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The interaction of a deuteron beam with lithium is characterized by a high yield of neutrons, high energy of
neutrons and a large variety of reactions. The reliable data of the reactions cross-sections are important for many
applications, including radiation testing of advanced materials and equipment. The experimental data on the
cross-sections differ greatly from one author to another; for a number of reactions there is no data on the cross-

section in the databases. Measurements of the reactions cross-sections were carried out at the accelerator-based
neutron source VITA at Budker Institute of Nuclear Physics (Novosibirsk, Russia) using an a-spectrometer. The
6Li(d,o)*He, ®Li(d,p)’Li, °Li(d,p)"Li*, "Li(d,®)°He, and "Li(d,n«)*He reactions cross-sections at deuteron energies
from 0.3 MeV to 2.2 MeV have been measured. The obtained data are presented tabular form.

1. Introduction

Intense fast neutron fluxes are required for many applications,
including radiation testing of advanced materials and equipment. The
highest neutron yield is provided by the Li(d,n) reaction starting with
the energy of 1 MeV [1]. There are ten reactions when a deuteron in-
teracts with a lithium nucleus, five of which lead to the generation of
neutrons. This interaction results in the production of neutrons, protons,
tritium, 3He, a-particles, 7Li, and "Be [2]. The reaction cross-section
values are certainly important for nuclear data evaluation, for esti-
mating 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 data-
bases differ significantly [3-12]; 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.

The aim of this work is to measure cross-sections of the °Li(d,x)*He,
6Li(d,p)7Li, 6Li(d,p)7Li*, 7Li(d,oz)SHe, and 7Li(d,noc)“He reactions.

* Corresponding author at: 11 Lavrentiev Ave., 630090 Novosibirsk, Russia.
E-mail address: taskaev@inp.nsk.su (S. Taskaev).

https://doi.org/10.1016/j.nimb.2024.165460

2. Experimental facility

The study was carried out at the accelerator-based neutron source
VITA at Budker Institute of Nuclear Physics in Novosibirsk, Russia
[13,14]. The layout of the experimental facility is shown in Fig. 1.

The DC vacuum insulated tandem accelerator 1 is used to provide a
deuteron beam and to direct it to a lithium target 4 through a 1 mm
collimator 3. The deuteron beam has the diameter of 5 mm on the
surface of the lithium target. The deuteron 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 mA to 10 mA)
with the high current stability (0.4 %).

The deuteron beam current is measured and controlled by a non-
destructive DC current transformer NPCT (Bergoz Instrumentation,
France) 2 and by a calibrated resistance connected to the target as-
sembly, which is electrically isolated from the facility. Although 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.
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Fig. 1. Scheme of the experimental facility: 1 — vacuum insulated tandem accelerator, 2 — non-destructive DC current transformer, 3 - collimator, 4 — target assembly,
5 — a-spectrometer at 135°, 6 — lithium target, 7 — temporary concrete wall, 8 — lead collimator, 9 — y-ray spectrometer, 10 — a-spectrometer at 168°, 11 —

bending magnet.
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Fig. 2. The signal from the a-spectrometer at 0.6 MeV deuteron beam: 1 — back scattered deuterons, 2 — 1°0(d,p;)'”0* reaction protons, 3 — 1°0(d,p)'”O reaction
protons, 4 — 160(d,®)'*N reaction a-particles, 5 — 12C(d,po)mC reaction protons, 6 — 6Li(d,p1)7Li* reaction protons, 7 — 6Li(d,po)7Li reaction protons, 8 — 7Li(d,na)*He
reaction a-particles, 9 — 7Li(d,oc)SHe reaction a-particles, 10 — 6Li(d,ot)“He reaction a-particles.

Vacuum evaporation of lithium on the target was carried out at a
separate stand. After the lithium deposition, closed with a gate valve to
maintain vacuum inside the target assembly 4 was disconnected from
the lithium evaporation stand, transferred to the experimental facility,
and connected to the horizontal beam line. We evaporated natural
lithium produced by the Novosibirsk Chemical Concentrates Plant; the

used batch contained 99.956 % of lithium. The percentage of lithium-7
in natural lithium varies from 92.41 % [15] to 92.58 % [16]; we will
assume the lithium-7 content is equal to the average value, namely 92.5
%.

The thickness of a lithium layer was measured by new in situ method
[17]. The method is based on comparing the yield of 478 keV photons in
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Fig. 3. The signal from HPGe y-ray spectrometer when irradiating the thick lithium target: 1 — characteristic X-rays emitted by lead, 2 — bremsstrahlung of the

accelerator, 3 — 478 keV photons emitted in the “Li(p,p’y)”Li reaction.

the “Li(p,p'y)’Li reaction from the investigated lithium layer and from a
thick one irradiated by protons. The intensity of y-radiation is measured
by a high purity germanium y-ray spectrometer SEG-1KP-IPTP 12
(Institute of Physical and Technical Problems, Dubna, Russia) 9. To
reduce the background signal the HPGe y-ray spectrometer is placed in a
lead collimator 8 with external diameter of 270 mm, 500 mm length and
50 mm wall thickness. Apart from the collimator, a 23 cm thick wall 7
built of concrete blocks protects the spectrometer from a bremsstrahlung
of the accelerator.

The intensity and energy of charged particles (reaction products)
were measured by an a-spectrometer (5 and 10 in Fig. 1) with silicon
semiconductor detector 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, standard natural
background in the range of 3-8 MeV 0.15 imp/cm?h. The a-spectrom-
eter was calibrated with two standard radiation sources based on the
plutonium-239 radionuclide with activities of 4.01-10° Bq (passport No.
6887, marking 7165, 2P9-405.85, issue date 12.09.1985) and 1.21.10°
Bq (passport No. 6882, marking 7160 1P9-105.85, issue date
12.09.1985). The confidence interval of each source activity measure-
ment total error is equal of 19 % according to the passport. To determine
the detection efficiency k of the a-spectrometer, the reference radiation
sources were placed at the distance of 102.8 mm from the detector
surface, and the activities were measured. The measured activities of the

sources amounted to 4.16-10° Bq and 1.22-10° Bq, which is 4 % and 1.5
% higher than the passport ones; they corresponded to passport values
within the margin of error. Since the measured values of the source
activity correspond to the passport ones, we considered the detection
efficiency 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 22°Ra isotope (passport No.
425/331/10692-A, 21.10.1977) with the activity of 3.84.10* Bq, char-
acterized by following energies of a-particles: 4748, 5453, 5966 and
7651 keV. It was established that the dependence of the energy E on a
channel number N was linear and was described by the expression E
[keV] = 1.3941-N + 82.003.

