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In order to investigate the screening effect of a nuclear reaction in a liquid metal environment, thick-target yields of
the °Li(d,a)*He and "Li(p,a)*He reactions were measured using a liquid Li target for incident energies between 22.5
and 70keV. The modified S(E) factor [S*(E)] for the liquid Li environment was deduced by dividing the measured
yield by the energy integration of the penetration factor divided by the stopping power. It was shown that $*(E) for the
liquid environment is considerably larger than that for the atomic/molecular environment for both reactions. The
difference in the screening energy between the two environments was deduced to be AU = 235+ 63 (°Li+d) and
140 & 82 eV ("Li+p), although the screening energy for liquid Li has a large uncertainty with Uiiq ~ 486-776 (°Li+d)
and 324-637eV ('Li+p) owing to the uncertainty of the astrophysical bare S(E) factors. This difference in the
screening energy should be considered in such a way that, in liquid Li metal, conduction electrons and Li™ ions

contribute to the screening in addition to bound electrons.

KEYWORDS: d-8Li/p-’Li reaction, modified S*(E) factor, electron screening, ionic screening, liquid metal target

1. Introduction

Nuclear reactions play a key role in nuclear astrophysics
in clarifying the early universe and the evolution of the
stars.” For this reason, the cross section o(E) of an
important astrophysical reaction at the relevant thermal
energy must be known accurately. However, direct measure-
ments of the reaction cross section between charged particles
at astrophysical energies are severely hindered by the
presence of the Coulomb barrier. Since the cross section
o(E) drops steeply at an energy E far below the Coulomb
barrier, it is advantageous to transform the cross section into
the astrophysical S(E) factor,” defined as

0(Ecm) = S(Eem) E,h exp[—270(Eem)], (1)

where n(Ecm) = Z1Z2e?/hv is the Sommerfeld parameter
(Z, and Z, are the atomic numbers of the projectile and the
target nucleus, respectively, and v is the relative velocity
between them) and E., is the projectile energy in the centre-
of-mass (cm) system (all energies are given in the cm system
in the following, except where quoted differently).

If a nuclear reaction proceeds between two bare nuclei,
eq. (1) depicts a pure nuclear cross section, which we call
the bare cross section (0pare), and the corresponding S-factor
is called the bare S-factor [Spae(E)]. However, for reactions
studied in the laboratory, the target nuclei and projectiles
are usually in the form of neutral atoms, molecules, or
ions. Consequently, the electron clouds surrounding the
interacting nuclei screen the repulsive Coulomb potential
between the bare nuclei. This leads to an enhanced cross
section (Ogcreened) and a screened S-factor [Ssereened(E)]
defined as
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Sscreencd(E) = f(E, Us) - Spare(E) (i-€., Tscreened =1 * Obare)-
2

Here, f(E, Us) is the enhancement factor” defined as

_E Us\ Uy
f(E,US)_ E+quxp<7”7 E) NexP(”’? E)’ (3)

where U is the screening energy provided by the
environment; f(E, U) increases exponentially as the energy
decreases. The value of U due to the bound electrons can be
estimated by the adiabatic limit as the difference in the
electron binding energies (B.) between the unified atom
(Z = Z, 4+ Z,) and the two atoms of the entrance channel,
ie., Uy = Ba(Z) — Ba(Z1) — Ba(Z,).” This is the max-
imum energy transfer from bound electrons to the kinetic
energy of the colliding nuclei.

