
particular reaction for BNCTequiresthe modeling of the
Accelerator-basecheutron sourcesare an attractive primary neutron sourceand of the neutron transport
alternative to nuclear reactors for providing epithermahrough themoderatorand filter assembly. Inaddition,
neutron beams for Boron Neutron Capture Therapyhe clinical properties of an epithermal neutrbram
Based onclinical requirementsand neutronics modeling must be assessed by simulating thdiationtransport in
the use of protorand deuteroninducedreactions in’Li @ phantom. Such a studyescribed insections 2and 3,
and9Be targets has been compared. Excellent epitherniﬁp.t.o the approach chosen for artelerator-based BNCT
neutron beamszan be producedvia the 7Li(p,n)/Be acility at the Lawrence BerkeleyNatlonaI. Laboratory
reaction at proton energies of ~2.5 MeV Allect,rostatic (LBNL). It will be based on are_lect_rostancquadrupole
L . . (ESQ) accelerator capable of delivering up to 50 mA of
guadrupole accelerator and lithium target, which can

deliverandhandle2.5 MeV protons at beam currents up2-5 MeV protons onto &Li target.
to 50 mA, are undedevelopment for amccelerator-based

BNCT facility at the Lawrence Berkeley National 2 CLINICAL CONSIDERATIONS
Laboratory. Radiotherapyaims at delivering a tumoricidadlose
without exceeding the clinical dodienits for surrounding
1 INTRODUCTION normal tissueandorgans. In BNCT the tumodose is

Neutron Capture Therapy (NCT) is promising boosted by digh 108 concentration in the tumor cells.
approach to cancer therapy &ites such as glioblastoma However, several background reacti@momntributeequally
multiforme, a malignant brain tumowhereconventional to the dose in normal tissue and tumor. Thermal neutrons
radiation therapiefail. Boron Neutron Captur@herapy producethe so-called nitrogen dose (@) through the

(BNCT) relies on a binary method for delivering a14y(n nYl4C neutroncapture reactiorand arethe main
sufficient dose tothe tumor cells. Apharmaceutical contributor to the gammelose (B) via the 1H(ny)2H

compound whictcarries19B andconcentrates selectively . . . ;
in the tumor cells is administered to the patieh®B has capturereaction. -Neutrons with higher energgenerate

. P re[:oil protons and deposit the fast neutdmse (3). Df
a very large capture cross section (3830 barns) for therma o .
neutronsand decayinto an alpha particland alithium 1S sensitive to the energy spectrum of the epithermal
nucleus, thecombined ranges ofvhich are ~10 pym, Neutron beam.
approximately one cell diameter. When patient is 5 1 pgge Computation
irradiatedwith an epithermal neutron beam, the neutrons
thermalized inthe tissue may becaptured by 10B The evaluation of the clinicafficacy of epithermal

damaging the cells in which treapturetook place. The neutron beams for BNCilequiresthe calculation of the

f is complicated bythe fact that the different kinds of
aéadiatipn contribu'ting to the totaldose are of different
sufficient intensity. iological effectiveness (RBE). Furthermore, the

Epithermal neutron beantzn be obtained atuclear biological effectiveness ofthe physical dose due to
reactors.  Clinical BNCT trialsare ongoing at the Neutroncapture bythe 10B nuclei depends orcompound

Brookhaven Medical Research Reactor (BMRR) and at tigPecific propertiesnd a so calledompound facto(CF)
research reactor aftthe Massachusetts Institute ofhas beenintroduced. Compound factod RBE make it

Technology. However, because of the problems possible to add thdifferent dosecomponentsand express
associatedwith reactor installations at hospitals, the the total photorequwalent dose (f3t) in gray-equivalent
development of accelerator-basedcheutron sources is (Gy-EQ) units:

pursued. In addition, such neutron sources mawide — CE. ) ]
clinical advantages as discussed isection 3.2. Dtot = CF-Os + RBEN-DN + RBE-Df + Dy . (1)

Accelerator-based neutron  sources consist of anpor this study thelosecalculation protocol [1Heveloped
accelerator, aneutron production targeind a moderator for the BNCT clinical trial at BMRR wasdopted. It

and filter assembly for shaping the epithermal neutroRstaplished boron concentrations and compound factors for
beam. There are a number of nuclear reactions which G poron compound boronphenylalanine (BPA). The
be exploited. ThéLi(p,n)’Be reaction offershe highest values listed belowvere usedor all dosecalculations:

neutron yield, but the low melting point of lithiu@79 5 mq) tissuelO8 concentration: 13 ppm; normal tissue
°C) is disadvantageous. Qhe other hand, beryllium A 10g .
targets have excellent mechanical properties, higher compound factor:1.3; tumor =B concentration:45.5
proton beam currents or energieare required to PPM: tumorcompound factor3.8; fast neutron RBE
(RBEy): 3.2; nitrogencapture RBE(RBEy): 3.2; andy

selectivity of thelOB carrying drug and the availability o
a neutron beam with a suitable energy spectrum
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RBE (RBEy): 1.0. The *rtt-MC” BNCT treatment The angular and energy distributions of thick

planning code [2] developed atthe Idaho National beryllium target neutron yields published Byede et al.
Engineering Laboratory (INEL) for use at the clinicall8] for a protonenergy () of 19.08 MeVwere used as
trials at BMRR wasemployed to calculate in-phantom the neutron source description for an evaluatiorthig
dose distributions. reaction for BNCT.