The measurements were carried out with two options for placing the
a-spectrometer; in Fig. 1 they are shown as 5 and 10. 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 lithium; at
the position 10 the a-spectrometer is placed at the angle of 168° at the
distance of 712 mm.

3. Reactions

When a deuteron with the energy of less than 2.2 MeV interacts with
a lithium nucleus, the following nuclear reactions occur [2]:
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Fig. 4. The signal from HPGe y-ray spectrometer when irradiating the thin lithium target: 1 — characteristic X-rays emitted by lead, 2 — bremsstrahlung of the
accelerator, 3 — 478 keV photons emitted in the “Li(p,p’y)’Li reaction.
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Fig. 5. The spectrum of charged particles detected by the a-spectrometer at the proton energy of 1 MeV: 1 — measured at the lithium thickness of 0.422 pm and
presented in the article [21], 2 - measured to determine the thickness of the lithium layer.

1 7Li + d = n + ®Be + 15.028 MeV SHe - n + a + 0.957 MeV;

8Be — 2 o + 0.094 MeV; 4 %Li+d=0a+ a+ 22.38 MeV;
27Li4+d=n+a+ o+ 15121 MeV; 5 OLi + d = n + "Be + 3.385 MeV;
3 7Li + d = a + “He + 14.162 MeV 6 SLi + d = p + "Li + 5.028 MeV;
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Table 1
The G values for two angles for the reactions at the used deuteron energies.
G

0,° Eq, keV 5Li(d,n)*He SLi(d,p)"Li SLi(d,p)"Li* 7Li(d,«)°He

135 333 1.0883 1.0687 1.0721 1.0993
441 1.1018 1.0787 1.0826 1.1144
547 1.1136 1.0872 1.0914 1.1275
650 1.1240 1.0946 1.0991 1.1391
760 1.1341 1.1018 1.1066 1.1504
864 1.1431 1.1080 1.1130 1.1603
962 1.1511 1.1133 1.1185 1.1690
1064 1.1589 1.1186 1.1240 1.1776
1170 1.1666 1.1237 1.1292 1.1861
1270 1.1736 1.1282 1.1338 1.1937
1372 1.1804 1.1326 1.1383 1.2011
1473 1.1868 1.1366 1.1425 1.2081
1573 1.1930 1.1405 1.1464 1.2148
1674 1.1990 1.1442 1.1502 1.2213
1776 1.2049 1.1477 1.1538 1.2276
1877 1.2105 1.1511 1.1573 1.2336
1977 1.2159 1.1543 1.1605 1.2394
2078 1.2212 1.1574 1.1637 1.2450
2179 1.2263 1.1604 1.1667 1.2505

168 329 1.1298 1.0995 1.1047 1.1471
439 1.1512 1.1148 1.1208 1.1715
545 1.1701 1.1281 1.1347 1.1930
651 1.1871 1.1397 1.1469 1.2124
756 1.2041 1.1511 1.1587 1.2317
859 1.2193 1.1610 1.1691 1.249
963 1.2329 1.1697 1.1782 1.2645
1065 1.2466 1.1783 1.1871 1.2800
1168 1.2603 1.1867 1.1958 1.2955
1268 1.2727 1.1942 1.2036 1.3096
1372 1.2850 1.2014 1.2111 1.3235
1473 1.2969 1.2083 1.2183 1.3369
1573 1.3083 1.2148 1.2250 1.3498
1675 1.3196 1.2211 1.2315 1.3625
1776 1.3307 1.2272 1.2378 1.3751
1877 1.3415 1.2330 1.2438 1.3872
1979 1.3520 1.2386 1.2495 1.3989
2078 1.3624 1.2440 1.2550 1.4105
2180 1.3726 1.2492 1.2603 1.4219

7 SLi + d = p + "Li* + 4.550 MeV;

8 fLi+d=t+p+a+ 2.6MeV;

9 6Li + d = t + °Li 4+ 0.595 MeV
Li - o + p + 1.965 MeV;
10 SLi + d = *He+ °He + 0.840 MeV
SHe » n + « + 0.957 MeV.

In a number of reactions, the reaction products have low energy and
cannot be identified in our study due to the presence of a much larger
signal from backscattered deuterons. The a-spectrometer clearly allows
identifying the products of reactions 2, 3, 4, 6, 7 and, therefore,
measuring the cross-section of the 7Li(d,noc)“He, 7Li(d,ot)SHe, 614
(d,(x)4He, 6Li(d,p)7Li, and 6Li(d,p)7Li* reactions. A typical spectrum
from the a-spectrometer is shown in Fig. 2.

4. Lithium layer thickness measurement

Let us determine the thickness of the lithium layer L. It was measured
by new in situ method [17]. The method is based on comparing the yield
of 478 keV photons in the "Li(p,p'y)’Li reaction when irradiating the
investigated lithium layer and a thick one by protons. In this case a
proton beam with the energy of 1.2 MeV was used.

A thick layer is a layer of lithium with the thickness greater than the
length of the proton path in lithium up to the “Li(p,p'y)’Li reaction
threshold which equals to 0.478 MeV. When selecting the lithium
thickness, we used the expression for the proton energy loss rate S in
lithium depending on its energy E [18]:

Nuclear Inst. and Methods in Physics Research, B 554 (2024) 165460

S= ;71:::;’:‘:1 eV/(10™atoms/cm?),
where S = 1,6 E%*, S, =72281n(1 + 292+ 0,04578 E), E in keV. By
means of this formula, we obtain that the proton projected range in
lithium is 72 pm for 1.2 MeV proton and 17 pm for 0.478 MeV proton
(note that proton total path length and the projected range practically do
not differ). Consequently, at the initial proton energy of 1.2 MeV, pho-
tons are generated up to the depth of 55 um from the lithium surface.