For reactions with light nuclei, Spye(E) is deduced
experimentally by assuming a polynomial function of E,
whose coefficients are usually determined at higher energies
(E/Us > 100), where the screening does not affect the cross
section. Then, the values of U, are determined from lower-
energy data so as to explain the observed enhancement. The
reported values of U for bound electrons are always larger
than those of the adiabatic limit. For the Li+p and Li+d
reactions, Engstler e al.” reported a screening energy of
about 350 eV, which is much larger than the adiabatic limit
for the Li atom (186eV). Barker® reanalyzed the data in
ref. 5 so as to determine the values of Us and Spue(E)
simultaneously. The obtained values were about 220eV,
which is considerably smaller than that reported in ref. 5,
although still larger than 186 eV. Meanwhile, the so-called
trojan horse method (THM)” has been developed to deduce
Svare (E) using a quasi-free process in a three-body reaction.
Using the THM, Musumarra ez al.® and Lattuada er al.”
determined Sya.(E) and obtained a Us of about 320eV by
comparison with the data in ref. 5. It appears that the
experimental Sy, (E) for the Li+p/Li+d reaction has not yet
been determined unambiguously. In addition, the larger value
of U for the bound electrons has not been explained either.
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Recently, it has been reported that there are surprisingly
large screening effects for the D4+D'*'? and Li4p/Li+d
reactions'>'® in metal environments. In a metal, the
screening due to the conduction electrons should be
considered in addition to that due to the bound electrons.
However, observed values of U, for the D+D reaction are
more than 300 eV for most metals, which is much larger than
those predicted using the Thomas—Fermi model (several tens
of eV). For the °Li(d,o)*He and "Li(p,a)*He reactions, the
reported values of U, are sometimes anomalously larger than
1000eV; they are U, = 1500 £ 310eV'® and 3790 + 330'¥
in Pd (PdLi, target), and Us = 1280 £ 60eV'® in Li (solid
Li metal target).

These abnormal observations have motivated us to study
the screening effect due to metal environments more deeply.
We have developed a liquid Li target and performed
preliminary tests for the ®Li4+d/’Li+p reactions.'>'” In
liquid Li metal, the Li ions become mobile and can
contribute to the screening in addition to the electrons.
Thus, a much larger screening effect is expected to be
observed. However, it is inevitable that the values of Uy in
liquid Li cannot be determined definitely, because the value
of Spare(E) is unclear and confusing as already pointed out.
In the present work, the analyses of data for thick-target-
yield measurements have been performed. We have
introduced a modified S(E) factor in order to discuss the
difference (AUEq'a“’m) in U between liquid Li and atomic/
molecular Li: AUN™ can be definitively deduced from
the present data together with those in ref. 5.

2. Experimental Procedure

The experiment was performed using a low-energy high-
current ion beam generator at the Laboratory of Nuclear
Science of Tohoku University, details of which were
reported in refs. 11, 13, and 15. Figure 1 shows the
experimental setup in the present work. We used target
chamber 2 for the liquid metal experiment. After passing
through the target chamber 1, a proton/deuteron beam is
bent by an angle of 60° with respect to the horizontal plane
to enter target chamber 2. The inside of target chamber is
shown in the insert of Fig. 1.

The liquid Li target was in an open container, which was
placed horizontally at the center of the chamber. For the
5Li(d,«)*He reaction, enriched °Li (enriched to 95%) was
used for the target, and natural Li (92.5% ’Li) was used
for the "Li(p,)*He reaction. A lump of Li was placed
in the container and was heated until it melted. Then, it
was kept at a temperature of approximately 250°C; the
temperature of the target was continuously monitored by an
IR thermometer. The pressure in the chamber was about
4 x 107*Pa.

The beam spot size on the target (~5 mm diameter) was
defined by an aperture at the entrance of the chamber. In
order to deduce the number of projectiles, the electric
current from the target was directly measured. For this
purpose, two parallel magnets were fixed on opposite sides
of the target; they served to restrain the secondary electron
emission. The actual beam current was measured directly
with a movable Faraday cup, which was inserted above the
target, and was compared with the target current for various
bombardment energies. The ratio between the currents
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Fig. 1. (Color online) Schematic diagram of the experimental setup. The
insert shows the inside of target chamber 2 used in the present work.

remained within 1%. The bombardment energy of the beam
was from 22.5 to 70keV in 2.5keV steps. We kept the same
beam power (300 mW) for each energy in order to keep as
similar target conditions as possible.