Thick target neutron yields for the Be(p,n) reaction at
lower proton energiesere recentlymeasured byHoward
et al. [9]. The published neutrgmeld energy spectra for

treatments of brain tumors although pmacticetwo or EP = 4.0 MeV at three angles’,@C", and 80 were used.
more fields,e.g., parallel opposegorts, are often used. 1he energy distribution at backward angles was
As the most important clinical requirement the dose to trgPProximated as being identical to the 8pectrum with
normal brain must be kept within its toleranceonder to  @n upper energy cutoff at 1é¥. The resulting total
prevent radiation injuries. Following the BMRR protocolneutron yield 0f6.3-1¢-1 n/mC is about dactor of 2
the maximum normal braiequivalent dosavas set to lower than the total neutroyield given by Hawkesworth
12.5 Gy-Eq. The maximumentrance surface dose was[10].
limited to 10Gy-Eq in order tdimit radiationinjury to The Be(d,n) reaction was included in this study since it
the scalp. Also, doses to other organs and the whole bogljers higher neutron yields than théi(p,n) reaction at
must be considered inthe actual treatment planning beam energies below 3 MeV. Only limited neutydeld
process since they may impose limitatioasd may data could be found in the literature. edlows etl. [11]
requirespecial beam collimatioand patient shielding in published thick beryllium target neutrepectra at Ofor
particular BNCT treatments. incident deuteron energies betwezf and7.0 MeV, and
In treatments of glioblastoma multiforme one tries t&mith et al.[12] published angular distributions for the

2.2 Clinical Requirements
The discussion in thipaper isbased orsingle beam

maximize the tumor dose. Thus, the patientradiated
until the normal tissueloselimit is reached. However,
delivering a tumoricidatiose tothe distalend of adeep
seated tumor is, at present, not alwaypossible.

Treatment protocols specify a minimum tumor dose. F

future accelerator-baseNCT facilities it is desirable to

9Be(d,nlt0B thick target reaction at E= 7 MeV.

Neutron yield distributionsvere constructed based on the
0° spectrum at 2.6 Me\and the angular distributions

Jpeasured at 7 BV. A total neutroryield of 2.3-162

n/mC wasfound compared to gield of 1.5-132 n/mC

limit the treatment time to less than one hour for th&iven by Hawkesworth [10].

following reasons: First, the boratelivery drug gets
washedout of the tumor cells ovdime. For example,
the concentration of BPA, the onlgrug currently
approvedfor U.S. clinical trials, is greatlyreducedafter
several hours. Second, patient comfort can bmigation
and, third, short treatment timeare desirable at future
hospital-based BNCT facilities for operational reasons.

3 ACCELERATOR-BASED NEUTRON
SOURCES

A variety of accelerator-basedeutron sources for
BNCT have been proposethd investigated [3]. This

paper is restricted to p and d induced reactions in Li and Bergy forthe

targets. Other interesting options such @sutron

production near the threshold of thei(p,n)’Be reaction
[4] or photoneutron sources [5] are not included.

3.1 Neutron production

The reaction’Li(p,n)’Be has a threshold of.881
MeV and displays a large resonance ithe forward
direction around2.3 MeV which extends toabout 2.5
MeV. Neutron double differential distributions were
calculated asfunction of incident proton bearenergy
using normalizedLegendrecoefficients [6] for predicting

the ’Li(p,n)’Be cross section [7].

Neutron yield distributions for protoand deuteron
inducedreactions in thick beryllium targetaere taken
from the literature.  However, aslescribed below,
complete neutroenergyandangular distributions at the

The neutron yields of the reactions listed aboasy
by two orders of magnitude. T@Be(p,n) reaction at j&
= 19 MeV produceshe highest total neutrogield of
6-10L3 n/mC (for neutrons energiespB> 0.7 MeV) but
the energy spectrum extends tpH5 MeV necessitating
a thick moderator. At lp = 4 MeV the upper neutron
energylimit is ~2 MeV and the neutron yield is much

reduced. The neutron spectrum of aﬁe(d,n) reaction at
Eg= 2.6 MeV exhibits its highesyield at neutron

energies below 2 MeV, but aldeatures shigh energy
component up to about 6 MeV. The upper neutron

’Li(p,n)"Be reaction at = 2.4 MeV is
700 keV and the total yield is 7.694n/mC.

