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Abstract—At the electrostatic accelerator at the Institute of Nuclear Physics, the differential cross-
sections of nuclear reactions with deuteron and proton beams on light nuclei in the energy range of 0.3—

2.2 MeV were measured by a-detector.
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1. INTRODUCTION

In this paper, we measured the differential cross
sections of the following three groups of reactions:
d+Li,p+1'Band d+ B.

In the first group of reactions, there are ten chan-
nels when a deuteron interacts with a lithium nu-
cleus, five of which lead to the generation of neu-
trons. The highest neutron yield is provided by the
Li(d, n) reaction starting with the energy of 1 MeV.
This interaction results in the production of neutrons,
protons, tritium, 3He, a-particles, “Li, and "Be [1].
The reaction cross-section values are certainly im-
portant for nuclear data evaluation, for estimating the
neutron spectrum in radiation testing of materials,
and for considering the possibility of using lithium
as the first wall of a fusion reactor. However, the
data on cross-sections in the literature and databases
differ significantly [2, 3]; for a number of reactions
there are no data on the cross-section. Differences in
the data from different authors are most likely due to
the difficulty of determining the thickness of lithium
layer due to its high chemical reactivity, which does
not allow the use of some measurement methods.
Our interest was in measuring the following reaction
channels important for boron neutron capture ther-
apy: SLi(d,a)*He, "Li(d,a)’He, and "Li(d, na)*He
reactions.

The second group of reactions relates to the in-
teraction of a proton with boron. The proton—boron
fusion reaction is a potential candidate for the devel-
opment of the so-called aneutronic fusion [4, 5], the

"E-mail: G.M.0streinov@inp.nsk.su

process that can help avoiding the issues related to
the high neutron flux generated in the most commonly
employed deuterium—tritium reaction. The proton—
boron fusion reaction is of interest both in nuclear
astrophysics and in nuclear reaction analysis. More
recently, this reaction has been proposed for the de-
velopment of proton—boron capture therapy [6] and
for the realization of a-particles sources using high
energy and high intensity lasers [7]. This reaction is
written as ''B(p, a)aca, 1 B(p, 3a), or 1 B(p, o )®Be
and 'B(p, oy )®Be*. The proton—boron fusion reac-
tion has been studied since the 1930s [8, 9], but data
from different authors differ. Obtaining the reliable
experimental data on fundamental parameters (for ex-
ample, direct or sequential decay, the cross-section,
the energy spectrum of a-particles, the orbital an-
gular momentum of a-particles) is still relevant. In
this group of reactions we measured the following
channels: "' B(p, ag)®Be and "' B(p, a )®Be.

The third group of reactions is about interaction
of the deuteron with boron. This leads to numerous
reactions, some of which have been studied in detail
[10, 11], while others require some clarification. There
are relatively few data on differential cross sections
for deuteron-driven reactions on '°B and !B at low
energies. Such a study is quite relevant because of the
roles these reactions play in several areas of applied
physics, such as tokamak fusion plasma devices, as
well as basic nuclear reaction theory. In addition to
these areas of applied physics, these reactions can
be used to test theories of nuclear reactions at low
energies. We measured the cross-sections of the
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Fig. 1. Scheme of experimental facility: /—vacuum insulated tandem accelerator, 2—contactless current sensor, 3—cooled
collimator, 4—target unit, 5 and /2—a spectrometer, 6—Ilithium target, 7—temporarily placed lead sheet, —spectrometric
radiometers of fast neutrons with diamond detector, 9—temporarily mounted concrete wall, /0—Tlead collimator, and //—~
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Fig. 2. The signal of the a-spectrometer at 0.6 MeV deuteron beam and 135° s, a—/—°%Li(d,a)*He reaction,
2—"Li(d,«)°He reaction a-particles, 3—7Li(d, na)*He reaction «a-particles, 4—°Li(d,po)"Li reaction protons, 5—
SLi(d, p1)"Li* reaction protons, 6—"'2C(d, p) reaction protons.

following nuclear reaction channels: °B(d, a)®Be,
10B(d, ay J*Be*, 1B(d, o )* Be.

