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Abstract

The proton accelerator complex for neutron production in lithium target discussed, which can operate in two modes.
The first provides a neutron beam kinematically collimated with good forward direction in 25° and average energy of
30 keV, directly applicable for neutron-capture therapy with high efficiency of proton beam use. The proton energy in
this mode is 1.883-1.890 MeV that is near the threshold of the "Li(p,n)”Be reaction. In the second mode, at proton energy
of 2.5 MeV, the complex-produced neutron beam with maximum energy board of 790 keV which can be used directly for
fast neutron therapy and for neutron-capture therapy after moderation.

The project of such a neutron source is based on the 2.5 MeV original electrostatic accelerator tandem with vacuum
insulation developed at BINP which is supplied with a high-voltage rectifier. The rectifier is produced in BINP as a part
of ELV-type industrial accelerator. Design features of the tandem determining its high reliability in operation with
a high-current (up to 40 mA} H™ ion beam are discussed. They are: the absence of ceramic accelerator columns around
the beam passage region, good conditions for pumping out of charge-exchange gaseous target region, strong focusing
optics and high acceleration rate minimizing the space charge effects. The possibility of stabilization of protons energy
with an accuracy level of 0.1% necessary for operation in the near threshold region is considered. The design description
of H™ continuous ion source with a current of 40 mA is also performed. To operate with a 100 kW proton beam it is
proposed to use liquid-lithium targets. A thin lithium layer on the surface of a tungsten disk cooled intensively by a liquid
metal heat carrier is proposed for use in case of the vertical beam, and a flat liquid lithium jet flowing through the narrow
nozzle — for the horizontal beam. © 1998 Elsevier Science B.V. All rights reserved.
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1. Conception of the accelerator-based neutron
source for the neutron capture and fast neutron
therapy at hospitals

1.1. Introduction

At present, the beam therapy is one of the basic
methods for curing malignant tumors. Recently, the
ever increasing attention in therapy was drawn to
the use of neutron beams. Quite confident evid-
ences of the successful use of neutrons in both the
beam and combined therapy of tumors were ob-
tained in the USA, Japan, Germany, Russia, Great
Britain and France.

The neutron therapy, i.e. the irradiation of malig-
nant tumor by the neutron flux is presently realized
in two versions: a neutron-capture therapy (NCT)
and fast neutron therapy (FNT).

NCT, whose idea was proposed in 1936 (in
4 years after the neutron discovery) [1], consists in
that the isotope with a large absorption cross-
section of thermal neutrons is introduced into the
patients body mainly through his/her blood. At
present, the most studied and used in clinical prac-
tice is the version of the boron neutron capture
therapy (BNCT) [2,3]. The boron-containing com-
pounds enriched in the isotope '°B are synthesized.
This compound introduced into the patient’s blood
produce in the tumor cell the B isotope with
concentration 30 pg g~ while in the surrounding
normal tissue cells to be ~ 10 pg g~ . In the neu-
tron reaction '°B(n,x)’Li the charged particles are
produced with the total kinetic energy ~ 2.4 MeV
and with a range in a tissue ~ 10 pm ie. of the
order of the size of a man’s tumor cell. As a result,
the cell comprising '°B is effectively destroyed. Be-
cause of higher concentration of *°B-isotope in the
tumor cells mainly the cancer cells are destroyed.
Thus, the basic idea of BNCT is that a neutron
“finds” out the tumor cells and destroys them.

At the same time, some other versions of NCT
are presently under consideration which use other
isotopes with high neutron absorbtion, for example
155,157Gd [4]

The main requirements of the neutron beam for
NCT are the following:

1. Neutron energy should mainly be ranged
from 1eV to a few tens of keV. This region is

related to that the cancer tumor is located under
the normal tissue at a depth of 30-70 mm. The
thermal neutrons (the most intensively absorbed
with '°B) weakly penetrate the tissue and produce
the major radiation load on the surface layers
(primarily on the skin) with no desirable effect on
the deep tumor. Epithermal neutrons passing
through the normal tissue layers are thermalized
resulting in the peak of the thermal neutron flux in
the deep tissue and thus providing the maximum of
absorbed dose in the irradiated tumor. At the same
time, there should be no fast neutrons and the
spectrum upper boundary should not exceed a few
tens of keV. This is related to the fact that fast
neutrons produce the main radiation effect in the
tissue the recoiling protons have their maximum on
the surface tissues and also have no selective char-
acter.

