
Measurements of low-energy „d,n … reactions for BNCT
N. Colonna
Istituto Nazionale Fisica Nucleare, 70126 Bari, Italy

L. Beaulieu, L. Phair, G. J. Wozniak, and L. G. Moretto
Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

W. T. Chu and B. A. Ludewigt
Life Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

~Received 9 September 1998; accepted for publication 3 March 1999!

Neutron yields and energy spectra have been measured for various deuteron-induced reactions at
low energy. Neutrons of energy.100 keV emitted in the9Be(d,n)10B, 12C(d,n)13N, and
13C(d,n)14N reactions atEd51.5 MeV were detected at five angles by means of liquid scintillator
detectors. While low-energy neutrons were observed in all studied reactions, only13C(d,n)14N is
characterized by a relatively large yield with spectral features potentially interesting for an
accelerator-based neutron source for BNCT. ©1999 American Association of Physicists in Medi-
cine. @S0094-2405~99!02405-0#

Key words: boron neutron capture therapy~BNCT!, accelerator-based neutron source, neutron-
producing reactions
p
ity
A
fi
o

,
tu
o
e

ble
ib
st
th

u
tio

b
o
th
lly
m
n
o
u
y

to
T
i
-

a
h
u

od
pli-
the

em
t of

in
for

.5
4
en-
lt-

am
her
T,

s,
n-

arac-
r-

ice
e-
the

e

e
are

tron

,

I. INTRODUCTION

A renewed interest in Boron Neutron Capture Thera
~BNCT!1 has recently prompted searches for high qual
easily available, and cost-effective neutron sources.
though different materials and designs of moderator and
ter assemblies have led to improvements in the quality
epithermal neutron beams produced at nuclear reactors
accelerator-based neutron source may, in the near fu
constitute a more attractive solution for the production
neutron beams with the intensity and spectral purity nec
sary for the treatment of cancer. In fact, with a suita
choice of the neutron-producing reaction, it may be poss
to produce epithermal neutron beams with an energy di
bution narrowly centered around the optimal value for
treatment of deep-seated tumors. In particular, relative
reactor-based sources, epithermal neutron beams prod
with accelerators may be affected by a smaller contamina
of high-energy neutrons (En.;25 keV!. Because of the
large dose delivered to the skin and the brain surface
recoil protons, such neutrons pose constraints on the d
that can be delivered to the tumor and their presence in
therapeutic beam should therefore be minimized. Fina
fewer safety problems associated with radiation hazards
facilitate the installation of BNCT facilities in metropolita
areas, and the relatively low costs associated with the c
struction and maintenance of an accelerator-based so
may allow for a wider diffusion of such therapy in man
medical centers.

An accelerator-based neutron source relies upon a pro
or deuteron-induced reaction on a suitably chosen target.
choice of the primary beam energy and of the target
mainly dictated by the requirement of a high yield of low
energy neutrons, although economic considerations may
play a role in the choice of the most convenient reaction. T
size and cost of the accelerator can be minimized by red
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ing the energy of the primary beam, while targets with go
mechanical and thermal properties may result in less com
cated and less costly cooling systems. Depending on
melting point of the target, a sophisticated cooling syst
may in fact be necessary to dissipate the large amoun
power associated with the high beam currents required.

Currently, two reactions are being considered for use
the first generation of accelerator-based neutron sources
BNCT: the 7Li( p,n)7Be reaction at an energy around 2
MeV,2–4 and the 9Be(p,n)9B at energies approaching
MeV.5–7 Both reactions produce neutrons with adequate
ergy and yield, but their use is complicated by the low me
ing point of the Li target~180 °C! and production of the
radioactive7Be residue (T1/2553 days! for the first reac-
tion, and the higher proton energy and poorer neutron be
quality for the second one. In order to investigate whet
alternative reactions exist for neutron production in BNC
we have performed measurements of several (d,n) reactions.
To restrict the investigation to low-energy deuteron beam
which could be produced with relatively small and inexpe
sive accelerators, we have concentrated on reactions ch
terized by a positive or slightly negative Q-value. Furthe
more, Coulomb barrier considerations limit the target cho
to light elements. Finally, the requirement of stable, m
chanically, and thermally convenient materials restricts
number of potentially useful targets to essentially6Li, 9Be,
10B, 12C, and 13C. Among the different reactions, th
9Be(d,n)10B and the 12C(d,n)13N have recently been
investigated8 for their potential use in BNCT, although th
energy and angular distributions of the emitted neutrons
not well determined. On the other hand, the13C(d,n)14N
reaction has not yet been considered as a low-energy neu
source for BNCT, although Bruneet al.9 reported on the
large cross-section~XS! that characterizes this reaction
793/793/6/$15.00 © 1999 Am. Assoc. Phys. Med.
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which could make it interesting for several applications t
require intense neutron sources.