2. EXPERIMENTAL SETUP

The study was carried out at the accelerator-based
neutron source VITA at Budker Institute of Nuclear
Physics in Novosibirsk, Russia [12]. The layout of
the experimental facility is shown in Fig. 1. The

DC vacuum insulated tandem accelerator / is used
to provide a deuteron and proton beam to direct it to
target 4 through a 1 mm collimator 3. The beam has
the diameter of 5 mm on the surface of the target.
The beam energy can vary within the range of 0.3—
2.2 MeV, keeping the high-energy stability of 0.1%.
The beam current can also vary in a wide range
(from 0.5 to 10 mA) with the high current stability
(0.4%). The beam current is measured and controlled
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Fig. 3. (a) Differential cross section of SLi(d, o) reac-
tion. (b) Full cross-section of °Li(d, o) reaction.

by a nondestructive DC current transformer NPCT
(Bergoz Instrumentation, France) 2 and by a cali-
brated resistance connected to the target assembly,
which is electrically isolated from the facility. Al-
though the target assembly is made in the form of
a deep Faraday cup, there is electron emission from
it at a level of 1% of the ion current. Such electron
emission increases the ion current by 1%, and this
fact is taken into account. Vacuum evaporation of
lithium or boron on the target was carried out at a
separate stand. After deposition, closed with a gate
valve to maintain vacuum inside the target assem-
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Fig. 4. (a) Differential cross-section of “Li(d, a)*He.
(b) Differential cross-section of "Li(d, na)a.

bly 4 was disconnected from the evaporation stand,
transferred to the experimental facility, and connected
to the horizontal beam line. We evaporated natural
lithium, the used batch contained 99.956% of lithium.
The percentage of lithium-7 in natural lithium varies
from 92.41% to 92.58%; we will assume the lithium-7
content is equal to the average value, namely 92.5%.
In cases of boron target the measured layer thick-
ness is 1 pwm with the heterogeneity of 5%. Tak-
ing into account all measurements and uncertainties,
we will assume the boron layer thickness equal to

(9.0 £0.9) x 10'® atoms/ecm? (0.7 + 0.07 um boron
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Fig. 5. The signal of the a-spectrometer at 1.5 MeV proton beam and 168°.

crystalline density). The content of B isotope is
considered equal to 80.2%.

3. DETECTOR AND CROSS SECTION
MEASUREMENT

The intensity and energy of charged particles (re-
action products) were measured by an a-spectrome-
ter (5 and /0 in Fig. 1) with silicon semiconductor de-
tector PDPA-1 K (Institute of Physical and Technical
Problems, Dubna, Russia). Sensitive surface area
of the detector was S = 20 mm?, energy resolution
13 keV, energy equivalent of noise 7 keV, capacity
30 pF, entrance window thickness 0.08 pm, stan-
dard natural background in the range of 3—8 MeV
0.15 imp/(cm? h). The a-spectrometer was cali-
brated with two standard radiation sources based on
the plutonium-239 radionuclide. To determine the
detection efficiency k of the a-spectrometer, the refer-
ence radiation sources were placed at the distance of
102.8 mm from the detector surface, and the activities
were measured. We considered the detection effi-
ciency of a-particles by the detector to be 100%, i.e.
k = 1 with an accuracy of 3%. The energy calibration
of the spectrometer was carried out with an exemplary
spectrometric a-source with the ??6Ra isotope. It
was established that the dependence of the energy F
on a channel number N was linear and was described
by the expression F [keV] = 1.3941N + 82.003. The
measurements were carried out with two options for
placing the a-spectrometer; in Fig. 1 they are shown
as 5 and /2. At the position 5 the a-spectrometer is
placed at the angle of 135° at the distance of 722 mm
from the place of generation of charged particles from
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lithium; at the position /2 the a-spectrometer is
placed at the angle of 168° at the distance of 712 mm.

The cross-sections of the reactions were measured
as follows. A thin layer of target was irradiated with
a beam, and the a-spectrometer measured particles
emitted at a certain solid angle. The differential cross-
section of the reaction in the laboratory coordinates
do /dQ2 was found from the formula:

do/dQ=eY /(N - k-nl-®- Q) (1)

where e—is the elementary charge, Y—the experi-
mental yield of a-particles (integrated peak counts),
N—the number of measured charged particles in
the reaction (N = 3), k—the efficiency of registration
of a-particles by the spectrometer (k = 1), nl—the
linear density target material nuclei, ®— the beam
fluence (accuracy of 1%), Q.1 the solid angle (Q,, =
3.89 x 107° at the angle of 135°; Q,, = 4.00 x 107°
at the angle of 168° with the accuracy of 5%). The
relationship of the differential cross-section in the
center-of-mass system doc . /dQ2.m. and in the lab-
oratory coordinates do /df2 is given by the formula:

dJc,In./dQc.m,
= |14 BcosB|/(1+ 8%+ 2Bcos0)*2da/dQ, (2)

where 8= (m, - M/(M - Mg) - T,,/(Ty, + Q))"/2,
Ton = E,- M/(m, + M), M, M—the masses of
the decay particles, m,—the projectile mass, Mp—
mass of the target particle, 6—the particle detection
angle in the laboratory coordinates, in this case 135°
or 168°, (Q—released energy of reaction, E,—the
kinetic energy of incident projectile.