A Si surface barrier detector (300 um in thickness and
450 mm? in area) was employed to detect charged particles.
For the °Li(d,)*He reaction, one detector was used with a
solid angle (A€2/4m) of 1.9%, and two detectors were used
for the "Li(p,a)*He reaction with a total solid angle of 4.5%.
The detectors were placed at an angle of 125° to the beam
direction. In order to prevent scattered particles from
colliding with the detector directly, a thin Al foil (5um
thick) was placed in front of the detector. The detector
holder, which was made of Al, was cooled by water at 5°C
to avoid being heated up by the thermal emission from the
target.

We paid close attention to the cleanness of the target
surface, because Li is known to be a reactive element and is
easily covered with compound materials such as LiD(H).
Such deterioration clearly occurred for the liquid Li target,
since the reading of the radiation thermometer fluctuated
anomalously owing to the rapid motion of contaminant
particles, and the yield of protons from the D(d,p)T reaction
increased rapidly during the measurement of the ®Li(d,a)*He
reaction. Thus, during the measurements, we kept the D/Li
atomic ratio less than 0.5%. When the ratio exceeded the
above value, the target surface was shaved by a scraper in
the chamber. For the 7Li(p,o()“He reaction, we cleaned the
surface every 2 h.

Charged particle spectra measured at 60keV are illu-
strated in Figs. 2(a) and 2(b) for the °Li(d,«)*He and
"Li(p,x)*He reactions, respectively. Four peaks are clearly
seen in Fig. 2(a): they correspond to protons from the
D(d,p)T reaction, protons from the ®Li(d,po;)’Li reaction,
and a-particles from the °Li(d,«)*He reaction as indicated.
The continuously distributed events below 1000 channels

©?2011 The Physical Society of Japan
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Fig. 2. Charged particle spectra obtained by the bombardment of D" (a)
and H™ (b) on a liquid lithium target at 60 keV.

originate from the "Li(d,o)n*He reaction. In Fig. 2(b), a
sharp peak of a-particles from the "Li(p,o)*He reaction is
seen at approximately 1620 channels and the broad peak
below 200 channels corresponds to *He particles from the
Li(p,*He)*He reaction.
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Fig. 3. Experimental thick target-yields (solid circles) of alpha particles
from the °Li(d,)*He (a) and "Li(p,a)*He (b) reactions. The solid curves are
their corresponding calculated yields without the screening effect.

particles from the SLi(d,x)*He and 7Li(p,oc)“He reactions
are plotted in Fig. 3 (solid circles) as a function of the
bombardment energy. The yields decrease exponentially
as the energy decreases, since the thick-target yield is
essentially an energy integral of the cross section divided
by the stopping power of the beam particle: For the

3. Analysis and Results projectile energy E, (in the laboratory system), it is
The obtained thick-target yields [Y*P(Ejb)] of alpha  expressed as
. AQub [P dQ2em(E,) dE !
YWiek(E ) = 2N, N, =2 / P (. E)| dE
o ( P) Pt 47 0 dQ]ab(Ep) ( Cm) ( p) (4)
AQub [ dQem(Ep) -
= 2N, N, S(E.m)E 2nn(Ecm E dE,
o fo o2 SEam Eg expl=2m( 0| (&)

where N, is the number of projectiles, N is the number density of target atoms, Ay, is the solid angle subtended by the
detector, d2.,/dS2i,p is the solid angle ratio of the cm system to the laboratory (lab) system, dE/dx is the stopping power of
lithium for incident particles, and E.y, = E}, X m/(m + mp) is the incident energy in the cm system. The solid curves in
Fig. 3 correspond to the thick-target yields calculated with the stopping power obtained from the SRIM code'® and
S(Ecm) = 17.8 and 0.077. Although the calculations roughly explain the experimental yields obtained with these constant
values of S(E.n), the experimental yields are slightly enhanced at low energies. These deviations from the solid curves
contain information on the S(E) factor and/or the screening energy for the reactions in liquid Li.