A 113 pm thick lithium layer was evaporated on the target, for which
320 mg of lithium were used (for weighing, an analytical balance
OHAUS PX-84 (USA) was used, the minimum weighing limit is 200 mg,
the accuracy is 0.1 mg). The target was irradiated with a proton beam,
and the y-ray spectrum was measured with a HPGe y-ray spectrometer.
The spectrum of y-rays measured during 1507 s (live time 1470 s) at the
proton beam current of 1.12 pA is shown in Fig. 3. The count rate of the
478 keV line is 16.08 count/s, per unit of current is 14.32 count/(s pA),
integrated peak counts is 23642.

Then the lithium layer was washed off the target with water, and a
thin layer of lithium (~6 mg, approximately 2 pm thick) was deposited
onto the target. The target with the thin lithium layer was placed in the
same position, and the y-ray spectrum was measured with athe y-ray
spectrometer during 2102 s (live time 2059 s) at the proton beam cur-
rent of 0.96 pA (Fig. 4). The count rate of the 478 keV line is 0.86 count/
s, per unit of current is 0.89 count/(s pA), integrated peak counts is
1796.

The ratio of the emission intensity of 478 keV photons per unit
current from the studied lithium layer and from the thick one is A =
0.89/14.32 = 0.0625, or 6.25 % with an accuracy of 3 % due to the
statistical error. We found that the yield of 478 keV photons from the
thin lithium target is 16 times less than from the thick one when irra-
diated with a proton beam with the energy of 1.2 MeV.

Previously we measured the yield of 478 keV photons from the thick
lithium target [19], and found that at the energy of 1200.6 + 1.2 keV it
is equal to 1.76 = 0.01 pC’l, and at the energy of 1174.0 + 1.4 keV it is
equal to 1.61 + 0.01 pC, i.e., the photon yield dropped by 8.52 + 0.8 %
with a decrease in energy by 26.6 + 0.14 keV. In other words, if the
thickness of the lithium were such that a 1.2 MeV proton lost 26.6 keV as
it passed through, then the yield of 478 keV photons from this layer of
lithium would be 8.5 % of the yield from the thick target. In our case the
yield from the measured lithium layer is 6.25 %, this means that the
proton loses 19.5 + 2 keV. Since the rate of deceleration of a 1.2 MeV
proton according to the above formula [18] is equal to 10.66 keV/pm,
we obtain the thickness of lithium equals 1.83 + 0.2 pm. The low ac-
curacy of determining the lithium thickness of 10 % is due to the fact
that we subtracted two close values of the measured photon yield.

The accuracy of determining the thickness of lithium can be
improved if we take not measured but calculated from the reaction
cross-section presented in the article [19] values of the photon radiation
intensity from the thick lithium target. Since the 478 keV line count rates
on the thin and thick targets were measured in 25 keV steps, the count
rate Y; of y-quanta from the thick target can be determined from the

measured count rate Y; from the thin target as Y; = Z{:o Yi%, where the

index i indicates the measurement number (i = 0 at 0.7 MeV, i = 1 at
0.725 MeV and so on in increments of 25 keV) and S;(x) is the value of
the proton energy loss (in keV) in a lithium layer with the thickness x.
The count rate from the thin lithium target is Y; = n x 6I/e, where x is the
thickness of lithium, n is the density of lithium atomic nuclei (4.59-10%2
em ™), o is the “Li(p,p’y)’Li reaction cross-section, I is the proton beam
current, e is elementary charge. In the formula, the photon yield at the
proton energy of 0.7 MeV is taken as a starting point, since the yield from
the threshold at 0.478 up to 0.7 MeV can be neglected. In this case, we
find that a decrease in the yield by 6.25 % occurs when the proton en-
ergy decreases by 19.3 + 0.4 keV. Taking the value of the deceleration
rate of a 1.2 MeV proton equal to 10.66 keV/pm and taking into account
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Fig. 6. The signal from the a-spectrometer at 1.8 MeV (a) and 0.9 MeV (b) deuteron beam: I — a-particles produced in the °Li(d,«)*He reaction by deuterons with
total energy, 2 — a-particles produced in the ®Li(d,a)*He reaction by deuterons with half the energy. The a-spectrometer is placed at the angle of 135°.

the statistical error in the yield ratio of 3 %, we obtain that the thickness
of lithium is 1.81 + 0.06 pm.

Previously we found that the lithium layer was covered with a layer
containing atomic nuclei of carbon and oxygen due to the thermal
evaporation of lithium in vacuum [20]. Using the backscattered protons
energy analysis method we determined that the layer contains carbon
and oxygen atomic nuclei in abundance of around 15 % and 40 % of the
number of lithium atomic nuclei. Approximately the same content is
obtained if we analyze the yield of the 12C(d,p)lE’C, 16O(d,p)170 u %0
(d,(x)”N reactions. According to [18], the rate of proton deceleration on
carbon atomic nuclei is 1.75 times greater than on lithium atomic nuclei,
and oxygen is 2.17 times greater. The presence of carbon and oxygen in
the lithium layer at concentrations of 15 % and 40 % leads to a 2-fold
greater proton energy loss. This means that the average proton energy
in the lithium layer will not be E,, = 1200-19.3/2 = 1190.35 keV, but
E.y = 1200-(19.3 x 2)/2 = 1180.7 keV. Due to this additional decrease
in energy by 9.65 keV, the average deceleration rate increases by 0.6 %
and the reaction cross section increases by 0.5 %. Taking these processes
into account the thickness of the lithium layer decreases by 1.1 %,
namely [ = 1.79 + 0.07 pm. We will use this value of lithium thickness
when determining the cross-sections of the nuclear reactions.