Vol.87 Suppl. 3 2024
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Fig. 6. (a) The measured differential cross-section of the
"B(p, ap)®Be reaction at 135° and 168°. Differential
cross-sections are in the center-of-mass system. (b) The
measured differential cross-section of the ' B(p, a1 }*Be*

reaction at 135° and 168°. Differential cross-sections are
in the center-of-mass system.

4. d+ Li REACTIONS

A typical spectrum is shown in Figs. 2. The nar-
row high-energy peak corresponds to alpha particles
from the reaction °Li(d, o}*He. Narrow single peaks
in the low-energy region correspond to (d, p) reac-
tions with various target components. According to
the energy and excitation function, these peaks were
found to be related to reactions with emission protons:
160(d, py), 0(d, po), *2C(d, py), where indices 0, 1
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correspond to the ground and first excited states of
the recoil nucleus. In addition to the narrow peaks,
the entire spectrum range contains a broad uniform
distribution with a single broad peak at its upper end.
The SLi(d, «)*He reaction produces two a-particles
with the same high energy, and, therefore, a-particles
are easily identified in the measured energy spectrum
of charged particles (see / in Fig. 2). The data
obtained make it possible to determine the differential
cross-section of the Li(d, o)*He reaction; it is given
in Fig. 3a. At high deuteron energies, double events
from other reactions and products of the ’Li(d, o}*He
reaction from deuterons with half the energy appear
in the region of this peak. However, these contri-
butions are small and easy to estimate. The cross
section of the 8Li(d, a)*He reaction o is presented in
Fig. 3a in comparison with ENDF/B-VIIL.O. The
"Li(d, «)>He reaction produces a-particles detected
by the a--spectrometer (see 2 in Fig. 2). This peak is
clearly identified. The resulting ®He atomic nucleus
almost instantly decays into a neutron and an a-
particle. The energy spectrum of these a-particles is
wider: from 3 to 7 MeV. The differential cross-section
of the "Li(d, ’)’He reaction is given in Fig. 4a. The
differential cross section of the reaction Li(d, na)*He
is given in Fig. 4b.

5. p+ B REACTIONS

A typical spectrum from the a-spectrometer is
shown in Fig. 5. The signal in channels below 1 MeV
is due to the protons backscattered from the copper
substrate of the boron target, including double events.
The sharp peak in the energy region of 5.5 MeV cor-
responds to primary a-particles of the ' B(p, ag)®Be
reaction (designated as «ag). Secondary particles of
this reaction, ag1 and «go, are grouped in the en-
ergy region of 1.4 MeV. On the graph, dashed line
is drawn to separate these secondary particles. We
can say that if one secondary particle has the energy
above 1.4 MeV, then the other has a lower energy.
Relative to this line, a-particles are distributed in the
energy range of the order of £0.5 MeV. The wide
peak in the energy region of 3.7 MeV corresponds
to the primary a-particles of the M B(p, a1 )®Be* re-
action (designated as «y). Secondary particles of
this reaction, a1 and a9, are grouped in the energy
region of 2.4 MeV (line B). We can also say that if
one secondary particle has the energy above 2.4 MeV,
then the other has a lower energy. This statement
is important for us to calculate the total number of
a-particles in the " B(p, a1 )®Be* reaction. In this
reaction, two of the three a-particles have energies
above 2.4 MeV (line B), one below. Counting the
number of a-particles with energies below 2.4 MeV is
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Fig. 7. The signal of the a-spectrometer at 1.5 MeV deuteron beam and 135°: /—°B(d, ap)®Be reaction a-particles,
2—19B(d, a1 )®Be* reaction a-particles, 3—'*B(d, o)’ Be reaction a-particles, 4—'°B(d, p2)''B* reaction protons, 5—

1B(d, s )°Be* reaction a-particles.

difficult due to the presence of backscattered protons,
secondary a-particles of the ''B(p, ag)®Be reaction,
and a-particles of the °B(p, a)"Be reaction. There-
fore, we will count the number of a-particles with
the energy above 2.4 MeV (this energy varies slightly
with the proton energy and the angle of detection)
and multiply by 3/2 in order to determine the total
number of a-particles in the ' B(p, a1 )®Be* reaction.
The differential cross-sections of the 'B(p, ag)®Be
and "'B(p, a1 )®Be* reaction; are given in Fig. 6a and
Fig. 6b. The accuracy of the cross-section mea-
surement is determined by the accuracy of the boron
thickness determination (10%), the accuracy of the
proton fluence determination (1%), the accuracy of
the solid angle determination (5%), and the statistical
uncertainty (2—30%); in total it is 12—33%.

