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The ’Li (p,p’y)Li reaction cross section and photon yield from a thick lithium target at proton energies from 0.7
to 1.85 MeV have been measured with a HPGe gamma-ray spectrometer. The spectrometer is calibrated on total
and relative sensitivity by reference radionuclide sources of photon radiation. The measurement results are
compared with those presented in the EXFOR nuclear reaction database and with other data published in open
sources. The reliability of the results of previous studies is analyzed.

1. Introduction

Boron neutron capture therapy (BNCT) (Sauerwein et al., 2012)
which requires an intensive epithermal neutron beam is considered to be
a promising technique for treatment of malignant tumors. It is generally
recognized that the generation of neutrons as a result of the “Li (p,n)’Be
threshold reaction at proton energies in the region of 2.3-2.5 MeV al-
lows forming a neutron beam that best meets the requirements of BNCT
(IAEA-TECDOC-1223, 2001; Zaidi et al., 2018). An epithermal neutron
source (Bayanov et al., 1998; Taskaev, 2015, 2019) consisting of a
vacuum insulated tandem accelerator for proton beam production and a
lithium target for neutron generation has been proposed and created at
Budker Institute of Nuclear Physics. The target is made as a thin' lithium
layer evaporated on an efficiently cooled copper substrate (Bayanov
et al., 2004, 2006).

Accompanying photon absorbed dose is undesirable for BNCT but it
arises inevitably. It is known that as a result of inelastic proton scattering
478 keV photons are emitted from lithium nuclei. Total photon absorbed
dose includes this dose together with other doses from photons emitted
by “Be decay, from neutron capture by hydrogen nuclei and by a number
of atomic nuclei that are part of structural materials. Knowing the

photon yield of the “Li (p,p’y)’Li reaction is certainly important for
nuclear data evaluation and for estimating the absorbed dose during
therapy planning. However, the data of the 478 keV photon yield and
the data of the “Li (p,p’y)’Li reaction cross section in the literature
(Antilla et al., 1981; Kononov et al., 1997; Savidou et al., 1999; EXFOR
experimental nuclear reaction database; Saito et al., 2017; Brown et al.,
1951; Mozer et al., 1954; Presser et al., 1972; Mateus et al., 2002) differ
significantly. Fig. 1 shows the data of 478 keV photon yield in the "Li (p,
p’y)"Li reaction, and Fig. 2 shows the data of the “Li (p,p’y)’Li reaction
cross section.

The aim of this work is to measure cross-section of the "Li (p,p’y)’Li
reaction and 478 keV photon yield from a thick lithium target at proton
energies below the Li (p,n)’Be reaction threshold.

1.1. Experimental setup

The study was carried out on a vacuum insulated tandem accelerator
(Taskaev, 2015, 2019) at proton beam energies from 0.7 to 1.85 MeV
and a current of 300 pA. The scheme of the experimental setup is shown
in Fig. 3. In accelerator 1, a low-energy beam of negative hydrogen ions
are generated by the source 1a, focused by the magnetic lenses 1b to the
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1 The term “thin” means that protons pass through the lithium and are absorbed in the metal on which the lithium is deposited. For the generation of neutrons, it is
optimal that the proton energy at the exit from the lithium layer is equal to or slightly below 1.882 MeV - the threshold of the “Li(p,n)”Be reaction. For the generation
of 478 keV photons, the target will be thick if the proton energy at the exit from the lithium layer is below 0.478 MeV — the threshold of the “Li(p,p’y)’Li reaction.
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Fig. 1. Yield of 478 keV photon in the ’Li (p,p’y)’Li reaction: o - measured
(Antilla et al., 1981), [J - calculated (Kononov et al., 1997), {) - measured at E
= 1.75 MeV and calculated at other energy values (Antilla et al., 1981), A -
measured at E = 1.67 MeV and 1.87 MeV and estimated at 1.95 MeV (Saito
et al., 2017).
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Fig. 2. “Li (p,p’y)’Li reaction cross-section from (Brown et al., 1951; Mozer
et al., 1954; Presser et al., 1972; Kononov et al., 1997; Mateus et al., 2002). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

accelerator input port Ic, and accelerated to an energy of 0.35-0.925
MeV. In the gas stripper 1d installed inside the central high-voltage
electrode Ie, negative hydrogen ions are stripped to protons, which
are further accelerated to an energy of 0.7-1.85 MeV by the same
high-voltage potential. Potentials of the high-voltage electrode 1e and
the intermediate electrodes If are set from the high-voltage power
supply 1h (not shown) through the high voltage feedthrough insulator
1g. Then the proton beam is directed to the lithium target.

