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Abstract:

In order to investigate the temperature effect on the stopping power of liquid lithium material for keV

D™, the excitation functions of the a-particle yields for the °Li(d,x)*He reaction in liquid lithium (495-600 K) have
been measured for the bombarding energies from 50 to 70 keV by 2.5 keV steps. The observations show that the

thick-target o-yield increases statistically as lithium temperature increases.

These phenomena revealed that the

only possible reason is a temperature effect on the stopping power, i.e., increasing temperature resulting in a lower

stopping power. As the lithium temperature increased from 495 to 600 K, the energy loss of deuterons decreased

about 6.7% in the energy region of E <70 keV.
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1 Introduction

The energy loss of ions through matter has long been
the subject of theoretical and experimental investigation.
For higher energies the Bethe theory and Bragg rule ac-
curately predict stopping cross-sections with the aid of
experimentally measured mean excitation energy. For
lower energies particularly near the Bohr velocity region,
the complexity of energy-loss has not been possible to
precisely predict on the basis of theory alone, or even
from empirical information. The challenge comes from
the complexity of the electronic structure of the colliding
partners, their relative colliding energy and the charge
transfer process [1]. For this reason the study of the sim-
ple H*-Li (proton-lithium) collision system would be of
heuristic benefit since the single electron models are ap-
plicable due to the outermost electron (2 s) being much
more loosely bound than the innermost electrons (1 s)
[2]. Therefore, experimental measurements of a simple
collision system are still desirable for particular topics,
such as physical and chemical state [3], matter tempera-
ture [4] and pressure [5].

Since Swann [6] first noted the stopping cross-section
would change between the gas and solid phase due to
dielectric effects, and Fermi [7] estimated that the solid
phase should have lower stopping than gas to the order
of several percent by including the dielectric screening
correction, the first experimental observation [8] of the
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physical state effect reported that the gas stopping cross-
section for HT (100 keV) was 20% greater. A summary
of the phase effect can be found in Ref. [9]. To estimate
the influence of temperature on stopping cross-section,
Von Weiszacker theory [10] predicts a strong influence
from temperature, and afterwards a few measurements
[11] with solid phase, i.e., aluminum and tin as a stopping
medium down to liquid helium temperature, gave nega-
tive results. In the plasma phase, however, the tempera-
ture effect has been confined to consideration of stopping
cross-section in the context of Inertial Confinement Fu-
sion [12]. Since the technical difficulties of measuring the
stopping cross-section in a liquid medium in the keV en-
ergy region are nearly insurmountable, there is no extant
experimental work dealing directly with the temperature
dependence of stopping power with liquid phase. Rather,
in the absence of any suggestions to the contrary, it is
generally assumed that there is none and the effect is
ignored.

However, Von Weizsacker theory [10] predicts a
strong influence of temperature on the stopping power
especially for light metals such as Al, Na and L4, i.e., for
aluminum the decrease of stopping cross-section is ex-
pected to be 6% from 20 to 273 K. Meanwhile, Sabin’s
estimation [4] shows that the temperature effect should
be larger when the projectile velocity is lower. In or-
der to experimentally confirm the temperature influence
on the stopping power of a light-nucleus matter for a
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low-volocity incident projectile, we have chosen Li mate-
rial as a stopping medium for keV DT ions. Meanwhile
Li matter has a relatively low melting point and reacts
with the incident projectile (D), i.e., °Li(d,o)*He reac-
tion in which the emitted thick-target o-yields relate to
the stopping cross section.

2 Experiment

The experiment was performed using a low-energy
high-current ion beam generator at the Research Center
for Electron Photon Science, details of which were re-
ported in Ref. [13] In this work, we measured the thick-
target yields of a-particles emitted from the °Li(d,o)*He
reaction from 50 to 70 keV occurring in liquid Li medium.
The measurements were performed in different tempera-
ture regions, i.e., 4954+13, 53246, 576+8 and 600+4 K.

Two Si surface barrier detectors (300 pm in thick-
ness and 450 mm? in area) were employed to detect the
charged particles, with a total solid angle (Af2/4m) of
5.0%. The detectors were placed at 125° with respect
to the beam direction. A thin Al foil (5 um thick) was
placed in front of the detector to prevent scattered par-
ticles from hitting the detector directly. The detector
holder, made of Al, was cooled by water at 5° Celsius
to avoid being heated up by thermal emissions from the
target. The liquid 8Li target (enrichment of 95%) was in
an open container which was placed horizontally at the
center of the chamber with pressure about 9x10~* Pa.