In this paper we present measurements of energy and
gular distributions for some potentially interesting (d,n) re-
actions. Differential and total yields have been measured
thin and thick targets, with the aim of providing a basis f
further evaluation of epithermal neutron production from
accelerator-based source for use in Neutron Cap
Therapy. The present discussion focuses on10B as the cap-
ture agent for the low-energy neutrons. However, there a
exist other isotopes, such as155,157Gd, 6Li, and 235U, which
are currently being considered as potential NCT agents
cause of their large thermal neutron capture cross-secti
Therefore, the low-energy neutron sources discussed in
paper may be useful beyond BNCT for which the origin
measurements were made.

II. EXPERIMENTAL METHOD

The measurements were performed at the 88-in. Cy
tron of the Lawrence Berkeley National Laboratory. De
teron beams of 1.5 MeV, and proton beams of 2.5 MeV w
obtained by accelerating D3

1 and H3
1 molecular beams from

the Electron Cyclotron Resonance source. To minimize
scattering, the targets were positioned inside a thin-wa
scattering chamber, 30 cm in diameter, mounted at the en
a long beam-line far from magnets or other heavy mater
A plungable Faraday Cup was mounted inside the cham
to measure the integrated beam current. For thick target m
surements, the total charge of the beam stopped in the ta
was measured. However, since no electron suppression
implemented, the measured charge in the thick target m
surements was only used for relative normalization purpo
To estimate the uncertainty in the absolute yield meas
ments, the7Li( p,n)7Be reaction at 2.5 MeV of incident en
ergy was also measured with the present setup. The ov
uncertainty, associated with the integrated beam charg
well as with the efficiency, was estimated from the Li(p,n)
reaction to be of the order of 30%~1 s).

Neutrons were detected by means of five BC501A liq
scintillator cells made by BICRON Corporation~Ohio,
USA!, 12.7 cm in diameter and 5 cm thick, coupled
XP2410 Phillips phototubes. The detectors were mounte
polar angles of 0, 30, 60, 90, and 140 degrees, on alter
sides of the beam axis, at a distance of 50 cm from the tar
The neutron energy was determined from the time-of-fli
~TOF! relative to the Cyclotron radiofrequency~rf! signal.
For an rf period of;100 ns, the choice of a 50 cm distan
allowed the measurement of neutrons with energy as low
100 keV, although it also resulted in a poor energy resolut
for high-energy neutrons. For an overall time resolution
; 4 ns, as measured from the prompt gamma-rays peak~see
Fig. 1 for example!, the energy resolution ranged from 6 ke
to 1 MeV for 0.1 to 5 MeV neutrons, respectively.

To suppress environmental gamma-ray background,
scintillator cells were surrounded by a 3-mm-thick le
sheet. Background from scattered neutrons was minim
by positioning the detectors at a minimum distance of 1.5
Medical Physics, Vol. 26, No. 5, May 1999
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from the walls or other scattering material~the beam height
relative to the floor is 120 cm!. Furthermore, the small dis
tance from the target helped to minimize the contaminat
of scattered neutrons, because of solid angle as well as
considerations. Together with the TOF, the light output an
standard pulse shape discrimination time for each event w
recorded. More details on the detectors and their efficie
are available.10 An estimated threshold of;10 keV electron-
equivalent was maintained during the measurements, so
detect neutrons of energy as low as 100 keV~because of
saturation effects, protons of 100-keV energy produce in
uid scintillator detectors the same light as 10-keV electron!.
Such a low threshold on the neutron energy is fundame
when studying neutron production for BNCT, since a sign