In order to compare the S(E) factors in liquid Li with those for atoms/molecules as well as with the bare S-factors
previously reported, we define the modified S(E) factor [S*(E)] for the projectile energy (E.n) as

E, dQcm(Ep) E 1
/0 mS(Ecm)Ecm exp[— 27‘[77(Ecm)]|: (E )] dE

S*(Ecm) = P (5)

/o dQlab(Ep)EcmeXP[ 2nn(Ecm)][ (Ep)} dE

which is about 1.8% different from the value of S(E.n) defined in eq. (1) owing to the integration in the low-energy region
(Ecm < 60keV), and the difference becomes smaller as the energy decreases. The experimental S*(E), which should be
compared with the calculated value, is deduced from the thick-target yields as

YOP(E,)

Sexp(Eem) = (©)

exp
AQ dQem(E

ZNpNt labf ( p)
0

4 dQ]ab(Ep) cm

In Figs. 4(a) and 4(b), the present results of S} are plotted with solid circles for the °Li(d,)*He and "Li(p,a)*He
reactions, respectively. Those of S;,..(E), which are deduced from the reported bare S(E) factors in refs. 8 and 9, ref. 5,
ref. 6, and ref. 19, are plotted with solid, dashed, dotted, and dash-dotted curves, respectively. The solid curves correspond
t0 Spare(E) = 16.9 — 41.6E + 28.2E? (°Li+d) and 0.055 + 0.210E — 0.310E? ("Li+p), the dashed curves correspond to
Spare(E) = 18.8 — 58.5E + 66.6E> — 25.8E% (°Li+d) and 0.0593 + 0.193E — 0.356 E?> + 0.236E* ("Li+p), the dotted
curves correspond to Spue(E) = 19.7 — 66.0E + 79.7E% — 33.0E> (°Li4+d) and 0.0621 4+ 0.159E — 0.280E> + 0.186E>
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Fig. 4. S*(E) factor of the °Li(d.@)*He (a) and Li(p.x)*He (b) reactions. The present result, Sﬁq(E), is plotted with solid circles. The Sf,.(E)
corresponding to Sy, are plotted with a solid line (refs. 8 and 9), a dashed line (ref. 5), a dotted line (ref. 6), and a dash-dotted line (ref. 19). The shaded

regions show S% (E) deduced by parameterization of the experimental S(E) reported in ref. 5. The thick solid curve is the calculation giving the best fit to

the data with AU;i“’a“"" = 235 and 140¢eV for (a) and (b), respectively.

("Li+p), and the dash-dotted curve corresponds to Spae(E) = 0.0556 + 0.195E — 0.451E? 4+ 0.437E® ("Li+p, estimated
from ref. 19, E < 400keV). The shaded regions in Fig. 4 correspond to the experimental S(E) factors for the atomic/
molecular environment (Syom) reported by Engstler et al® Owing to the bound electrons, Syom should involve the screening
effect and take the form of eq. (2). Thus, Syom i approximated as

0.0142(%0.0026)
E3/2

0.0102(£0.0024)
E3/2

Satom(E) = exp|: i| x [19.7(£0.29) — 62.9(+0.7)E + 79.7(£1.6) E*] (°Li+-d)
@)

Satom(E) = eXP|:

The first exponential term originates from the enhancement factor [ f(E, Us)] and the second polynomial part contains the
nuclear effect [Spae(E)] for each reaction. However, we simply treat eq. (7) as an empirical parameterization of the
experimental Syom(E) and do not separately discuss the enhancement factor and astrophysical factor, because Sy, does not
have to be definitively determined. The shaded regions show statistical errors (one standard deviation) estimated from the
data.

As seen in Fig. 4, the values of S:Xp are systematically larger than those of S . This additional enhancement is caused
by the stronger screening effect in the liquid metal environment than that in the atomic environment. Since various values
of Spare(E) have been proposed, as plotted in Fig. 4, the screening energy of the SLi+d and "Li+p reactions in liquid Li
cannot be determined unambiguously. Thus, we deduce the value of the screening energy difference (AU!M) between
liquid and atomic Li from the chi-square test; i.e., the value of AUliq'a“’m is searched for that gives the minimum value of X2,
defined as

i| x [0.0613(£0.00072) + 0.163(40.002) E — 0.230(£0.011)E*] ("Li+p).