2. The required intensity of a neutron beam is
determined by the required absorbed radiation
dose in a single treatment and by the desirable
exposition duration. The estimates show that at
a 10 min exposition, for attaining an absorbed dose
of 20 Gy in a tumor with the '°B concentration of
30 ug/g the epithermal neutron flux is required to
be (0.5-1)x 10'° cm~2s~ !, It is evident that the
neutron flux value can be reduced at the same
absorbed dose either by the extension of irradiation
time or by an increase in '°B concentration in the
tumor.

3. It is desirable that the absorbed dose produc-
ed by fast neutrons and by accompanying gamma-
rays should not exceed 10% of the therapeutical
dose, i.e. 2 Gy.

4. The neutron beam should be well collimated,
ie. with a slight divergence and quite distinct
boundaries.

The fast neutron therapy uses the fast neutron
beams with high penetrability in to the tissue. The
main therapeutical effect is achieved due to recoil-
ing protons and heavier recoiling nuclei. The work
performed at the Medical Radiological Research
Center (MRRC RAMS) in collaboration with Insti-
tute of Physics and Power Engineering (IPPE) in
Obninsk [5] has shown promising results in the use
of a beam of fast neutrons from the BR-10 reactor
in curing the old radioresistant tumors. Beginning
from 1985, MRRC has conducted the successful
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cure of 230 patients with malignant tumors of the
head, neck, dairy gland, osteogeneous sarcomas
with the neutron beam B-3 from the BR-10 reactor.
The main requirements of the fast neutron beam for
FNT are the following:

1. The neutron spectrum should be similar to the
neutron spectrum of uranium fission. A fraction
of neutrons with an energy over 100 keV in the
beam spectrum should be 90%.

2. The neutron flux on the collimator output
should be ~1x10°cm™2s7 2.

3. The dose produced by an accompanying gamma
radiation can be 50% of the total dose.

1.2. Neutron sources for NCT and FNT

The nuclear reactor is the most powerful station-
ary source of neutrons. At a 1 MW heat power in
the reactor, ~ 10'” neutrons s~ ! are produced. It
is quite natural that the beams of reactor neutrons
have been used for the NCT and FNT purposes. At
present, in the world there are a few active operat-
ing therapeutical beams on the nuclear reactors of
various kinds and powers [6]. In addition, detailed
projects are published for various therapeutical fa-
cilities which to a great extent take into account the
medical and radiological requirements of neutron
beams [7-9].

Since the neutron spectrum of the reactor core
does not satisfy the NCT requirements because of
a substantial fraction of fission neutrons, for produ-
cing a beam with the required parameters special
filters are used. For this purpose, the most fre-
quently used is the composition of the heavy water
and aluminum or its oxide in the proportion 1 : 10
with a length of 1 m.

For the attenuation of gamma rays the 10 cm
thick Pb or Bi layers are used and thermal neutrons
are absorbed by Cd or Li. Such filters can usually
be called as scattering filters. The required neutron
spectrum is achieved as a result of multiple scatter-
ing in quite a lengthy medium moderating neutrons
to epithermal energy. On the output of such a filter

~ 1 m thick collimator should be installed to form
the beam of required geometric dimensions. Such
a structure of a neutron beam formation for NCT
leads to that for providing the necessary beam

intensity with the required spectral characteristics
one has to get quite a high neutron flux in the
reactor core and as a consequence, its average
power density in core and substantial power of
reactor. For example, the MTR reactor designed
for medical research has a power of 10 MW. Some
other reactors developed as sources of neutrons for
NCT have a power ranging from 5 to 20 MW.

Another approach for the formation of a neutron
spectrum required for NCT [9] is the use of
a special filter made of material with a large neu-
tron cross-section at an energy of neutrons above

~ 10 keV and a small neutron cross-section in the

range of epithermal neutrons. A ®*Ni isotope can
be served as an example of such a filter. This filter is
a transmission-operated filter removing from
a beam the neutrons with energies over 10 keV and
enabling the passage of useful epithermal neutrons
for NCT. The use of the transmission filter enables
one to achieve the required beam parameters as, for
example, in the use of the fluid fuel reactor of
200 kW in power [9].

The main characteristics of the reactor neutron
beams for NCT are given in Table 1.