The lithium target 10 is placed at the end of the vacuum chamber 9 in
the horizontal part of the proton beam transporting channel. The target
is a copper disk with a diameter of 144 mm and 8 mm thick. On the
proton beam side, a layer of lithium with a crystal density of 82 mm in
diameter is thermally evaporated onto the copper disc. On the reverse
side of the copper disk inside 122 mm diameter four spiral-shaped
channels for water cooling have been made (Bayanov et al., 2006). A
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flat aluminum disk with holes for the cooling water supply and outlet is
pressed against this side of the copper disk. At a typical water flow of
15-17 1/min, a turbulent water flow with a speed of 3.5-4 m/s is real-
ized in the cooling channels, which provides effective heat removal
(Bayanov et al., 2004). Vacuum evaporation of lithium on the copper
disc is carried out at a separate stand according to the scenario similar to
that described in (Bayanov et al., 2008). After lithium deposition, the
target unit together with a part of vacuum chamber 9 closed with a gate
valve to maintain vacuum inside is disconnected from the lithium
evaporation stand, transferred to the experimental facility and con-
nected to the horizontal proton beam transporting channel.

A proton beam of 1 cm diameter is obtained on a vacuum insulated
tandem accelerator 1. Proton current is measured and controlled by a
non-destructive DC current transformer NPCT (Bergoz Instrumentation,
France) 3; the position of the beam is measured by thermocouples
inserted inside the cooled diaphragms 2. The position and size of the
proton beam on the surface of the lithium target 10 are measured and
controlled by the Hikvision video camera installed on the window 14
and eight thermocouples inserted into the holes inside the target 10
drilled from the side surface of the copper disc.

The intensity of gamma radiation is measured by the gamma-ray
spectrometer SEG-1KP-IPTP 12 (Institute of Physical and Technical
Problems, Dubna, Russia) 12 based on a semiconductor detector made of
extremely pure germanium (HPGe gamma-ray spectrometer). The sen-
sitive part of the spectrometer is located at a distance of 2.00 m at an
angle of 110°. The spectrometer is placed inside the lead collimator 13
with external diameter of 270 mm, 500 mm length and 50 mm wall
thickness. Together with the collimator, the spectrometer is protected
from a bremsstrahlung of the accelerator by a 23 cm thick wall 11 built
of concrete blocks. Note that the location of the concrete wall, collimator
and spectrometer is shown in Fig. 3 schematically; in reality they are
located in the horizontal plane behind a vacuum chamber with a lithium
target.

A typical signal of the HPGe gamma-ray spectrometer is shown in
Fig. 4. It shows a narrow useful signal in the region of 478 keV, a broad
signal due to bremsstrahlung of the accelerator, the intensity of which
increases with increasing accelerator voltage, and in the region below
90 keV characteristic X-rays emitted by lead. The dead time of the
spectrometer did not exceed 26% when measuring the reaction cross
section and 13.4% when measuring the photon yield.

HPGe gamma-ray spectrometer is calibrated on total sensitivity by
closed type Cs-137 radionuclide source of photon radiation with activity
1.6-10% Bq (10% accuracy) in 661.657 keV line. During calibration the
radionuclide source was placed on the surface of the copper disk in its
center — as close as possible to the lithium layer. The relative sensitivity
of the HPGe gamma-ray spectrometer was calibrated by the following
reference sources of photon radiation from the OSGI-TR set (Ritverc,
Russia): Na-22, Mn-54, Co-60, Ba-133, Cs-137, Eu-152 and Bi-207. In-
tensity reliability of reference radiation sources is 7%. Finally, the ab-
solute efficiency at 478 keV was fixed by interpolating the data
obtained.

2. Results and discussion
2.1. 478 keV photon yield from a thick lithium target measurement

The experimental result of the 478 keV photon yield from a thick
lithium target at proton energies from 0.7 to 1.85 MeV with 25 keV steps
is presented in Fig. 5. The lower energy limit is determined by the
possibility of the accelerator, the upper one - by the impossibility to use
the HPGe gamma-ray spectrometer in the neutron field due to disloca-
tions arising in the detector crystal. The target is called thick if the
thickness of the evaporated lithium layer exceeds the proton range in
lithium. The proton range is equal to 31 pm at proton energy 0.7 MeV
and 144 pm at 1.85 MeV (Andersen and Ziegler, 1997). In the experi-
ments performed, the lithium thickness was 200 pm.
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Energy stability during the experiment was between 0.1 and 0.2%,
average 0.14%. The absolute value of energy was calibrated according
to the threshold of generation of neutrons of the 14 (p,n)7Be reaction
equal to 1.882 MeV. The 478 gamma rays were measured for 2 min at
each points, so that the error in measuring the count rate does not exceed
0.5%. Approximately the same measurement error was produced at
measuring the charge carried by the proton beam, while the current
stability of the proton beam was 3%. As a result, the measurement error
of the relative value of the photon yield shown in Fig. 5 did not exceed
1%. Measurement of the absolute photon yield is performed using a
closed type Cs-137 radionuclide source of photon radiation, whose in-
tensity reliability is 10%, and reference sources of photon radiation from
the OSGI-TR set, whose intensity reliability is 7%. Summing up, we can
say that the absolute gamma-ray yield from a thick lithium target is
measured with better than 15% accuracy. Note that in Fig. 5 the vertical
error bars only show a relative error not exceeding 1%; the absolute
error, not shown in the figure, is 15%.