(S* _ S* )2
2 exp fit
i B 8
=Y a5y ®)
where S is expressed as
" Eo dQem(E,p) i | dE -
/ 7pf(Ecm, AUslq_amm)Satom(Ecm)E;m CXP[—ZJTﬂ(Ecm)] I:(Ep):| dE
. o dQup(Ep) dx
Sﬁt(Ecm) = )

By dQem(Ep) ., dE -
/0 mEcmCXP[—zﬂU(Ecm)][a(Ep)] dE

To obtain the absolute values of the screening energy in
liquid Li, we apply the same method for each Spye. The
deduced values of U are widely spread out, from 486 to

Using the Syom given in eq. (7), we obtained AUN®oM =
2354+ 63 and 140+ 82eV for the °Li(d,a)*He and
"Li(p,a)*He reactions, respectively. The best fits to S;"Xp

are plotted with thick solid curves in Fig. 4. The systematic
errors of AU!44M are estimated to be follows: £35eV (for
8AQ), £35eV (for §Egeuteron), and £93 eV [for §(dE/dx)]
for the °Li(d,x)*He reaction, and +58eV (for SAQ),
+46eV (for §Eproon), and £157eV [for 8(dE/dx)] for the
"Li(p,«)*He reaction.

084201-4

776 eV for the °Li+d reaction and from 324 to 637¢eV for
the "Li+p reaction. The smallest values correspond to the
Share Obtained by Barker,® while the largest ones correspond
to that obtained by the THM.3® Therefore, it is concluded
that the present work gives definitive values of Ay!id-atom,
although the values of Uj;q contain large uncertainties.

©?2011 The Physical Society of Japan
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4. Discussion

In a simple picture, the screened Coulomb potential (¢,)
of a Li nucleus is given by the bare Coulomb potential
multiplied by an exponential screened function as

o (r) = 3—eexp<— DL) ~ 3_e — k,

r s

(10)

where e is the elementary charge and D is called the
screening length. Thus, the screening energy between a Li
nucleus and a proton (or deuteron) U is U = 3e? / Ds. Since
the electrons and ions surrounding the target nucleus can
contribute to the screening of the Coulomb potential in
liquid metal Li, the origins of the screening energy (Uyq) in
liquid Li are considered to be the bound electrons (Uy) of
Li atoms or Li compounds, conduction electrons (U,.), and
Li* ions (Uien). Thus, Dyq is given by l/Dﬁq =1/D}, +
1/D?, +1/D% or Ulziq = U +U% + UZ,. On the other
hand, only the bound electrons can contribute to the
screening energy for a Li nucleus in the atomic/molecular
environment. Therefore, the AUliq"‘“’m deduced in the
present work can be expressed in terms of the contributions
from the conduction electrons and Li ions as (A Uiiq"“"m)2 =
(Uee)* + (Uion)-

The value of U is estimated from the Thomas—Fermi
screening model,>” which predicts that D = (67T€2Ne/
Ep)~'2, where N, is the number density of conduction
electrons and Ef is the Fermi energy of an electron. Using
N. ~ Np; = 4.7 x 10> cm™3 and Ep = 4.7¢V, we obtain
Ue = 71eV. Since the LiT ions in liquid lithium can be
treated as classical particles, Uiy, is estimated by Debye
screening,z” which gives Upepye = 3e2(4me? Ny /kT)l/ 2 for
lithium number density Npj, Boltzmann constant k, and
temperature 7. Using the experimental conditions Np; =
4.7 x 102 cm™3 and T = 520K, we obtain Ui, = 593 eV.
Therefore, the estimated value of AU;iq""‘“’m is 598 eV, which
is much larger than the experimental results; more than 360
and 460eV larger, respectively, than the results for the
®Li(d,«)*He and "Li(p,a)*He reactions. Since the main part
of the predicted AU ™ originates from the Li ions, the
simple application of the Debye screening model to the ionic
screening in liquid Li cannot be justified. One may argue
that the Debye model can be applied only for weakly
coupled plasmas, but liquid Li is classified as a strongly
coupled plasma. Although a more sophisticated calculation
that includes the effect of the interaction between the Li
ions is required, we can claim that the screening energy
originating from the Li ions is much smaller than that
predicted by the simple Debye model. In order to explain the
experimental value of AUiiq'a“’m, a reduction factor (R) is
needed as Ujon = R X Ugebye, R = 0.2-0.4. Since the mass
of ions is much larger than that of electrons, the Lit ions
cannot respond quickly; this results in a weakening of the
ionic screening effect.