In Obninsk the studies of the fast neutron ther-
apy have been conducted within the frame of col-
laboration between two research centers for over 10
years namely the IPPE having the fast neutron
reactor BR-10 at a power of 6 MW with the sodium
coolant carrier and the MRRC RAMS where the
methods of beam therapy are developed and the
complex cure of cancer tumors is performed. The
FNT is realized on the horizontal neutron beam of
the B-3 reactor with maximum sizes of 10 x 10 cm?,
The neutron spectrum is broad enough with mean
energy of 0.8 MeV. The density of the fast neutron
flux is 3 x 108 cm ™2 s~ . The typical treatment time
is 10-20 min. The fluid fuel reactor whose project
was developed at IPPE enables one to get the fast
neutron beam for FNT with a flux density of up to
25%x10%em ™25,

In conclusion of the brief description of neutron
beam characteristics for FNT and NCT based on
nuclear reactors let us note some of their advant-
ages and disadvantages:

1. Although the existing beams for NCT do not
provide the necessary flux density and require large
expositions ( = 60 min), the neutron beams of



400 B.F. Bayanov et al. [Nucl. Instr. and Meth. in Phys. Res. A 413 (1998) 397426

Table 1

Reactor Power (MW) Filter Fepitn (cm ™27 1) Treatment time (min)
MTR (INEL) 10 Al/D,O/Li 1.7 x 101 10

MIT R-II (MIT) 5 Al/D,0/Li 4x10° 40

BMRR (BNL) 3 Al/D;O/Li 1.8 x10° 90

Solution (IPPE) 0.2 S4Ni/Al/S 2.8x10° 60

designed special medical reactors satisfy the basic
requirements for NCT and FNT in their spectral
characteristics and treatment times ( > 10 min).

2. The nuclear reactor in its stationary regime of
operation has a constant power level and the beam
composition thereby providing standard exposi-
tions.

The following factors can be considered as seri-
ous disadvantages of reactor therapeutical facilities:

1. A powerful reactor is a very complex and expen-
sive facility whose maintenance demands quite
strong requirements for nuclear safety.

2. With quite a rare exception, the cancer therapy
centers and clinics are usually remote from the
physics centers having nuclear reactors.

These circumstances in recent years, have led to
intensive discussions on the problems of developing
a neutron source for NCT based on the compact
and inexpensive accelerator which can be used for
every cancer clinic.

At present, various versions of neutron sources
for NCT using cheap accelerators of direct action
are conceptually developed [10,11]. For obtaining
neutrons the nuclear reactions on light nuclei such
as T(p,n)*He, "Li(p,n)’Be, °Be(p,n)°B and other are
supposed to be used. For obtaining neutrons in
these reactions there is a need to have protons with
energies up to 2-2.5 MeV.

The problems hindering the development of an
intense accelerator-based neutron source for NCT
are regularly discussed in the biannual Interna-
tional Symposia on the neutron capture therapy of
cancer and in the International Conferences on the
applications of accelerators in science and techno-
logy. In 1994, in Jackson (USA), the 1st Interna-
tional Workshop “Accelerator-Based Neutron
Sources for BNCT” was held. In those meetings,
several projects of high-current compact acceler-

ators applicable to the development of neutron
sources for NCT were presented.

1.3. Parameters of neutron source based on the
reaction " Li(p,n)’ Be

The reaction "Li(p,n)"Be is widely used for ob-
taining monoenergetic neutrons in nuclear physics
experiments and it is quite well studied [12]. This
reaction is the threshold reaction. The reaction
energy is Q = — 1.644 MeV and the threshold
value of proton energy is E = 1.881 MeV.

1.3.1. Near-threshold region

There is a broad resonance with J = 27 near the
threshold. Because of this resonance, the reaction
cross-section increases sharply over the threshold
value and it has foot-step form. The neutrons es-
caping the reaction near the threshold have an
orbital momentum / = 0 and, consequently, an iso-
topic angular distribution in the center-mass sys-
tem (CMS). These two important circumstances
enable the description of the spatial-energy distri-
bution of escaping neutrons in the laboratory sys-
tem (LS) with the help of analytical expressions
[13-15]. Using a simple approximation of the ho-
mogeneous stopping of protons in lithium due to
tonization losses these analytical expressions have
the form

[E, — 1881\ 72
Y. =3x10°/E, — 1881(1 +6 —'T—)
P

o aZ + cos i)
Z cos iy + (49 — sin® )
where Y. = d’n/dE, dw [neutron/(eV sr pC)] - is
a doubly differential yield (DDY) of neutrons per

the unit of their energies per the unit of solid angle
and per 1 puC of protons; i is an escaping angle of
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Fig. 1. The doubly differential yield of neutrons from a thick
metallic-lithium target for various laboratory escape angles
(angle step is 5°) and angular distribution of neutrons in polar
coordinates at an initial proton energy of 1886 keV.