FIG. 1. ~a! Background-subtracted time-of-flight distribution measured at
for the 9Be(d,n)10B reaction atEd51.5 MeV. The solid and dashed histo
gram refer, respectively, to thick and thin target measurements.~b! Effi-
ciency corrected neutron energy distribution for the thick~solid histogram!
and thin~dotted histogram! target measurement at 0°. The broad distributi
above 1 MeV is the result of the convolution of different high-energy pea
~c! Measured angular distribution for thed19Be reaction. The solid sym-
bols depicts the total yield as a function of angle, while the open symb
represents the yield of the low-energy (En,1 MeV! component only. The
solid and dotted curves are meant to guide the eye.
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cant contribution to the epithermal neutron beam can or
nate from low-energy neutrons.

III. RESULTS

A. 9Be„d ,n …10B reaction

Guzeket al.11 have recently investigated the9Be(d,n)10B
reaction at a deuteron energy slightly above 1 MeV a
possible intense neutron source. In particular, although
Q-value of this reaction is quite large, Q54.36 MeV, the
authors reported the presence of a strong neutron peak
energy well below 1 MeV. The absolute yield of low-ener
neutrons, and the amount of contamination of high-ene
neutrons in the spectrum are, however, still somewhat
clear.

Figure 1~a! shows the background-subtracted TOF sp
trum measured at 0° for the9Be(d,n)10B reaction atEd

51.5 MeV. The solid and dashed histogram represent
results for the thin~0.8 mg/cm2) and thick ~20 mg/cm2)
targets, respectively, the thin target corresponds to an en
loss of the2H beam of;200 keV. Together with the gamm
peak, two neutron structures are observed in the spect
The intense peak at large TOF corresponds on averag
400-keV neutrons, as evident from the efficiency-correc
energy distribution of Fig. 1~b!. The very low energy and
apparently high yield that characterizes this peak, as we
the low energy of the primary beam and the good mechan
and thermal properties of the Be target, have led Guzeket al.
to suggest this reaction as a potential neutron source
BNCT.11 However, together with the 400-keV peak, a hig
energy peak is evident in the TOF spectrum. The energ
this peak is estimated to be centered around 3.6 MeV, wh
corresponds to the excitation of the 2.15 MeV level in t
10B residue. Although this peak has not been reported,11 pre-
vious works have shown the existence of a significant hi
energy contamination, which may complicate the task
finding the proper moderator design to produce with t
reaction epithermal neutron beams with intensity and sp
tral characteristics adequate for BNCT.12,13

As is clear from the present measurements, the amoun
contamination depends on the target thickness. In particu
after correcting for the efficiency, the high-energy neutro
have been estimated to constitute about 38% of the t
yield for the thin target case. For the thick target, the c
tamination increases to approximately 50%, as expec
from energy considerations~the excitation of the 5.1-MeV
level in the10B residue becomes energetically impossible
deuteron energies below;1 MeV!. Although a bombarding
energy dependence of the high-energy neutron yield ca
be excluded, it does not seem likely that it will decrease t
value sufficiently low to allow for the use of this reaction
BNCT. Furthermore, both the 0° and the total yield, as e
dent from the angular distribution of Fig. 1~c!, do not justify
a particular interest in this reaction as a potential neut
source for accelerator-based BNCT. For higher deuteron
ergies, the rapid increase of the XS is offset by a correspo
ing increase of the average neutron energy, which leads
further worsening of beam quality after moderation, th
Medical Physics, Vol. 26, No. 5, May 1999
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making this reaction interesting only for applications that
not require high-quality epithermal neutron beams.