Additional confirmation of the correctness of determining the
thickness of lithium was obtained by comparing the yield of the 7Li
(p,(x)4He reaction products which we measured earlier from a lithium
layer with the thickness of 0.422 pm and published in [21] and
measured now. To measure now we used the same target assembly with
the a-spectrometer placed at the angle of 168°, but the a-spectrometer
was placed at the greater distance — r, = 712 mm instead of r; =516
mm. Spectra of charged particles detected by the a-spectrometer at the
proton energy of 1 MeV are shown in Fig. 5. There is the signal of
backscattered protons on the left (in the energy region up to 3 MeV) and
the signal of a-particles and simultaneous registration of an a-particle

and a proton on the right in the graph (in the energy region above 7.3
MeV).

The measurements were carried out at the same proton fluence,
equal to 3.44 mC. When irradiating lithium layer with the thickness of
0.422 pm, total time Tiora;n = 3908 s, live time Tijye; = 3623 s, and in-
tegrated peak counts of a-particles Y7 = 4536 (Table 1 in [10]). When
irradiating lithium, the thickness of which to determined, total time
Ttotal2 = 3654 s, live time Tiiyez = 3501 s, and integrated peak counts of
a-particles Y2 = 10195. We found the thickness of the lithium layer to be
[=0.422 x (Y2/Y1) % (r2/r1)* % (Teotata/ Tiive2)/(Trotai1/ Tiiver) = 0.422 x
2.24 x 1.9 x 1.04/1.08 = 1.75 pm. This lithium thickness value agrees
well with that determined above.

5. Deuteron beam content

The beam of charged particles produced by the accelerator pre-
dominantly contains D ions, but D3 ions and DO neutrals are also pre-
sent in the beam. D3 ions are generated in the ion source together with
D~ ions; D° neutrals are formed in the gas stripper of the tandem
accelerator due to the incomplete stripping of D™ ions into D™ ions. D3
ion and D° neutral interact with the lithium atomic nucleus as particles
with half the energy of D" ion.

Fig. 6a shows that the energy spectrum of the °Li(d,o)*He reaction
products contains two peaks: the left one is caused by deuterons with the
energy of 1.8 MeV, the right one is caused by deuterons with half the
energy. The separation of the peaks is due to the fact that the higher the
deuteron energy the lower the energy of the emitted back a-particle. At
the same time, at the energy of 0.9 MeV, the peak caused by deuterons
with half the energy is not visible (Fig. 6b). This is explained by the
reaction cross-section: there is a maximum at the energy of 0.9 MeV and
almost half as much at energies of 1.8 MeV and 0.45 MeV.

Let us determine the contribution of this component with half the
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Fig. 7. The signal from the a-spectrometer: a) a deuteron beam with the energy of 0.7 MeV; the bending magnet is turned off, b) a deuteron beam with the energy of
1.4 MeV; the bending magnet is turned on. The a-spectrometer is placed at the angle of 135°.
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Fig. 8. The differential cross-sections of the °Li(d,a)*He reaction data reported in the IBANDL database [23]. The legend indicates the authors, the year and the angle

at which the measurements were taken.

energy. At the deuteron energy of 0.9 MeV (Fig. 6b), the a-particle peak
1 contains 11,439 events due to ions with total energy. At the deuteron
energy of 1.8 MeV (Fig. 6a), the a-particle peak 2 contains 517 events
due to half-energy ions. Considering that the fluence of the deuterium
ion beam at the energy of 1.8 MeV was 1.06 times greater than at the
energy of 0.9 MeV, we obtain the contribution of deuterons with half the
energy equals 4 % of deuterons with full energy.

In order to determine which particles with half the energy interact
with lithium atomic nuclei we turn on the bending magnet (11 in Fig. 1):
ions will be deflected in the magnetic field, and only neutrals will hit the
lithium target. The a-spectrometer signals without the magnetic field
and with the magnetic field are shown in Fig. 7. When the lithium target
was irradiated with the ion beam, 2.7 10° events were recorded by the
a-spectrometer in channels from 1000 to 8000. When the lithium target
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Measured yield of a-particles or protons (integrated peak counts) Y of 6Li(d,a)*He, 6Li(d,p)7Li, 6Li(d,p)7Li”“, 7Li(d,®)°He, and "Li(d,ne)*He reactions at 135° and 168°: E
- the average energy of a deuteron interacting with lithium atomic nuclei, AE — the standard deviation of E, Ty — total measurement time, Tjjye — live time mea-

surement by a-spectrometer, ® — D jon fluence.

