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Abstract

We present a conceptual design of a low-energy
neutron generator for treatment of brain tumors by boron
neutron capture therapy (BNCT). The concept is based on a
2.5-MeV proton beam from a radio-frequency quadrupole
(RFQ) linac, and the neutrons are produced by the
"Li(p,n)"Be reaction. A liquid lithium target and modulator
assembly are designed to provide a high flux of epithermal
neutrons. The patient is administered a tumor-specific '°B-
enriched compound and is irradiated by the neutrons to
create a highly localized dose from the reaction '°B(n, a)'Li.
An RFQ accelerator-based neutron source for BNCT is
compact, which makes it practical to site the facility within
a hospital.

introduction

A low-energy neutron generator was proposed’”? a few
years ago besed on a priton RFQ? linac. The RFQ would
deliver a high-current protun beam at 2.5 MeV to a thick 'Li
target to produce neutrons from the well known "Li(p.n)'Be
reaction. Whea combined with a compuct neutron
moderator, a 10-mA proton beam current could produce a
thermal neutron flux of 2x 10'' n/cm?s. Although the earlier
proposal emphasized the thermal neutron flux, an RFQ-
hased epithermal neutron scurce can be designed from this
same neutron generator** for treaument of brain tumors bhy
BNCT.

In BNCT, a patient is administered a tumor-specific
'"B.enriched compound &nd is then irradiated with
epithermal neutrons. If the '°B attaches W or is insorporated
into tumor cells with high specificity and concentration, but
18 1n low concentration in the blood at the time of irradiation,
then the '""Bin, a)’Li reactiun products create a radiation
dose that1s highly localized w the tumor. Studies*® confirm
the potential of a low energy yroton facility to generate
epithermal neutruns with an acceptable energy spectrum
nnd intenmity. Monte Carlo stucies show that a 10 mA
proton beam can pruduce a useful neutron flux of 5.0x 10"
neutronscm’s. For asingle 1iradiation session of 20 Gy (100
rad) w the tumor, a treatment time of 1.5 hours is necesaary.
To reduce the patent’s irradiation time, i1¢ is desirable o
increase the heam current. Beam cunments of more than
40 mA have heen accelerated in nn RFQ operating at 100%
duty fnctor © However, ax the beam current increases, the
cupntal and operating coats of the radio frequency power for
the accelerator increase, and heam heat removal from the
liquid hthium target becomes mare difficult  Ultimately,
the choace of beam current will be determined by the trade
ofT hetwren cost mnd treatiment Lime.

Accelerator Conceptual Design

We present n coneeptual demign of an RFQ hased
20 MeV . high current proton aceelerator for BNCT Space
charge effecta in the RFQ govern the maximam pernmusahle
heam currents Although we believe heam currents of
100mA and higher are practieal for 100% duty fartir, we
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have chosen 30 mA for this first example. Figure 1 shows a
schematic of the overall RFQ-linac BNCT treatment facility,
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Fig. 1. Schematic of RFQ linac BNCT treatment faciiity
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including the accelerator system, a vapor-cooled liquid
lithium target., the neutron moderator assembly, and a
patient undergoing treatment. A block diagram of the
accelerator system is shown in Fig. 2, consisting of an ion
source, the low.-energy beam transport (LERT), an RFQ
linac, a high-energy heam transport (HEBT) system. and the
radio- frequency power system for the RFQ.
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Fig. 2. Wock dingram ut aceelerator ostem

Anwon source with cusped field confinement ned with
single gap extraction would provide relinble performanee ut
20 kV with 35 mA extracted H' beam current. The LERT
wiuld conmist of a two lens, magneue solenoid tocusing
channel 1n a point w parallelparnllel w pomnt configu
rntion This LEBT design has suMicient Neabidity to mateh
n wide range of extracted beams ntn the RFQ neceptanee
Haned on imuial demign caleulntions, the wlenoids would
aperate at about 05T, und the LERT length would be
npproximately 0 Hm

An RFQ has hesn demigned asing the codes and
procedures develuped at Low Alnmos with the obyective ol
providing high transmisweon and high beam quabity, while
keeping  both the electrienl and physwienl lengthe shant
nnd the power recirement low  Fhe mpygor engineering



.challenge for cw accelerators is the removal of heat
generated by rf power dissipation on the cavity walls and the
prevention of temperature changes that detune the cavity.
We have produced an unoptimized design example for the
RFQ, and have simulated the performance, including space
charge, using the program PARMTEQ. The design and
performance parameters are shcwn in Tablel. The
calculated beam profile plots for displacement x, and phase
and energy relative to the synchronous particle are shown in
Fig. 3. Initial and final phase-space distributions are shown
in Fig. 4.