neutrons in LS with respect to the direction of the
proton beam; E, is an energy of protons [keV],
Z and o are dimensionless parameters determined
by the following relations:

Z?=q"% —sin®y,
o = MM, E,[My.M(E, — 1881)] ",

comprising masses of interacting particles. An en-
ergy of neutron in LS is determined by the follow-
ing relation:

MM,

E,.=——""F _F
" My + M) T

(Z + cos y)>.

Signs “ 4+ ” and “ — ” evidence the double char-
acter of energy value for neutrons and DDY at
o > 1 which correspond to neutrons escaping CMS
into the front and back hemispheres, respectively.

Table 2

The relations given enable one within the frame
of declared approximations to calculate an energy
distribution and an absolute yield of neutrons from
a thick metal lithium target. The relations are valid
up to the proton energy level of ~ 1920 keV which
corresponds to o = 1.

Fig. 1 shows the doubly differentiated yield of
neutrons from a thick metal lithium target and an
angular distribution of escaping neutrons in LS in
the polar coordinates at an initial proton energy of
1886 keV.

Note the important NCT features of the neutron
source based on the use of the reaction "Li(p,n)’Be
in the near-threshold region.

1. The source has a well distinct direction ahead
related to the specificity of kinematics of the
threshold nuclear reactions (the so-called “kin-
ematics collimation”).

2. The spectrum of neutrons lies in the energy
region ~ 15-50 keV acceptable for NCT and it
has the distinct upper boundary determined by
physics conditions with no “tail” of fast neu-
trons,

These circumstances enable one to consider the
possibility of using such a source for the irradiation
in the open geometry at a short distance between
the source and subject without the use of an ex-
ternal collimator.

Table 2 shows the calculated value of the total
yield of neutrons from the "Li(p,n)’Be reaction and
limit escaping angle in the near-threshold region.

Since for the use in NCT quite broad neutron
beams are required which are determined by the

Proton energy Total yield neutrons at

Limit angle of escape Limit energy of neutrons

(keV) 10mA (s~ 1) (grad) (keV)
1883 8.47 x 10° 13.2 44.8
1884 1.46 x 101° 16.1 48.7
1885 2.15 x 101° 18.6 52

1886 2.91 x 1010 21 55.1
1891 7.11 x 10*° 30.9 67.9
1896 1.18 x 101! 382 78.6
1901 1.67 x 10! 454 88.3
1911 2.71 x 101t 60.5 105.9
1920 3.66 x 101! 81.7 120.6
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Fig. 2. The radial distributions of neutron flux in planes remote
from the target at distances 3 cm ($) and 10 cm (O) for incident
proton energy of 1896 keV and beam current of 10 mA.

tumor sizes, it is reasonable to use the targets of
~ 5cm in diameter. In this case, the problem of
reducing a power density in the target is simulta-
neously solved. For obtaining a flux density and
neutron spectrum produced by such a source under
conditions of finite geometry the calculations were
performed [16] by the Monte-Carlo method with
the use of the MCNP-4A code.

Fig. 2 shows the radial distributions of the neu-
tron flux in planes remote from the target at the
distances 3 and 10 cm for incident proton energy of
1896 keV and a been current of 10 mA. In the first
case, the maximum value of neutron flux is
6.5x10° cm~%s~ ! and the diameter at 0.1 of the
maximum flux is ~ 7 cm. In the second case, the
neutron flux is 10° cm ™2 s ! and the characteristic
beam diameter of 20 c¢m is achieved.

The calculations of spatial distribution of an
absorbed dose performed with MCNP-4A code
have shown that such a neutron source at a dis-
tance between the object and target of 3 cm can
produce at a depth of 5-7 cm the required thera-
peutical dose of 20 Gy after an exposition of
10 min. The more detailed calculations enable the
choice of optimum operation conditions of the
source. However, the bench computation seems
promising for NCT use of the naturally collimated
beam of neutrons from the reaction "Li(p,n)’Be in
the near-threshold region under the conditions of
open geometry. The accelerator main parameters

required for the development of such a source are
the following:

e proton energy E, = 2 MeV,
e cnergy stability 0.1%,
e proton beam current 10 mA,
e beam current density 0.5 mA cm ™2