E, AE, Tiotals Thives o, Y, counts
keV keV s s mC OLi(d,)*He OLi(d,p)’Li °Li(d,p)"Li* 7Li(d,«)°He 7Li(d,na)*He
6=135°
333 72 8711 8649 16.2 6775 4106 868 31,887 177,132
441 63 8922 8758 22.1 13,433 8140 2063 90,207 533,846
547 56 8942 8750 17.7 12,275 8361 2502 119,911 807,435
650 53 7583 7246 17.6 12,930 8795 2728 226,459 1,417,547
760 47 8798 8463 14.8 10,545 8182 2470 250,140 1,372,687
864 43 8868 8452 17.2 11,539 10,042 3417 257,906 1,553,223
962 41 8787 8463 12.4 7947 7310 2585 159,769 1,208,375
1064 38 8776 8448 12.1 7368 6931 3099 176,931 1,095,923
1170 37 12,762 12,204 19.8 11,274 11,386 4653 221,231 1,131,111
1270 34 9057 8744 15.7 8508 8762 3526 141,663 1,139,152
1372 32 9272 8871 15.2 7679 8236 3220 122,645 776,041
1473 31 9037 8684 13.3 6445 7099 2776 104,626 686,947
1573 29 7622 7244 13.8 6308 7215 3519 138,119 720,959
1674 28 7858 7467 15.1 6572 7906 3385 164,362 890,732
1776 27 8911 8445 18.3 7618 9351 3868 222,369 1,217,034
1877 26 8792 8354 17.1 6914 8416 3590 232,300 1,249,042
1977 25 8745 8330 16.4 6321 8226 2773 251,351 1,276,808
2078 24 8950 8519 17.1 6474 8126 3423 295,469 1,439,256
2179 23 9335 8881 18.0 6616 7687 3252 368,502 1,620,589
0 =168°
329 72 6671 6620 11.2 4338 2298 457 17,063 109,401
439 63 6125 5979 10.9 6410 3752 825 39,762 235,932
545 56 6144 5966 10.8 7960 4674 1084 73,817 433,888
651 51 6174 5972 10.3 8046 5403 1386 128,598 684,060
756 46 6645 6383 11.1 8623 5865 1316 172,364 918,449
859 43 6323 6052 11.2 8348 5790 1316 153,804 904,455
963 40 6286 5991 11.8 8280 5760 1336 157,723 1,013,899
1065 38 6296 6021 11.2 7343 5107 1503 176,425 905,837
1168 36 7392 7056 13.2 8417 6150 2089 155,178 732,673
1268 34 5427 5170 9.5 5838 4484 901 88,672 450,897
1372 32 6559 5972 11.5 6438 5570 1605 93,774 533,629
1473 31 6878 6666 12.6 7180 5670 1068 111,659 611,156
1573 29 6279 6004 11.2 6224 5153 1182 107,582 622,115
1675 28 6197 5923 11.5 5970 5075 1007 129,713 721,556
1776 27 6185 5912 11.2 5831 4555 1618 146,542 858,236
1877 26 6237 5963 11.4 5732 4566 1515 182,838 1,003,209
1979 25 6305 6033 11.6 5696 4608 1660 197,989 1,144,455
2078 24 6231 5975 11.2 5505 4554 2170 229,457 1,182,653
2180 24 6259 6005 11.1 5385 4232 2310 254,101 1,252,862
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Fig. 9. The measured differential cross-section of the 6Li(d,ot)“He reaction at 135° (1) and 168° (2).
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Table 3

The differential cross-section of the °Li(d,a)*He reaction at 135° E — the
deuteron energy, AE — the standard deviation of E, ¢ — the cross section, Ac — the
statistical variance of o.

E, keV AE, keV o, mb/sr Ac, mb/sr
333 72 1.42 0.07
441 63 2.09 0.11
547 56 2.40 0.12
650 53 2.61 0.13
760 47 2.51 0.13
864 43 2.39 0.12
962 41 2.26 0.12
1064 38 2.14 0.11
1170 37 2.01 0.10
1270 34 1.90 0.10
1372 32 1.78 0.09
1473 31 1.70 0.09
1573 29 1.63 0.09
1674 28 1.55 0.08
1776 27 1.49 0.08
1877 26 1.44 0.08
1977 25 1.37 0.07
2078 24 1.35 0.07
2179 23 1.31 0.07
Table 4

The differential cross-section of the °Li(d,a)*He reaction at 168°: E — the
deuteron energy, AE — the standard deviation of E, ¢ — the cross section, Ac — the
statistical variance of o.

E, keV AE, keV o, mb/sr Ao, mb/sr
329 72 1.25 0.07
439 63 1.93 0.10
545 56 2.43 0.13
651 51 2.58 0.13
756 46 2.58 0.13
859 43 2.50 0.13
963 40 2.36 0.12
1065 38 2.20 0.12
1168 36 2.15 0.11
1268 34 2.06 0.11
1372 32 1.98 0.10
1473 31 1.88 0.10
1573 29 1.85 0.10
1675 28 1.75 0.09
1776 27 1.75 0.09
1877 26 1.69 0.09
1979 25 1.64 0.09
2078 24 1.65 0.09
2180 24 1.62 0.09

was irradiated with neutrals, 1.6 10° events were recorded in these
channels. Since the fluence of the deuteron beam with the turned on
bending magnet was 3 times greater, we conclude that the contribution
of neutrals to the ion beam is 0.2 %. This value is less than 4 % defined as
the contribution of deuterons with half the energy. Consequently, deu-
terons with half the energy are obtained from D3 ions. Since each D3 ion
produces two deuterons, and each of them interacts with lithium atomic
nuclei, we obtain the following composition of the beam irradiating the
lithium target: 98 % of D' ions, 2 % of D3 ions, the contribution of
neutrals can be neglected.

6. Measuring reaction cross-sections

The cross-sections of the reactions 7Li(d,noc)“He, 7Li(d,oc)sHe, oLi
(d,(x)4He, 6Li(d,p)7Li, and 6Li(d,p)7Li* were measured as follows. A thin
layer of lithium was irradiated with a deuteron beam, and an a-spec-
trometer measured o-particles and protons emitted at a certain solid
angle. The differential cross-section of the reaction in the laboratory
coordinates do/dQ was found from the formula:
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E _ eY
dQ  Nknl® Qi

where e is elementary charge, Y the experimental yield of a-particles or
protons (integrated peak counts), N the number of measured charged
particles in a reaction (N = 2 in the 7Li(d,n(x)“He and 6Li(d,oc)“He re-
actions; N = 1 in other reactions), k the efficiency of registration of
a-particles by the spectrometer (k = 1 with an accuracy of 3 %), n the
density of Li nuclei (n = 4.251-10%2 ¢cm 2 for “Li with the accuracy of 0.1
%; n = 0.345-10%2 cm 2 for ®Li with the accuracy of 1 %), [ the lithium
thickness (I = 1.79 um with the accuracy of 4 %), ® D" fluence, Qi,p, the
solid angle (Qjap = 3.84-10 at the angle of 135°; Qjap = 3.95.10° at the
angle of 168°).

The relationship of the differential cross section in the center of mass
system do¢ m /dQ . m. and in the laboratory coordinates do/dQ is given
by the formula [22]:

doem
dQC.]Tl. n

|1 + peost| do
3 10’
(1 + % + 2pcost)2 da

where B =4/ ﬁz%o% and Ty = Edﬁ, M, M~ are the masses of

decay particles, in this case the mass of proton or a-particle, mq is the
deuteron mass, My the mass of the target particle, in this case mass of
lithium-6 or lithium-7, © the particle detection angle in the laboratory
coordinates, in this case 135° or 168°, Q the reaction energy yield, E4 the
kinetic energy of incident deuteron. For convenience we introduce the
coefficient connecting the coordinate systems G:

|1 + pcosb)|

G= .
(1 + f* + 2f3cosh)?