It was reported by Cruz et al.'¥ that the "Li(p,a)*He
reaction in solid Li metal gives a very large screening energy
of Ug, = 1280 £ 60eV, which is more than 2 times larger
than the largest value of Ujq (corresponding to the Spare
reported in ref. 9). If we estimate the screening energy
originating from ions using Cruz et al.’s Uy, together with
the presently deduced Ujiq, then the ionic screening potential

084201-5

should be about —1100eV (antiscreening). It appears to be
almost impossible to predict such a large antiscreening due to
ions. Thus, it is very difficult to understand the anomalously
large value of Uy, reported in ref. 14. However, in our
experience, the solid Li target is more easily deteriorated/
contaminated chemically and the stopping power becomes
larger than that expected for pure Li metal. As Cruz et al.'¥
discussed in their article, the solid Li target had a dark color
at the beam spot area, which might indicate that its surface
was seriously contaminated. Note that a larger value of S(E)
is deduced when the stopping power is underestimated.

In the Pd metal environment, huge values of the screening
energy were also reported for the ®Li+d'® and "Li+p'¥
reactions. These values are anomalously large but do not
agree with each other (1500 +310eV'® and 3790 4 330
eV'¥). As discussed above, the origins of the screening
effect might be the bound electrons of Li atoms, conduction
electrons, and ions. Even if both the electrons (Up. = 186eV
and U, = 71eV) and ions (if they exist, Ujo, = 593 eV)
fully contribute to the screening in liquid Li, a screening
energy larger than 700 eV cannot be expected. This, together
with the large difference between the two results, suggests
that experimental problems still exist. The most difficult
issue in this type of experiment is to determine the number
of target Li near the surface of the metal foil, where the
reaction mainly occurs.

5. Summary and Conclusions

The reactions °Li(d,)*He and "Li(p,«)*He have been
studied in liquid metal Li, for the first time, at bombardment
energies between 22.5 and 70keV. The excitation function
of the thick-target yield of « particles has been measured
while keeping the surface of the liquid Li target as clean as
possible. The modified S(E) factors in liquid Li deduced
from the present data are compared with those of Syom and
Sbare- The comparison shows a clear difference in the S
factors for different environments; i.e., Sﬁq > 8 omic = Share

Since Spare is not determined unambiguously, the screen-
ing energy difference between liquid Li and atomic/
molecular Li is obtained as AU!NM = 235463 and
140 4 82 eV for the °Li(d,«)*He and "Li(p,)*He reactions,
respectively. This additional screening energy provided by
the liquid metal environment is considered to be caused
by the conduction electrons as well as free Li*™ ions. The
screening energies are estimated simply by the Thomas—
Fermi model for the conduction electrons and by the Debye
model for the Li ions. It turns out that ionic screening is
suppressed to about 40% of the value predicted by the
simple Debye model. Although the model might not be
applicable to liquid Li, the suppression of ionic screening
may be due to the heavy mass of the ions, which cannot
respond quickly. For electronic screening, it is highly
desirable to determine the value of Sp,e experimentally.
The screening energy for solid Li is also required.

We conclude that the existence of both electronic and
ionic screening in liquid Li metal enhanced the reaction rate
of low-energy nuclear reactions, although the screening
potential difference is not reproduced by the simple
predictions of Debye screening and the Thomas—Fermi
model. It is highly desirable to develop a more sophisticated
theory for the screening mechanism in liquid metal Li.
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