Table I. Design and Performance Parameters of the RFQ

Frequency 350 MHz
Ynjection energy 30 keV
Final energy 2.5MeV
Length 30m
Bore radius, r, 0.20 - 0.27cm
Modulation parameter, m 1.00 - 2.58
Intervane voltage 0.050 MV
Input current 33mA
Qutput current J0mA

0.010 n cm-mrad
0.010 n cm-mrad

Input emittance*
Output emittance®

Output rms energy spread 15keV
Structure power 107 kW
Beam power 76 kW
Peak surface electric field JAaMV.m

* The tabulated enuttance values are uin, where ¢ s the nurnalized
rms value without the factor of 4 that 13 sometimes used

. . . - . "

Fig. 3. Beawn profile plots tar RFQ simuintion

I'he total rf power requirement, including heam power,
cavity losses, and overdrive for control, 1w approxumately
200kW Tae CW klystron tubes operating at 350 MHz nre
avatlable commercinlly at ! MW of rf power  The de power
required s approximately twice the rf value and s supphied
at 100 kV forthe | MW operation Toaperate nt a 200 kW rf
power level the de hugh voltage 18 reduced, whien should
tesult an cxceptionally relinble performance  The kiyuatron
controly are relatively simple for cw operation where n
haigh voltayge switching is required
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Fig. 4 initial and fina! beara phase space plots for REFQ simulation

The HEBT design has not yet been investigated, but we
believe this should be a relatively straightforwerd design w
wansport the beam from the RFQ and w distnbute it
uniformly on the lithium target. The control and
instrumentatior. requirements for the nccelerator should
also be straightforward.

Target and Moderator Conceptual Design

A moderator assembly :s showa in Fig. 5 The
moderator assembly has been designed W make the gamma
ray dose as low as possible and yet transmit to the patient a

large fraction of the source neutrons, degraded in energy to
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of the HeO) Tx i anticipated that when tresting deep sented



tumors, more energetic neutrons will be required than for
superficial tumors. The forward-directed neutrons are the
most erergetic and require the higher moderating power of
BeO; whereas the neutrons born at wider angles are less
energetic and require less moderation and more reflection by
the alumina that they encounte .

We have evaluated the performance of the moderrtor
assembly, which is illustrated in Fig. 5. The moderator
assembly consists of a cylindrical moderator of BeO, which is
25 ¢m in diameter and 20 em in height, surrounded by a 30-
cm-thick alumina reflector. A loading of 0.05 grem” of ®Li is
placed at the interface between the moderator and reflector
regions, w reduce the gamma-ray dose arising from the
“Alin, 1Al reaction. Also, a loading of 0.01 grem? of 5L is
placed at the window of the irradiation port to reduce the
thermal neutron contamination. ln addition, a 10 ¢cm thick
layer of ),O, which is in turn surrounded by an outer skin of
"LiF, functions as a neutron shield to reduce the patient’s
whole body dose. The escaping neutrons are thermalized by
the 13,0 and are then captured by °Li. Conventional neutron
shielding, such as borated polyethylene, is not appropriate
for our moderator assembly because both hydrogen and
boron produce secondary gamma rays by capturing thermal
neutrons.

The geometrical model of our moderator assembly
contains 4 neutron source that is uniformly distributed over
a 10 em* area on the top surface of the inpner (BeU) cylinder
on the cylinder’s centerline. The neutron source has the
distribution in energy and angle that is produced by a beam
of 25 MeV protons traveling parallel to the moderator
assembly central axis. The model also contains a 10 cm
rudius spherical phantom head (C;H (,0,,N) located on the
moderator assembly central axis with its center 15 ¢m from
the assembly base. Our unalysis models two distinct
processes: (1) neutron generaiion in the 'Li target, and (2)
neutron and gamma ray transport in the moderator
assembly and head phantom,

Neutron generation in the ‘L1 target was calculated by
simulating the production of neutrons, as protons slow down
in the target, using the doubly differential cross-section for
the Litp, n) Be reaction® and the stopping power for frowns
in lithtum.* Neutron transport in the moderator assembly
wits calculated using the Monte Carlo code MORSE.'"" For
the moderator assembly in Fig. 5 with a 30-mA proton beam
producing 2.1 x 14" n/s, the useful neutron flux (i.e., the flux
with neutron energy >1eV) evaluated at the irradiation
point 15 1.5x 10" n'em’ s. The corresponding absorbed dose
rates for neutrons und gamma rays are 5.7 and 1.9 ¢Gy'min,
respectively. The ratio of the neutron absorbed dose rate W
the useful neutron flux is 6.5x10 " ¢Gy/n em’, which iy
slightly higher than, but comparable w, the value of the
riutio that has been estimnted for a proposed reactor beam. !’

Generally speaking, for the neutrons pooduced by our
conceptual neutron irrndiation facility, the ratio of the
entrince absorbed dose to the penk nbsorbed dose for normal
tissue is larger than for an adeal 2 keV reactor neutron
besum. The maximum nbsorbed dose o n tumor® is 4 88 x
1o MGy source neutron for a 'R oeoncentration of 30 1k g
tumar  Therefore, for 2 30 mA beam and 2.1 < 10" n.s, the
maximum absorbed dose rate 18 1 02c¢Gys. For nosingle
sesston rrndimtion of 20 Gy to the tumor, the treatment tinme
1w nhout 33 mun This trentment Lme s quite reasonable,
and could be reduced to nbout T min. with 1 100 mA RFQ
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