B. 12C„d ,n …13N

The slightly negative Q-value that characterizes this re
tion ~Q520.28 MeV!, combined with the good mechanica
properties of carbon and, especially, with its extremely h
melting point, make this reaction worth investigating for u
as a low-energy neutron source. A deuteron energy of
MeV may represent a reasonable compromise between
need of minimizing the neutron energy, and that of maxim
ing the XS which is strongly influenced, at low incident e
ergy, by the Coulomb barrier. Figure 2~a! shows the energy
distribution measured for this reaction at 0°. A clean, lo
energy neutron emission is observed, peaked at 500 keV
expected from energy considerations. The angular distr
tion, shown in Fig. 2~b!, is characterized by a minimum a
0°, and by an increase for angles greater than 90°, a beha
consistent with previously reported measurements at slig
lower incident energy.14,15 Although it may be possible to
setup a neutron beam line at angles different from the
mary beam direction~which might lead to other advantage
such as multiple treatment rooms, or a symmetric dose m
toring room!, the yield at all angles for this reaction seem
too small for any practical application in BNCT. Prelimina
estimates indicate that an epithermal neutron beam of
necessary intensity could only be obtained at this beam
ergy with a deuteron beam current of several hundred mA
higher deuteron beam energy may result in a significan
higher neutron yield, even though such an increase does

FIG. 2. ~a! Efficiency corrected neutron energy distribution for th
12C(d,n)13N reaction, measured at 0°. The data refer to thick target m
surements only.~b! Measured angular distribution for the same reaction.
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necessarily result in a higher epithermal neutron flux, si
increasing the energy of the primary beam would also lea
an increase of the neutron energy. We have not investig
further this possibility, but it seems unlikely that this reacti
will constitute a viable alternative to the higher-energy p
ton reactions, and in particular to the 2.5 MeV Li(p,n)
reaction.8

C. 13C„d ,n …14N

Among the deuteron-induced reactions at low incident
ergy, the13C(d,n)14N is certainly one of the most interestin
because of the previously mentioned advantages of carbo
target material, the stable reaction residue and, especi
the large XS that characterizes it. As reported in a study9 a
XS of 0.3 barns, slightly smaller than the one for the 2
MeV Li( p,n) reaction, is observed even for deuteron en
gies as low as 1 MeV. However, neither the energy nor
angular distribution of the neutrons have been reported
this reaction. Because of the large, positive Q-value~Q55.33
MeV!, the neutron energy cannot be easily estimated, s
the 14N residue can be left in several excitation ener
levels.16 In order to check the applicability of this reaction
accelerator-based BNCT, we have measured the neutron
ergy distribution and yield at various angles for this reacti
The TOF spectrum measured at 0° for a thick target, a
deuteron energy of 1.5 MeV, is shown in Fig. 3~a!. An abun-
dant low-energy neutron production is observed. The m
contribution can most probably be associated with the 5.
MeV level in the14N residue. Higher-energy peaks are al
observed in the figure, which can be associated with
5.32- and 2.31-MeV levels. Figure 3~b! shows the efficiency-
corrected energy spectrum at 0°.

For this reaction, a large fraction of the neutrons are em
ted with an energy below 1 MeV. The overall fraction
neutrons withEn.1 MeV is estimated to be 30%610%.
However, most of those neutrons are concentrated in a p
of energy slightly larger than 1 MeV, with only 6% of th
neutrons emitted with energy greater than 2 MeV~the energy
resolution prevents for an accurate determination of the h
energy neutron peaks!. Figure 3~c! shows the angular distri
bution for the13C(d,n)14N reaction atEd51.5 MeV. The
solid symbols represent the total yield, while the open sy
bols refer only to the low-energy component (En,1 MeV!.
The yield of low-energy neutrons decreases as the angle
creases, while a sizable yield of the high-energy compon
survives at all angles. As a consequence, a large fractio
neutrons emitted at angles greater than 60°~laboratory ref-
erence frame! have energy in excess of 2 MeV. A comple
simulation of the reflection and moderation process has to
performed in order to study the effect of these neutrons
the final dose distribution. In fact, the presence of high
energy neutrons at large angles does not necessarily lead
worsening of the epithermal beam quality, and may resul
more therapeutic neutrons being produced with useful ene
for a proper choice of the reflector and moderator assem