3.2 Moderator and Neutron Transport Modeling

Modeling of the neutron beams from tpeoduction
target, through a filter assemblgndinto a phantom is
necessary for evaluatingifferent neutron sources for
BNCT. This has been carried out in two stages. The first
stage simulates the neutron beam from heduction
sourcethrough themoderatorand filter assembly using
the Monte Carlo program MCNP [13]. The same
moderator and filter assembly has beensed for all
analyzedneutron sources. Only theoreratorthickness
has been varied to optimize the performance.

A cross section through the three dimensional
geometryspecified for MCNP is shown in Figure 1.
This geometry includes a 5 cm radius flat circular neutron

energies of interestere not available and, consequently, source, which isfollowed by a cylindrical moderator of

some neutroryield distributionswere extrapolated from
the available data.

3792

variable thicknessand material. Surrounding thentire
moderator and production target is anp®@4 reflector. In



all simulations a mixture of 60% Aand 40%AIl/AIF3  thermal fluence distribution for the9Be(p,n) source is
has beerused aghe moderatormaterial. Thismaterial closer to that of théLi(p,n) source. Table 1 lists for
has been shown tperformwell at a fissionreactor [14] each sourcehe equivalenttumor doses athe point of

and for the/Li(p,n)’Be reaction [15]. maximum thermal fluence, at 5 cm dep#md at 8 cm
depth. It also gives the beam curremguired tomatch
Proton the BMRR treatment time of 40 min. Thange given
Beam for the neutron sources using a beryllium tangdlects
the uncertainties in the neutron yield estimates.
Reflector 5cmradius source;
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Figure 1: Moderator and filter assembly cross section . .
g with head phantom. y Figure 2: Thermal fluences as function of depth.

. 3.3 Accelerator options
Analyzing the transport of neutronand photons P

through aheadphantom isnecessary to determine the As can be seen in Table 1 the beararrent
clinical properties of a beam. This has beene in the requirement is dramatically lowerethen bombarding a
second modeling stage using the Mont€arlo-based Be-target with 19 MeV protons. Compact cyclotrons are
BNCT treatment planningcode, "rtt-MC” [2]. The an attractiveoption for providing beam currents of a few
geometry andetup isdepicted infigure 1. It includes a MA at energies between 10 and 20 MeV. Although such
lithiated polyethalyene beam delimiteand a head neutron sources may be suitable for BNCT, thag not
phantom.  “Tally Surface” indicates the epithermal match the quality of the epithermal neutron beams that
neutron source used as input to “rtt-MC’. can be produced at lower proton beam energies.

Figure 2 shows the total thermal neutfarence for a The neutronics study point®wards anaccelerator
treatment, which is roughly proportional to tequivalent neutron sourceitilizing a lithium target and a proton
tumor dose, as a function afepth forthe accelerator beam of about 2.4 MeV. A number aiccelerator
beams and, for comparison, the BMRR beam. Thechnologies have been proposed [3] including
7Li(p,n) source producesghe highest thermaheutron radiofrequency quadrupole(RFQ) and other linac
fluences.  Significantly lower thermal fluences Structures. While some of these technologies sgéd
particularly at more than 3 cm depthere foundfor the significant research anddevelopment, otherare quite
sources for which the primary neutron energy spectruffiature. A prototypgandem acceleratgi6] designed for

; - 9 a maximum energy of 4.1 Mesindcurrents up to 4 mA
Zﬁmdes ;[‘?sgilgrr: ?é ae:tg;glﬁfs(pig) daﬁelgzol\?ﬁ g/ ,irli:i(ei’snga is operated at MIT and used for BNCT related research. At

moderator thickness needed for thgpression of théast
neutron dose. At a proton beam energies of 4 MeV the

Neutron source “Li(p,n) | 9Be(p,n)| Be(p,n)| Be(d,n)| BMRR
Beam energy (MeY) 2.4 4.0 19 2.4 3 MW
Beam current (mA) 27 | 40-80 | 1.5-3| 50 - 10( -
Moderator thickness (cnm) 34 42 70 70 -
Eqg. tumor dose (max.) (Gy-Edq) 66 61 53 54 62
Eqg. tumor dose (5cm) (Gy-Edq) 51 44 38 39 39
Eqg. tumor dose (8cm) (Gy-Edq) 22 20 16 16 15

Table 1: Comparison of epithermal neutron sources. The treatment time for all sources is 40 min.
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Figure 3: Schematic diagram of the 2.5 MeV ESQ accelerator