The calculated G values for two angles for the reactions at the used
deuteron beam energies are given in Table 1.

If the radiation is isotropic in the center of mass system, then the
cross section of the reaction ¢ will be defined as:

6 =4n1Gdo/dQ
7. 6Li(d,oc)“He reaction

The 6Li(d,oc)“He reaction produces two o-particles with the same
high energy, and, therefore, a-particles are easily identified in the
measured energy spectrum of charged particles (see 10 in Fig. 2). At low
deuteron energies, this peak of a-particles is far enough away from the
rest of the recorded events, and it easy to count the integrated peak. At
high deuteron energies, double events from other reactions and products
of the °Li(d,«)*He reaction from deuterons with half the energy appear
in the region of this peak. However, these contributions are small and
easy to estimate.

Fig. 8 shows the differential cross-section of the 0Li(d,0)*He reaction
data reported in the IBANDL database (Ion Beam Analysis Nuclear Data
Library, International Atomic Energy Agency) [23]. One can see that the
data in two groups differ by a factor of two. The cross section of the Li
(d,o)*He reaction ¢ is presented in the ENDF/B-VIIL.O Evaluated Nuclear
Reaction Data Library [24] (this cross-section is identical in the TENDL-
2019 database [25], there is no this cross-section in the Japanese
Evaluated Nuclear Data Library JENDL [26]); it is shown below in
Fig. 12 in comparison with the results obtained.

The measured yields of a-particles or protons (integrated peak
counts) Y of the SLi(d,a)*He, ®Li(d,p)’Li, Li(d,p)”Li*, "Li(d,«)°He, and
7Li(d,no)*He reactions at 135° and 168° are presented in Table 2. The
measurements were carried out 100 keV deuteron beam energy steps.
The measured energy of the deuteron beam differed from the set energy
by no more than 5 keV; energy stability was 1-2 keV, maximum 4 keV.
When a deuteron passes through the lithium layer, the deuteron loses
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Fig. 11. The measured cross-section of the 6Li(d,(x)4He reaction and presented in the ENDF/B-VIIL.0 Evaluated Nuclear Reaction Data Library [24].

energy from 43 keV at the energy of 2.2 MeV to 142 keV at the energy of
0.4 MeV (taking into account the presence of carbon and oxygen in the
lithium layer). Table 2 gives exactly this deuteron energy, namely the
average energy of deuterons in the lithium layer, not the energy of the
incident deuteron at the lithium surface.

The data obtained make it possible to determine the differential
cross-section of the °Li(d,a)*He reaction; it is given in Fig. 9 and in
Tables 3 and 4. The accuracy of cross-section measurement is deter-
mined by the accuracy of lithium thickness determination (4 %), the
accuracy of efficiency of charge particle registration determination (3
%), the accuracy of density of Li nuclei determination (1 %), and stan-
dard error (1-1.5 %); in total it is 5.3 %.

As is known, the differential cross section of the 6Li(d,oc)“He reaction
in the center of mass system is described by the formula:

10

do(0)  do(90)
dQ cm  dQ

(1 + A(E)cos?d + --)
cm.

In our energy range we neglect higher order terms [27] and use
following angular dependence: 1 + A(E) cos?0. Since the measurements
were carried out at two angles, we determine the coefficient A(E). The
dependence of coefficient A on energy is shown in Fig. 10. The trend line
is given by the following expression: A(E) = 0.8 E (MeV) - 0.4522.

If we integrate over all angles we get the total cross section as a
function of energy:

_do(90")

o(0) o

2 T
/ de / (1 + A(E)cos*0)singdg =
cm. Jo 0

Finally:
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Table 5
The cross-section of the °Li(d,a)*He reaction: E — the deuteron energy, AE — the
standard deviation of E, ¢ — the cross section, Ac — the statistical variance of c.

E, keV AE, keV 6, mb Ac, mb
331 73 16.8 1.8
440 64 25.3 2.0
546 56 30.3 1.6
651 51 31.7 1.9
758 47 30.2 1.7
861 44 28.3 1.8
963 40 26.1 2.0
1065 38 24.1 2.3
1169 36 22.6 2.0
1269 34 21.0 1.9
1372 32 19.6 1.7
1473 31 18.4 1.8
1573 29 17.6 1.6
1675 28 16.4 1.7
1776 27 15.9 1.4
1877 26 15.2 1.5
1978 25 14.4 1.3
2078 24 141 1.2
2180 24 13.6 1.1

cross-section, mb/sr
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A(E)
+ —_
cm. 3 )
Then we obtain the reaction cross section by integrating the yield

over the angle; it is given in Fig. 11 and in Table 5.

ﬂdo’(90°) (1

o(0) i

=4

8. 6Li(d,p)7Li and 6Li(d,p)7Li* reactions

The 6Li(d,p)7Li and 6Li(d,p)7Li* reactions produces protons detected
by the a-spectrometer (see 6 and 7 in Fig. 2). These peaks are clearly
identified on the plateau of a-particles from the 7Li(d,noc)“He reaction
(see 8 in Fig. 2).

Fig. 12 shows the differential cross-sections of the 6Li(d,oz)“He and
6Li(d,p)7Li’"' reactions data reported in the IBANDL database [23]. There
are two groups of values. The cross-sections of the 6Li(d,o)*He and °Li(d,
p)’Li* reactions ¢ are presented in the ENDF/B-VIILO [24].