Let us compare the obtained result with those previously measured
and calculated. In (Antilla et al., 1981) the measured gamma-ray yield is
given equal to 0.817-10” pC™! at 1 MeV, which is 1.67 times more than
we measured, and 10.8-107 pC’l at 1.7 MeV, which is 1.78 times more
than we measured. In (Kononov et al., 1997) the calculated yield of
gamma rays is given as 0.24-107 pC~! at 1 MeV, which is 2 times less
than we measured, and 5-10” pC ™! at 1.5 MeV, which is 1.3 times more
than we measured. In (Savidou et al., 1999) the measured yield of
gamma-ray quanta is given as 6.283-107 pC~! at 1.77 MeV, which is 13%
less than the value at 1.77 MeV extrapolated from our measurements. In
(Saito et al., 2017) the measured yield of gamma-ray quanta is given as
5.66 + 0.2:107 uC~! at 1.67 MeV, which is equal to our measured 5.77 +
0.07-10” pC~! at 1.672 =+ 0.002 MeV.

The dependence of the 478 keV photon yield on the proton energy
measured with a relative accuracy better than 1%, makes it possible to
measure the thickness of lithium if its thickness is less than 100 pm
(Kasatov et al., 2020).

2.2. Measurement of the 7 Li(p,p ’v)”Li reaction cross-section

Then in order to measure the cross-section of the “Li (p,p’y)’Li re-
action a thin layer of lithium was evaporated on the copper disk and the
yield of 478 keV photons was measured at proton energies from 0.7 to
1.85 MeV with the same 25 keV energy steps in the same experimental
geometry.
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Fig. 4. Typical signal of HPGe gamma-ray spectrometer: 1 — 478 keV photons
emitted in “Li (p,p’y)’Li reaction, 2 — bremsstrahlung of the accelerator, 3 —
characteristic X-rays emitted by lead. The upper curve was obtained at a proton
energy of 1.75 MeV, the lower one — 0.8 MeV.

Since we are using a vapor deposition process to produce the target,
the correct thickness is not known. The thickness of the lithium layer is
defined as follows. It is known that the rate of proton energy loss S in
lithium depends on its energy E as follows (Andersen and Ziegler, 1997):

— StowShigh

§ = o Phigh
Slow + Shigh

eV/(l()]5 atoms/cmz),

where Siy, = 1.6E*, Spgy = 72261n (1 + 308 4 0.04578E>, E is taken

in keV. Using this formula, let us calculate the amount of proton energy
loss in lithium with crystal density. We obtain that passing the lithium
layer with 1 pm thickness the proton loses 15.4 keV at 0.7 keV and 7.77
keV at 1.85 MeV. The photon yield from a thin lithium targetis Y, =nx
o I/e, where x is the thickness of lithium, n is the density of lithium
atomic nuclei (4.59-10%2 cm’3), ¢ is the "Li (p,p’y)7Li reaction cross-
section, I is the current of the proton beam, e is the elementary
charge. Since the 478 keV line count rates on a thin and thick targets
were measured in 25 keV steps in the same experimental geometry, the
count rate Y; of gamma quanta from a thick target can be determined

Fig. 3. Scheme of the experimental setup: 1 — vac-
uum insulated tandem accelerator (I1a — negative
hydrogen ion source, 1b — magnetic lenses, Ic —
accelerator input port, 1d — gas stripper, 1e — central
high-voltage electrode, 1f —intermediate electrodes,
1g - feedthrough insulator, 1h — high-voltage power
supply), 2 - cooled 26 mm diaphragm, 3 - non-
destructive DC current transformer, 4 — diagnostic
chamber with inserted Faraday cup, 5 - corrector, 6
- bending magnet, 7 — diagnostic chamber with
inserted Faraday cup and vacuum pumping, 8 — gate
valve, 9 — vacuum chamber with gate valve, 10 —
lithium target, 11 — concrete wall, 12 — gamma-ray
spectrometer, 13 — lead collimator, 14 — view port.
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Fig. 5. Measured yield of 478 keV photons from a thick lithium target in the "Li
(p,p’y)’Li reaction. For comparison, the measurement data are given: o -
(Antilla et al., 1981), ¢ - (Antilla et al., 1981), A - (Saito et al., 2017) and
calculations: [] — (Kononov et al., 1997).