As an active element, lithium is easily covered with
compounds such as LiD, thus much attention should be
paid to the cleanness of the target surface during the
bombardment. The deterioration can be easily known
for the liquid lithium phase, since the monitoring data of
the radiation thermometer which was arranged to mon-
itor the temperature of the target surface should fluctu-
ate anomalously when contamination spots exist, while
the yield of protons from the D(d,p)T reaction would
increase strongly. Thus, during the measurements we
kept the D/Li atomic ratio less than 0.02%. When the
ratio exceeded the upper-limit value, the target surface
was shaved by the scraper in the chamber. We kept the
same beam power (500 mW) during the experiment, in
order to keep the target conditions as similar as possible.
Limited by the melting and boiling point of lithium, the
present work observed the ®Li(d,«)*He reaction in liquid
Li from 495 to 600 K.

3 Results and discussion

The thick-target charged particle spectrum measured
at 70 keV is illustrated in Fig. 1, where four peaks are
seen: protons (p) from the D(d,p)t reaction, protons (p,
and p) from the °Li(d,p, /p)”Li reactions, and a-particles
from the °Li(d,x)*He reaction as indicated. The con-

tinuous events below 1000 channels originate from the
"Li(d,«)n*He reaction due to the "Li (5%) in the enriched
target. The key observation object (E,=10.9 MeV) is
clearly identified, while the peak area of protons from the
monitoring D(d,p)t reaction indicates the concentration
of deposited deuterons during the bombardment, which
was kept as £<0.02% (LiD,) in the measurement
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Fig. 1. Charged particle spectrum obtained by the
bombardment of 70 keV D on liquid lithium.

Figure 2 shows the o« yields (solid dots) measured
from 70 to 50 keV with unit counts per nC of the im-
planted deuteron. For a certain energy (the individual
plots in Fig. 2), the yields obtained at four different
temperatures (495+13, 53246, 576+8 and 600+4 K) in-
crease linearly with temperature, where the tendency is
estimated by a dashed line for guidance. The thick-target
o-yield (Yk(E,)) is the integral of the cross section
and the inverse of stopping power over the range of inci-
dent projectile, which can be expressed as follows

. AR (T
Yihick(B, T) = 2Ndx0.95pLi(T)%()

Ed dQCIIl
X JO mo(EcrrnT) [pLi(T)

xS(E4,T)] dE. (1)

where E4 is beam energy in the lab system, Ny is
the number of projectiles, pr;(T) is the temperature-
dependent number density of the target Li, Af2,,(T)
is the solid angle subtended by the detectors (this term
also shows a slight T-dependence due to the volume ex-
pansion [14] of the Li target as temperature increases),
d2.,/dS2,;, is the solid angle ratio of the c.m. sys-
tem to the lab system, and o(F..,T") is the cross sec-
tion [13] of the °Li(d,x)*He reaction with incident en-
ergy (E.,) in the c.m. system, which might be affected
by environmental temperature [15], i.e., Oicroen(E) =
FIEUs(T)] X Opare(E) where f[E, U/(T)] is an enhance-

084001-2



Chinese Physics C  Vol. 39, No. 8 (2015) 084001

70.0 keV + 67.5 keV 65.0 keV .
20.0 1 oasa o |
o .
198 14.8 109
19.6 .
J + 14.5 10.7
194 ; I +
o 142 . 10.5 I
19.2 . o -
[ B B
190, 13.9 + 103 +
188 13.6 10.1
62.5 keV 60.0 keV 57.5keV
8.0 + 57 . 20
~ Ps .
Q 79 56 A e
? L= : 3.8 i 1
g } ; E I )
H 78 l - 55 l
=] o l 1 3.7
2 17 l . 54
S .
3

75 52

l
76 % 53‘+~

36 +

262 55.0 keV

1.72
2.60 o 3 1.70
258 . 1.68

256 l e 1.66

525keV

254 1.64

250+ ‘ 1.60 J

248

252 il 1.62-'1  

50.0 keV
1.08 l

N : 1.07 \ N
1.06 B l
+ 1.05 . ‘

1.04

1.03 l
1.02

480 500 520 540 560 580 600

1.58
480 500 520 540 560 580 600

480 500 520 540 560 580 600

target temperature

Fig. 2.

x-yield from the 6Li(d,oc)‘lHe reaction. In each plot, the four dots are the measured values in the different

temperatures (495, 532, 576 and 600 K). Nine incident energies were investigated from 70 to 50 keV. The dashed
line in each plot shows the increase of the a-yield with temperature.

ment factor and U,(T) is the screening energy, pp;x
S(E4,T)=dFE/dx is the stopping power of lithium for in-
cident deuterons, where S(E,T) is the stopping cross-
section. Since the effect of T-dependent pr;(T") on thick-
target yields is eliminated in the calculation, as seen
in Eq. (1), the residual reasons which influence the
thick-target yields must originate from the solid angle
(Af2,,(T)), nuclear reaction cross section (0(Eem,T"))
and stopping cross section (S(E,T)).