1.4. "Li(p,n)"Be reaction as a source of epithermal
and fast neutrons

With an increase in proton energy the neutron
escape angle is turned by 4 m rad at E, ~ 1920 keV
and the total neutron yield increases up to
1x10*?s™! at an energy of protons 2.5 MeV and
a beam current of 10 mA. At such intensity it turns
out possible to produce the source of appropriate
epithermal neutrons for NCT by the formation of
the required spatial-energy distribution of neutrons
with the help of the compact moderator—collimator
unit. The design and optimization of such a unit
requires the initial data on the spatial-energy distri-
bution of primary neutrons from the thick lithium
target. The data can be found out by using the
following relations:

6.19(ds/dw)
(dE,/dx)dE,/dE,Y

where Y is the DDY [neutron/(eV sr uC)], de/dw
the differential cross-section of the reaction
"Li(p,n)"Be [mb/sr],

dE, (cosy +Z)
dE, (Mg, + M,)?

| Mo M,1881
ZE, [

[MpMn(cos ¥+ 2Z)

dE, 718 E _
= In—2 +4, 10713 eV cm?],
dx Ep[n3000+ 96][0 evem’]
MM, )
) el B o, Z
E, (Mg + M,)? slcos ¥ + Z),

and E,, E, are proton and neutron energies [keV].

The values of the differential cross-section of
"Li(p,n)’Be were quite exactly measured in the
broad region of proton energies and then evaluated
and summed in tables by Liskien and Paulson [17].
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Fig. 3. The doubly differential yield of neutrons from thick
a metallic-lithium target for various laboratory escape angles
(angle step is 5°) and angular distribution of neutrons in polar
coordinates at an initial proton energy of 2.5 MeV.

These relations enable the calculation of an abso-
lute yield and the spatially energy distribution of
neutrons from this reaction within the proton en-
ergy range over 1920 keV.

Fig. 3 shows the calculation results for DDY
neutrons from the thick lithium target at a proton
energy of 2.5 MeV. The calculations of the spatial-
energy distribution of the absorbed dose performed
for the optimum moderator—collimator unit with
an output window made of beryllium oxide of
20 cm thickness have shown that such a version of
the source of epithermal neutrons for NCT pro-
vides the absorbed dose 20 Gy at a depth of 5-7 cm
for an exposition of 100 min.

The reaction ’Li(p,n)’Be at an energy of protons
of 2.5 MeV is also a convenient source for FNT. In
this case, one has to use the neutrons moving ahead
with no attenuation. Such a source can be arranged
by putting the target into the compact safeguard
unit made of LiH having the collimating-output
window.

Fig. 4 shows the comparison of neutron spectra
normalized to 1 from such a source and B-3 neu-
tron beam of BR-10 reactor widely used for FNT. It
is seen that neutron spectra are quite close and the
radiobiological efficiency of fast neutrons from
Li(p,n)"Be reaction should be close to that of the
B-3 beam reactor neutrons. The fast neutron flux
from the reaction "Li(p,n)’Be at the proton energy

dN/dE,, MeV™
s

] 1
¢ 02 04 06 08 1 1.2 14 1.6 1.8 2
Neutron energy, MeV

Fig. 4. Energy neutrons spectrum for "Li(p,n)’ Be reaction at 0°
laboratory angle and initial proton energy 2.5 MeV and neu-
trons energy distribution for BR-10 reactor’s medical neutron
beam B-3.

of 2.5 MeV and beam current of 1 mA at a distance
of 20 cm from the target is 4 x 108 cm ™% s, je. it
has the same value as that for the B-3 beam.

The requirements of the accelerator for produ-
cing the source of epithermal neutrons and the
source of fast neutrons are the following:

e proton energy 2.5 MeV,

e cnergy stability 20%,

e beam current of the source of epithermal neu-
trons > 10 mA,

e beam current of the source of fast neutrons 1 mA.

1.5. Nuclear-physics characteristics of metal-lithium
target for the production of neutrons

The proton’s range with the energy of 2.5 MeV in
metallic lithium is equal to 300 um, and at the
threshold of the "Li(p,n)’Be reaction they are stop-
ped in a 100 pm thick lithium layer. This data
should be taken into account in the design of the
target. The target can be made either by surfacing
of vacuum evaporation onto the substrate. Evapor-
ation can be done directly in the accelerator vac-
uum volume [18] thereby avoiding the oxide and