The measured yields of protons (integrated peak counts) Y of the F
(d,p)7Li and GLi(d,p)7Li* reactions at 135° and 168° are presented in
Table 2. The data obtained make it possible to determine the differential
cross-section of the 6Li(d,p)7Li and 6Li(d,p)7Li* reactions; it is given in
Fig. 13 and in Tables 6 and 7. The accuracy of cross-section measure-
ment is determined by the accuracy of lithium thickness determination
(4 %), the accuracy of efficiency of charge particle registration deter-
mination (3 %), the accuracy of density of Li nuclei determination (1 %).
The main measurement error is determined by the standard error of the
mean value of plateau of a-particles from the 7Li(d,noc)“He reaction

a
o}
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DElwin (1977) 165 OElwin (1977) 155 o
o o
8 OElwin (1977) 145 O Elwin (1977) 135 o
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Fig. 12. The differential cross-section of the 6Li(d,p)7Li (a) and 6Li(d,p)7Li* (b) reactions [23]. The legend indicates the authors, the year and the angle at which the

measurements were taken.
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Fig. 13. The measured differential cross-sections of the 6Li(d,p)7Li reaction at 135° (1) and 168° (2), the 6Li(d,p)7Li*reaction at 135° (3) and 168° (4).

Table 6

The differential cross-section of the °Li(d,p)’Li and °Li(d,p)’Li* reactions at
135°: E — the deuteron energy, AE — the standard deviation of E, ¢ — the cross
section, Ac — the statistical variance of c.

Table 7

The differential cross-section of the °Li(d,p)’Li and °Li(d,p)’Li* reactions at
168°: E — the deuteron energy, AE — the standard deviation of E, ¢ — the cross
section, Ac — the statistical variance of o.

E, keV AE, keV Ao, mb/sr Ao, mb/sr Ao, mb/sr Ao, mb/sr E, keV AE, keV Ao, mb/sr Ao, mb/sr Ao, mb/sr Ao, mb/sr
6Li(d,p)Li reaction 5Li(d,p)Li*reaction 5Li(d,p)’Li reaction SLi(d,p)”Li*reaction
333 72 1.72 0.12 0.36 0.09 329 72 1.36 0.08 0.27 0.04
441 63 2.53 0.16 0.64 0.13 439 63 2.32 0.14 0.51 0.10
547 56 3.27 0.27 0.98 0.21 545 56 2.93 0.20 0.68 0.15
650 53 3.55 0.31 1.10 0.27 651 51 3.56 0.37 0.91 0.24
760 47 3.89 0.39 1.17 0.35 756 46 3.61 0.33 0.81 0.25
864 43 4.16 0.36 1.42 0.39 859 43 3.56 0.38 0.81 0.25
962 41 4.15 0.40 1.47 0.36 963 40 3.37 0.36 0.78 0.32
1064 38 4.03 0.44 1.80 0.43 1065 38 3.15 0.32 0.92 0.37
1170 37 4.07 0.29 1.66 0.27 1168 36 3.22 0.24 1.09 0.28
1270 34 3.91 0.28 1.57 0.23 1268 34 3.25 0.27 0.65 0.22
1372 32 3.83 0.30 1.50 0.22 1372 32 3.52 0.36 1.01 0.30
1473 31 3.75 0.28 1.47 0.22 1473 31 3.05 0.28 0.58 0.14
1573 29 3.73 0.35 1.82 0.27 1573 29 3.15 0.29 0.72 0.22
1674 28 3.73 0.35 1.60 0.24 1675 28 3.05 0.29 0.61 0.24
1776 27 3.66 0.34 1.51 0.27 1776 27 2.81 0.33 1.00 0.29
1877 26 3.50 0.34 1.49 0.23 1877 26 2.76 0.34 0.92 0.35
1977 25 3.56 0.31 1.20 0.20 1979 25 2.73 0.38 0.98 0.45
2078 24 3.38 0.39 1.43 0.29 2078 24 2.80 0.39 1.33 0.47
2179 23 3.03 0.39 1.28 0.30 2180 24 2.61 0.37 1.43 0.64

determination relative to the 6Li(d,p)7Li and 6Li(d,p)7Li* reactions dis-
tributions fittings: 5-10 % for 6Li(d,p)7Li and 15-40 % for 6Li(d,p)7Li*.
The total accuracy of the cross-section measurement is 7-12 % for 6Li(d,
p)’Li and 15-40 % for °Li(d,p)”Li*.

9. 7Li(d,0z)5He reaction

The 7Li(d,0)°He reaction produces o-particles detected by the
a-spectrometer (see 9 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
MeV to 7 MeV.

The measured yields of a-particles Y of the 7Li(d,oc)SHe reaction at
135° and 168° are presented in Table 2. The data obtained make it
possible to determine the differential cross-section of the 7Li(d,oc)SHe
reaction; it is given in Fig. 14 and in Tables 8 and 9. When calculating
the cross-section we subtracted the contribution of half-energy deu-
terons to the signal assuming the D3 ion current to be equal to 2 % of the

12

DT ion current. The accuracy of cross-section measurement is deter-
mined by the accuracy of lithium thickness determination (4 %), the
accuracy of efficiency of charge particle registration determination (3
%), the accuracy of density of Li nuclei determination (1 %), standard
error (1 %), and uncertainty in the contribution of half-energy deuterons
(0-2 %); in total it is 6 %.

10. 7Li(d,noc)"He reaction

There are no data on the ’Li(d,na)*He reaction in the literature or
databases.

The Li(d,no)*He reaction produces two o-particles detected by the
a-spectrometer (see 8 in Fig. 2). Fig. 15 shows the signal of the a-spec-
trometer at 0.6 MeV deuteron beam to explain how the number of re-
action events is calculated. The kinematics of the reaction is such that
the energy of the a-particle is greater than a certain one, depending on
the angle and the energy of the deuteron. So for the deuteron energy of
0.6 MeV and the angle of 135° this a-particle energy is equal to 551 keV.
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Fig. 14. The measured differential cross-section of the 7Li(d,a)°He reaction at 135° (1) and 168° (2). For comparison data from the ENDF/B-VIIL.O [24] is provided: 3

— Delbrouck-Habaru (1969) 154°, 4 — Friendland (1971) 90°.