By interpolating and integrating the angular distributi
of Fig. 3~c!, we estimate the total neutron yield for th
Medical Physics, Vol. 26, No. 5, May 1999
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13C(d,n)14N reaction atEd51.5 MeV to be ;1.93108

neutrons/mC. This value is;30% lower than the total yield
estimated from the XS,9 which is ;2.43108 neutrons/mC.
Although the discrepancy is comparable to the uncertaint
our absolute normalization procedure, the presence of a
low-energy emission (En,0.1 MeV!, to which the present
setup was insensitive, cannot be excluded. While furt
measurements are needed in order to estimate the ne
yield with higher accuracy, the present results suggest
the13C(d,n)14N reaction could be potentially interesting as
low-energy neutron source. The optimal neutron energy
not been investigated, and it cannot be excluded that hig
incident energy may be more appropriate in terms of neut
yield or energy spectra. Preliminary calculations of the mo
erator process indicate that for deuteron energy of 1.5 M
a beam current of less than 100 mA is required to keep
treatment time below 1 h, with a beam quality superior

FIG. 3. ~a! Background-subtracted time-of-flight distribution measured at
for the 13C(d,n)14N reaction at Ed51.5 MeV on a thick target.~b!
Efficiency-corrected neutron energy distribution for the thick target m
surement at 0°.~c! Measured angular distribution for thed113C reaction.
The solid and open symbols refer, respectively, to the total yield and tha
neutrons withEn,1 MeV.
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797 Colonna et al. : Measurements of low-energy „d,n … 797
currently available reactor beams@although inferior to neu-
tron beams that can be produced with the7Li( p,n)7Be
reaction#.17 Such high intensity beams may be within rea
of the accelerator technology currently being developed,18–20

with the clear advantage of a low primary beam energy
convenient target material. More accurate experimental d
are needed in order to access the applicability of this reac
to the production of clinically useful epithermal neutro
beams for NCT. Further studies are also necessary to in
tigate whether, as a consequence of the large excitation
ergy of the residue, the13C(d,n)14N reaction is affected by a
significant contamination ofg-rays with energy of a few
MeV, which may contribute to an increase of the backgrou
dose.

IV. SUMMARY AND CONCLUSIONS

The results of the present measurement are summariz
Table I. The total yield and the contamination from hig
energy neutrons (En.1 MeV! for the measured (d,n) reac-
tions are reported in the table and compared with the pre
tion for the7Li( p,n)7Be reaction and with experimental da
on the9Be(p,n)9B reaction at 2.5 MeV. A comparison be
tween the neutron angular distribution for the different re
tions is shown in Fig. 4.

Among the different reactions, only the12C(d,n)13N and
the 9Be(p,n)9B reactions atEp,3 MeV present a spectra
purity of low-energy neutrons comparable to t
7Li( p,n)7Be reaction, but their yield seems too low for cu
rently available accelerator technology. On the other ha
both the9Be(d,n)10B and the13C(d,n)14N reactions presen
reasonably high yields, but are affected by a sizable conta
nation of high-energy neutrons. However, while neutrons
several MeV energy are emitted in the9Be(d,n)10B reaction,
most of the contamination for the13C targets is concentrate
at neutron energies slightly above 1 MeV, so that the qua
of the epithermal neutron beam may not be significan
worsened by the presence of this higher-energy peak.

In conclusion, the low-energy~d,n! reaction investigated
here produce neutrons with lower yield and, in most cas
higher average energy than the 2.5-MeV7Li( p,n)7Be. How-
ever, our results suggest that, with a proper choice of
deuteron energy and moderator design, a more cost-effe
accelerator facility might result from the use of th

TABLE I. Summary of the angle-integrated yield, average energy, and l
of high-energy contamination, measured for different deuteron-induced
actions at 1.5 MeV. The total yields have been estimated by interpola
and integrating the angular distributions shown in Fig. 4. For comparis
the yields for the7Li( p,n)7Be and9Be(p,n)9B reactions at 2.5 MeV are
also reported in the table.