6. d+ B REACTIONS

The reaction of interaction of a deuteron with
boron-10 nucleus forming protons can occur either
as a sequential decay via the ground state of !B,
OB(d, pg)''B, or via six excited states,
10B(d, p1_)"'B*. A typical spectrum from the a-
spectrometer is shown in Fig. 7. The accuracy of
cross section measurement is determined by the
accuracy of boron thickness determination (10%),
the accuracy of deuteron fluence determination (1%),
the accuracy of solid angle determination (5%), and
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statistical uncertainty (9—34%); in total it is 11—
34%. Differential cross-section of the 1°B(d, ag)®Be
reaction is given in Fig. 8a. It is noticeable that
the reaction proceeds non isotropically. The differ-
ential cross-section of the "'B(p,ag)?Be reaction
is given in Fig. 85. The accuracy of cross-section
measurement is determined by the accuracy of boron
thickness determination (10%), the accuracy of
deuteron fluence determination (1%), the accuracy
of solid angle determination (5%), the accuracy in
counting the number of events at energies above
1.4 MeV (3%), and statistical uncertainty (2—32%);
in total it is 12—32%. The differential cross-section
of the 1°B(d, a1 )®Be* reaction is given in Fig. 9. In
comparison of data from [13] where this reaction was
measured at the angle 156°, a small resonance peak in
the region of 1.7 MeV in our data is not clearly visible
and cross-section values are several times lower. The
authors in [13] indicate an error in the cross-section
measurement of 14%, but a direct comparison with
our data is not correct due to the anisotropy of the
reaction in the center-of-mass system. On the other
hand, the measurements in article [14] agree well
with our data within the error limits. The accuracy
of cross-section measurement is determined by the
accuracy of boron thickness determination (10%),
the accuracy of deuteron fluence determination (1%),
the accuracy of solid angle determination (5%), the
accuracy in counting the number of events at energies
above 1.4 MeV (3%), and statistical uncertainty (5—

Vol.87 Suppl. 3 2024
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15%); in total it is 15%. We assume, based on the
obtained data, that this cross section is characterized
by non-isotropy.

7. CONCLUSION

Differential cross sections of three groups of reac-
tions in the energy range of 0.2—2.5 MeV, initiated
by proton and deuteron beams, were measured for
two angles of 135° and 168° with high accuracy .
For the d+ Li reaction, comparison with existing
databases showed good agreement of the results. The
reaction channel Li(d, na)*He was measured for the
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first time. For p+ "B was measured the energy
spectrum of the reaction products. The shape of
the energy spectrum of the reaction products indi-
cates that the reaction with the formation of three
a-particles proceeds predominantly via the ground
state of ®Be, "'B(p, ag)®Be, or via the first excited
state, 1'B(p,a1)®Be*. The direct decay probability
is 2000—3000 times less than the sequential decay
probability. The obtained data allowed us to deter-
mine the differential cross-sections of the reactions,
the angular distribution of the a-particles’ emission,
and the total reaction cross-section with high ac-
curacy and reliability. The deuteron—boron fusion



S416
dc/dQ, mb/sr

| —B— 168°
6 —@— 135°
*  Purser (1963) 156°
» Comsan (1963) 150°
4 -
2 -
O -

OSTREINOV et al.

"N AA“
4, b0
-

L Il L
1000

L Il L
1500

L Il
2500
E, keV

L Il L
2000

Fig. 9. Difierential cross section of '°B(d, o1 )®Be* reaction.

reaction produces many different charged particles.
Data on the reactions’ cross-sections differ among
different authors. We measured the energy spec-
trum of the reaction products of the deuteron—boron
interaction at deuteron energies up to 2.2 MeV for
two angles of 135° and 168°. The obtained data
allowed us to determine the differential cross-sections
of the 19B(d, ag)®Be, °B(d, a1 )®Be*, 1'B(d, o)’ Be,
reactions.
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