Table 8

The differential cross-section of the ’Li(d,a)°He reaction at 135° E — the
deuteron energy, AE — the standard deviation of E, ¢ — the cross section, Ac — the
statistical variance of o.

Table 9

The differential cross-section of the ’Li(d,a)°He reaction at 168°: E — the
deuteron energy, AE — the standard deviation of E, ¢ — the cross section, Ac — the
statistical variance of c.

E, keV AE, keV o, mb/sr Ao, mb/sr E, keV AE, keV o, mb/sr Ao, mb/sr
333 72 1.09 0.07 329 72 0.82 0.05
441 63 2.27 0.14 439 63 1.99 0.12
547 56 3.78 0.23 545 56 3.73 0.22
650 53 7.36 0.44 651 51 6.82 0.41
760 47 9.56 0.57 756 46 8.53 0.51
864 43 8.57 0.51 859 43 7.59 0.46
962 41 7.26 0.44 963 40 7.37 0.44
1064 38 8.20 0.49 1065 38 8.65 0.52
1170 37 6.26 0.38 1168 36 6.43 0.39
1270 34 4.97 0.30 1268 34 5.06 0.30
1372 32 4.34 0.26 1372 32 4.51 0.27
1473 31 4.12 0.25 1473 31 4.49 0.27
1573 29 5.38 0.32 1573 29 4.95 0.30
1674 28 5.91 0.35 1675 28 5.94 0.36
1776 27 6.70 0.40 1776 27 6.96 0.42
1877 26 7.53 0.45 1877 26 8.61 0.52
1977 25 8.53 0.51 1979 25 9.21 0.55
2078 24 9.67 0.58 2078 24 11.07 0.66
2179 23 11.46 0.69 2180 24 12.37 0.74

Particles with such energy are registered by the a-spectrometer channel
Np, = 308. In the region from the channel Ny, to the region in which the
contribution of backscattered deuterons can be neglected we draw a
smooth curve (7 in Fig. 15) that approximately describes the contribu-
tion of the 7Li(d,noc)4He reaction a-particles. Then we sum up all the
events under the curve 7 and all the events to the right of the curve 7; we
get Y;. We define the yield of a-particles Y of the 7Li(d,n«)*He reaction as
Y=Y;-Y;-Yy-Y3-Y4s-Y5-2 Y, where Y;is the number of counts in
peaks 1-6 (the majority of values are given in Table 2).

The measured yields of a-particles Y of the 7Li(d,ncx)4He reaction at
135° and 168° are presented in Table 2. The data obtained make it
possible to determine the differential cross-section of the 7Li(d,noc)“He
reaction; it is given in Fig. 16 and in Tables 10 and 11. When calculating
the cross-section we subtracted the contribution of half-energy deu-
terons to the signal assuming the D3 ion current to be equal to 2 % of the
D' ion current. The accuracy of cross-section measurement is deter-
mined by the accuracy of lithium thickness determination (4 %), the
accuracy of efficiency of charge particle registration determination (3
%), the accuracy of density of Li nuclei determination (1 %), uncertainty

13

in the contribution of half-energy deuterons (0-2 %), and uncertainty
drawing a curve depicting the contribution of the 7Li(d,noz)“He reaction
at low energies (=~ 2 %); in total it is 7 %.

11. Conclusion

The interaction of deuterons with lithium is characterized by a large
number of nuclear reactions with the generation of neutrons, a-particles,
protons, tritium, helium-3, lithium-7, and beryllium-7. However, the
reliable data on the cross-section of these nuclear reactions are
extremely scarce, and for some reactions the data are absent. In this
study, the °Li(d,0)*He, ®Li(d,p)"Li, ®Li(d,p)’Li*, “Li(d,«)°He, and "Li(d,
no)*He reactions cross-sections at the deuteron energies from 0.3 MeV to
2.2 MeV was measured with high precision.
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Fig. 15. The signal from the a-spectrometer at 0.6 MeV deuteron beam at 135°: 1 — 160(d,p)'”O reaction protons, 2 — 1°0(d,«)'*N reaction a-particles, 3 - 12C(d,
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reaction a-particles contribution, Ny, — the spectrometer channel corresponding to the minimum possible energy of the 7Li(d,na)*He reaction a-particles.
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Fig. 16. The measured differential cross-section of the 7Li(d,na)*He reaction at 135° (1) and 168° (2).

Table 10
The differential cross-section of the 7Li(d,noc)“He reaction at 135°: E — the

Table 11
The differential cross-section of the 7Li(d,noc)“He reaction at 168°: E — the

deuteron energy, AE — the standard deviation of E, ¢ — the cross section, Ac — the
statistical variance of o.

deuteron energy, AE — the standard deviation of E, ¢ — the cross section, Ac — the
statistical variance of ¢.

E, keV AE, keV o, mb/sr Ao, mb/sr E, keV AE, keV o, mb/sr Ao, mb/sr
333 72 3.0 0.2 329 72 2.6 0.2
441 63 6.7 0.5 439 63 5.9 0.4
547 56 12.8 0.9 545 56 11.0 0.8
650 53 22.9 1.6 651 51 18.1 1.3
760 47 26.2 1.8 756 46 22.7 1.6
864 43 25.8 1.8 859 43 22.3 1.6
962 41 27.3 1.9 963 40 23.6 1.6
1064 38 25.3 1.8 1065 38 22.2 1.6
1170 37 15.9 1.1 1168 36 15.1 1.1
1270 34 19.8 1.4 1268 34 12.7 0.9
1372 32 13.9 1.0 1372 32 13.0 0.9
1473 31 13.8 1.0 1473 31 125 0.9
1573 29 14.1 1.0 1573 29 14.4 1.0
1674 28 15.8 1.1 1675 28 16.4 1.1
1776 27 18.1 1.3 1776 27 20.2 1.4
1877 26 20.0 1.4 1877 26 23.4 1.6
1977 25 21.3 1.5 1979 25 26.2 1.8
2078 24 23.3 1.6 2078 24 28.3 2.0
2179 23 24.9 1.7 2180 24 30.1 2.1
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