Reaction
Ein

~MeV!
Tot. yield

~n/mC!
^En& at 0°

~MeV!
Frac. of neut. at 0°
with En.1 MeV

7Li( p,n)7Be 2.5 9.83108 0.6 0
9Be(p,n)9B 2.5 3.93107 0.4 0
9Be(d,n)10B 1.5 3.33108 1.66 50%
12C(d,n)13N 1.5 6.03107 0.55 0
13C(d,n)14N 1.5 1.93108 1.08 30%
Medical Physics, Vol. 26, No. 5, May 1999
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13C(d,n)14N reaction which represents, in our opinion, th
only potentially interesting alternative for neutron producti
for BNCT among the different (d,n) reactions studied so far
More accurate measurements and detailed simulations o
moderation process are, however, necessary to estimat
intensity of the deuteron beams needed to produce the flu
epithermal neutrons necessary for the therapy.

Because of the limited resolution for high-energy ne
trons, and the uncertainty on the absolute yield, the pre
results are by no means conclusive, and are meant to st
late further discussion and measurements necessary to
tify, if any, proton- or deuteron-induced reactions that wou
lead to simple and inexpensive accelerator-based neu
sources while satisfying all of the dose requirements
BNCT.

ACKNOWLEDGMENTS

The authors wish to thank the 88-in. accelerator crew
their endless effort in the difficult task of providing qualit
beams of unusually low energy. In particular, thanks are
to Dan Xie for setting up the AECR injector of the D3

1 and
H3

1 molecular beam, to Aran Guy for tuning the cyclotro
and to Dave Clark for the excellent job in minimizing th
time resolution of the beam. This work was supported by
Director, Office of Energy Research, Office of High Ener
and Nuclear Physics, Nuclear Physics Division of the U
Department of Energy, under Contract No. DE-AC0
76SF00098, and by ‘‘Istituto Nazionale Fisica Nucleare

el
e-
g

n,

FIG. 4. A summary of the yield as a function of laboratory angle for so
studied reactions~the curves are only meant to guide the eye!. All results are
relative to thick target measurements. For comparison, the predictions o
7Li( p,n)7Be reaction are also shown in the figure. The statistical errors
within the size of the symbols, while the uncertainty on the absolute y
determination, mainly associated with the normalization procedure and
tector efficiency, has been estimated to be 30%~1 s). In all measurement,
the minimum neutron energy measured was 100 keV.



e
nc

e
en

in,
py

N.
.

ed

g
pt

l-

ptu

r-

rap

a
m

le

to

n,
s

ent

n
es.

n

e of

‘De-
re

ch

Yu,

u,
a-

798 Colonna et al. : Measurements of low-energy „d,n … 798
Italy. One of us~L.B.! acknowledges a fellowship from th
National Sciences and Engineering Research Cou
~NSERC!, Canada.

1For a recent review see: R. F. Barth, A. H. Soloway, and R. M. Brugg
‘‘Boron neutron capture therapy of brain tumors—Past history, curr
status and future potentials,’’ Cancer Investigations14, 534–550~1996!.

2J. C. Yanch, X. L. Zhou, R. E. Shefer, and R. E. Klinkowste
‘‘Accelerator-based neutron beam design for neutron capture thera
Med. Phys.19, 709–721~1992!.

3W. T. Chu, D. L. Bleuel, R. J. Donahue, R. A. Gough, J. Kwan, K.-
Leung, B. A. Ludewigt, C. Peters, T. L. Phillips, L. L. Reginato, J. W
Staples, R. P. Wells, and S. S. Yu, ‘‘Design of a new BNCT facility bas
on an ESQ accelerator,’’ inAdvances in Neutron Capture Therapy, edited
by B. Larson, J. Crawford, and R. Weinreich~Elsevier Science B.V., The
Netherlands, 1997!, Vol. 1, pp. 533–537.

4D. Bleuel, R. J. Donahue, B. A. Ludewigt, and J. Vujic, ‘‘Designin
accelerator-based epithermal neutron beams for boron neutron ca
therapy,’’ Med. Phys.25, 1725–1734~1998!.