J
from the measured count rate Y; from a thin target as Y; = ;) Y; s_iz(i)’
i=

where the index i indicates the measurement number (i = 0 at 0.7 MeV, i
=1 at 0.725 MeV and so on in 25 keV increments), S;(x) — the value of
the proton energy loss (in keV) in a lithium layer with thickness x. Fig. 6
presents two curves of the count rate from a thick target, one measured,
and an other reconstructed by the above formula with a thickness of
lithium of 2.1 pm. In this case, the measured and reconstructed curves
are the best match, which means that lithium thickness is 2.10 + 0.03
pm.

Since the lithium thickness has been determined, measuring the 478
keV photon count rate allows us to determine the ”Li (p,p’y)”Li reaction
cross-section assuming that the radiation is isotropic; it is shown in
Fig. 7. The relative error of the cross-section measurements is deter-
mined by the detector count rate error and current stability, and it does
not exceed 1%. The absolute cross-section error is determined by the
reliability of radionuclide sources of photon radiation (as discussed
above, and it does not exceed 15%) and the error in measuring the
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Fig. 7. Cross section of the “Li (p,p’y)’Li reaction: o — measured in this study.
For reference: solid line — (Kononov et al., 1997), ¢, A, [J, dotted line — mea-
surements by (Brown et al., 1951; Mozer et al., 1954; Presser et al., 1972;
Mateus et al., 2002). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

thickness of lithium (1.5%). Although energy stability was better than
0.2%, slowing down of protons in the lithium layer of non-zero thickness
increased the error in energy determination, which eventually ranged
from 0.4 to 1.2%; it is shown in Fig. 7. Pay attention to the fact that in
Figs. 7 and 8 the vertical error bars show only a relative error not
exceeding 1%; the absolute error, not shown in the figure, is 15%.

In the article (Aslam et al., 2002), a statement is made that if about
1030 keV resonance peak the radiation is isotropic, then at higher en-
ergy it will not. The largest dip in radiation intensity is predicted for an
angle of 15°. So, at an energy of 1.8 MeV, the radiation intensity at this
angle in the laboratory coordinate system is more than 2 times less than
the radiation intensity at an angle of 0°, 90°, or 120° for a thin target and
more than 1.3 times less for a thick target. To check the isotropy of the
radiation, the measurements were repeated at an angle of 15°. Fig. 8
shows the measured dependences of the radiation intensity at an angle
of 15° and 110° from a thin target. It can be seen that no difference from
isotropy is observed. The same result was obtained when measuring the
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Fig. 6. Dependence of the 478 keV photon count rate on proton energy E: circles — measured from a thick lithium target, line - recovered from measurements from a

thin 2.1 pm lithium target.
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Fig. 8. Measured dependence of the 478 keV photon count rate from a thin
lithium target at proton energy E: o — emitted at the angle of 110°, [] - 15°.

intensity of radiation from a thick target: an increase in the proton en-
ergy from 1.4 to 1.8 MeV increases the radiation intensity by 2.45 + 0.03
times both at an angle of 110° and 15°, while article (Aslam et al., 2002)
predicted an increase in radiation intensity by 1.94 times at an angle of
15°, 3.4 times at an angle of 90° and 3.6 times at an angle of 120°.

Let us compare the obtained result with the previously measured
ones (see Fig. 7). The results obtained by Brown in 1951 differ in shape,
are strongly overestimated, especially in the area of low energies. V.
Kononov’s results in 1997 differ in shape, are strongly overestimated in
the region of higher energies. Three values presented by Moser in 1954
are systematically overestimated by 14%, which is within the limits of
our measurement error. The results of Presser in 1972 are overestimated
by 10-20% compared to our measurements. The most recent results of
Mateus are almost exactly the same as those obtained by us.

3. Conclusion

For boron neutron capture therapy, a promising technique for the
treatment of malignant tumors, an intensive epithermal neutron beam
with a minimal contribution of accompanying gamma rays is required. It
is generally recognized that the optimal reaction of neutron generation
is the "Li (p,n)’Be threshold reaction at proton energy in the 2.3-2.5
MeV region. The knowledge about the ’Li (p,p’y)’Li reaction cross sec-
tion and 478 keV photon yield is relevant for development of accelerator
based neutron sources. The values of photon yield and cross section
given in the literature and in the EXFOR database of nuclear reactions
differ greatly from one author to another. In this paper, a "Li (p,p’y)’Li
reaction cross section and 478 keV photon yield from a thick lithium
target at proton energies from 0.7 to 1.85 MeV were measured with high
precision on a vacuum insulated tandem accelerator. The results of
previous measurements are analyzed.
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