The phenomenon of expansion and contraction will
change the surface location of the liquid Li target and
modify the distance from the beam-spot to the detector,
thus the solid angle Af2,,,(T) is a function of tempera-
ture. To estimate the effect of Af2,,(T) change on thick-
target «-yields, the related geometric parameters of the
Li target and detectors as well as the density change of
lithium p;(T") [14] were involved, finding that the influ-
ence is about 0.2% as Li temperature increases from 495
to 600 K. In that sense the effect due to the change of
solid angle is negligible.

Raiola [15] measured the D(d,p)T reaction in Plat-
inum (Pt) metal with the Pt temperature changing from
20° to 340° Celsius, and found the T-dependence of cross
section to be simply explained by the screening effect
of quasi-free electron in Pt metal by using the plasma
screening of the Debye model, which leads to U,~T /2.

Since the increasing temperature tends to weaken the
ability of electrons to gather around and screen positive
charges [16], the cross section (and thick-target o-yield)
should decrease as the environmental temperature in-
creases. Therefore, the influence from o(T) gives a neg-
ative correlation with the observed results. Simply as-
suming the screening energy (i.e., U;,~700 eV at T=495
K [13, 15]) follows the Debye model, the thick-target «-
yield which is the most likely to be affected in the low
energy region, i.e., 50 keV, would decrease less than 1.8%
as Li temperature increases from 495 to 600 K.

So far, we can confirm that the increasing «-yield
must be mainly caused by the smaller stopping power
as temperature increases, as seen in Eq. (1). We can
make a simple assumption that the stopping power has
the same energy dependence in shape as SRIM [17] but
that the absolute value depends on the temperature, i.e.,
S(E,T) = Ssrim(E) x A(T). The values of A(T) were
searched for which give the minimum value of x?, the
Chi-square Test, defined as

oy B ) Y B T o)
[AY&™ (Ea)]? ’
where Y and AYS® are the measured thick-target

a-yields and corresponding statistical errors which have
been plotted in Fig. 2. The deduced results show that
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the stopping cross section decreased about 6.7% as Li
temperature increased from 495 to 600 K, where the er-
rors (AA(T)) in A(T) were estimated by x2,,£1, e.g.,
in the process of searching for the best value of A, one
may find the value A* which leads to x*=x2,,+1, then
AA(T) is defined by (A*—A). The deduced values of
A(T) for stopping correction are plotted as the dots in
Fig. 3, with the straight line given as a guide. As extrap-
olated in Fig. 3, the correction factor seems to be 1.0 as
the temperature approaches the Li boiling point (~620
K, in the vacuum chamber). It means that the stopping
power approaches the values estimated by SRIM as the
Li material comes near the lithium vapor state, however,
the five-parameter empirical formula [17] obtained by fit-
ting the experimental values mainly originated from the
solid-film lithium (~10'® atom/cm?), i.e., Ref. [2].

In our experiment, the incident energy was much
lower and overlapped the Bohr velocity region; consid-
ering Weizsacker [10] and Sabin’s estimations [4], our
observation appears to be acceptable. Nagy [12] inves-
tigated the stopping of a finite-temperature electron gas
for a slow proton at the reduced temperature O (kgT'/cy)
ranging from 0 to 10. For the present temperature region
(6«1), the calculated result predicts that the stopping
power decreases almost linearly as temperature increases,
however the decrease rate is negligibly small: less than
0.1% for the temperature from 495 to 600 K. From the
experimental point of view, Arnau [18] reported that the
phase effect on stopping power is as much as 50% be-
tween gaseous and solid zinc targets for 50 keV/u pro-
tons. Based on our observation, we can safely conclude
that the experimental evidence of a temperature effect
on energy loss has been found by using the keV-energy
deuteron transporting in liquid lithium medium. How-
ever a more sophisticated theory is required. Also, the
accessory experiments to further validate this observa-
tion are highly desired in our future through a variety
of ways, i.e., elastic scattering, charge transfer cross sec-
tion, temperature dependence of sputtering yield. For

instance, Gay et al. [19] observed that the secondary-
electron yield from carbon foil bombarded by a 175 keV
a-particle decreased about 5.5% as the foil temperature
increased from 495 to 600 K.
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Fig. 3. Correction factor (A(T)) for stopping

power as a function of lithium temperature. The
dots are deduced values from Eq. (2), the straight
line is a linear fit for guidance.

4 Conclusion

We conclude that experimental evidence of a tem-
perature effect on energy loss has been found by using
keV-energy deuterons transporting in a liquid lithium
medium. As the Li temperature increased from 495 to
600 K, the energy loss of deuterons decreased about
6.7% in the energy region of E <70 keV. However, a
more sophisticated theory is required. Also, supplemen-
tary experiments to further validate this observation are
highly desirable and a variety of methods are considered
for future work e.g., elastic scattering, charge transfer
cross section, and temperature dependence of sputtering
yield.
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