5W. B. Howard, J. C. Yanch, S. M. Grimes, T. N. Massey, S. I. A
Quarishi, D. K. Jacobs, and C. E. Brient, ‘‘Measurement of the9Be(p,n)
thick target spectrum for use in accelerator-based boron neutron ca
therapy,’’ Med. Phys.23, 1233–1235~1996!.

6C. K. Wang and Brian R. Moore, ‘‘Thick beryllium target as an epithe
mal neutron source for neutron capture therapy,’’ Med. Phys.21, 1633–
1638 ~1994!.

7G. Yue, J. Chen, and R. Song, ‘‘Study of boron neutron capture the
using neutron source with protons bombarding a thick9Be target,’’ Med.
Phys.24, 851–855~1997!.

8G. E. McMichael, T. J. Yule, and X.-L. Zhou, ‘‘The Argonne ACWL,
potential accelerator-based neutron source for BNCT,’’ Nucl. Instru
Methods Phys. Res. B99, 847–850~1995!.

9C. R. Brune and R. W. Kavangh, ‘‘Total cross sections and thermonuc
reaction rates for13C(d,n) and14C(d,n), ’’ Phys. Rev. C45, 1382–1388
~1992!.
Medical Physics, Vol. 26, No. 5, May 1999
il

r,
t

,’’

ure

re

y

.

ar

10N. Colonna and G. Tagliente, ‘‘Response of liquid scintillator detectors
neutrons ofEn,1 MeV,’’ Nucl. Instrum. Methods Phys. Res. A416,
109–114~1998!.

11J. Guzek, U. A. S. Tapper, W. R. McMurray, and J. I. W. Watterso
‘‘Characterization of the9Be(d,n)10B reaction as a source of neutron
employing commercially available radio frequency quadrupole~RFQ!
linacs,’’ 5th Intern. Conf. on Applications of Nuclear Techniques, Crete,
1996; Proc. SPIE2867, 509–512~1997!.

12S. Whittlestone, ‘‘Neutron distributions from the deuteron bombardm
of a thick beryllium target,’’ J. Phys. D10, 1715–1723~1977!.

13J. W. Meadows, ‘‘The9Be(d,n) thick-target neutron spectra for deutero
energies between 2.6 and 7.0 MeV,’’ Nucl. Instrum. Methods Phys. R
A 324, 239–246~1993!.

14A. Elwyn, J. V. Kane, S. Ofer, and D. H. Wilkinson, ‘‘Reactio
C12(d,n)N13,’’ Phys. Rev.116, 1490–1498~1959!.

15A. N. James, ‘‘The C12(d,n)N13 reaction up to 1.35 MeV,’’ Nucl. Phys.
23, 648–656~1961!.

16A. N. James, ‘‘The C13(d,n)N14 reaction,’’ Nucl. Phys.24, 132–137
~1961!.

17The simulations were performed with a beam shaping assembly mad
a 25-cm-thick7LiF moderator and an Al2O3 reflector, with a geometry
similar to the one presented in Ref. 4.

18L. L. Reginato, J. Ayers, R. Johnson, C. Peters, and R. Stevenson, ‘
signing power supplies for 2.5 MV, 100 mADC for boron neutron captu
therapy,’’ 14th Intern. Conf. on Application of Accelerators in Resear
and Industry, Denton, TX, 1996, AIP Conference Proceedings392,
1305–1308~1997!.

19J. W. Kwan, E. Henestroza, C. Peters, L. L. Reginato, and S. S.
‘‘Designs of a DC ESQ accelerator for BNCT application,’’14th Intern.
Conf. on Application of Accelerators in Research and Industry, Denton,
1996, AIP Conf. Proc.392, 1313–1315~1997!.

20J. W. Kwan, O. A. Anderson, L. L. Reginato, M. C. Vella, and S. S. Y
‘‘A 2.5 MeV electrostatic quadrupole dc accelerator for BNCT applic
tion,’’ Nucl. Instrum. Methods Phys. Res. B99, 710–712~1995!.