Birmingham, UK, it is planned to utilize a d.accelerator provide clean, reliable and long-life source operation. An
expected to deliverbeam currents of 5 - 10 mMA. extractable hydrogeion current density 0fl00 mA/cn?
However, the neutronic studies summarizedhiis paper has beerachieved dewnstrating that this iosource can
indicate that higher proton beam curreats desirable for meet therequirementfor BNCT. Following the ion
optimization of the epithermal neutron beam  andource is 825 keV low energy beam transport section
increasedfexibility in patient treatments. Accelerators (LEBT) which consists of 6electrodes. The main
with electrostatic quadrupole (ES@lumns, whichhave acceleration is done by 1BSQ modules. Thebore
been developed at LBNfor fusion applications [17], are diameteris 6 cm. 70 alumina rings make up 3t& m
capable of producingpigh current, megavolt beams andiong column. Cooling of the copper ES#ectrodeswill

are therefore well suited for BNCT. keep the temperature rise below 40Gor a deposition of
100 W on each electrode. Computer simulation using the
4 ESQ-ACCELERATOR BASED BNCT WARP-3D particle code showedthat the column can
FACILITY accelerate 425 mA beam. Furtheatetails can bdound
in Kwan et al[21].
4.1 ESQ Accelerator Modifications to the existing powesupply for test

For applications thatrequire high average beam measurements from capacitively couplgd to inductively
. coupled have been completed. The primargdcondary

currents or variable beam energy, d.c. electrostaticy,in along the length of thecceleratiorcolumn has

accelerator_s aremost suitable. Accelerators using beenequalized to+10% by adjusting the primarsurrent

electrostaticquadrupole(ESQ) columnscan be operated density. It will ulimately bereduced to+1% by

with high beamcurrentand high reliability [18]. The adjustirig the number of tums in tbecondary:?)il The

electrostaticquadrupoldenses in theacceleratiorcolumn low impedance otthe inductively coupled syster.n will

provide a combination of convergiramddiverging lenses allow operation at currents exceeding 50 mA

that produces anet focusingeffect onthe beam. This '

gives the keyadvantage of afESQ acceleratothat the 4.2. Neutron Production Target

transverse focusing can be very strong without incurring_a . , . .

longitudinal field exceedingthe breakdown limit. ~ In ~ 1he lithium neutron production target is erucial

addition, the secondaryelectrons generatedwithin the ~Ccomponent of theacceleratorneutron source.  Since

acceleratorcolumn are quickly removed bythe strong Metallic lithium has a low melting point of 179, very
transverse electric field instead dfeing allowed to effectivetarget cooling is mandatory. In our design a 50
multiply and then develop into a column arc-down. pm th_lck Li Iayer_|s deposited on aluminum backing.
At LBNL the supporting structurandhigh pressure APplying the microchannel absorber concept, many
vessel of adecommissionednjector are reusedor the channelsare cut into the substrate for convectivater
construction of an ES@cceleratofor a BNCT facility.  €00ling. The finite elementodeANSI wasemployed to
A new ESQacceleratocolumn will be installecand the Simulate the heat flowand perform a temperature and
existing power supply (Dynamitrompplacedwith anair-  Stress analysis. The results indicate that foeat-load of
core multistagaransformer-rectifiestack [19]. Figure 3 ~600 W/cn# the surface temperature can kept below
shows a schematic diagram. Located at the feodtis a 150°C. A recent heat-loatkst of a prototypaluminum
multiscup ionsourcethat can deliverpositive hydrogen panel, performed at the Plasma Materials Test Facility at
ion beams with monoatomic ion fraction higher than 90%andia National Laboratorgonfirmedthe simulations.
[20]. Radio-frequencyinduction discharge is used to The thermal fatigue reliability of the prototype was
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demonstrated bgubjecting it to 50,000 heat cycles. A[3]
V-shapedtarget with the panelglaced at a 30angle in
respect tothe beam cuts theurface heat-load irhalf.
Further analyseshowedthat by optimizing thebeam [4]

profile and increasing the target area up to 15 cm x 15 cm
beam currents of up to 50 mA can be handled.
(5]
5 SUMMARY

ESQ accelerators capable of producirtggh d.c.
current, megavolt beanase very well suited to exploit [6]
the ’Li(p,n)’Be reaction as a neutron source for BNCT.
A d.c. ESQ accelerator is being designed for proton bearﬁ
up to 2.5 MeV and beam currents exceedingrBQ The
d.c. power to the ESQ electrodes is provided by an air-core

transformer stack surrounding theceleratocolumn. A [g]
Li-target is beingdevelopedor proton beam currents up
to 50 mA. Thedesign of the moderatorand filter
assembly isdriven by clinical requirementsand geared [9]
towards high quality epithermal neutron beams while
maintaining a short treatment time. Our wanklicates
that an accelerator-basedeutron source for BNCT is [10]
practical and superior to reactor neutron sources. 1]
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