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Abstract. The recent observation of a large electron screening effect in the d(d, p)t reaction using a deuter-
ated Ta target has been confirmed using somewhat different experimental approaches: Ue = 309 £ 12 eV
for the electron screening potential energy. The high U. value arises from the environment of the deuterons
in the Ta matrix, but a quantitative explanation is missing.

PACS. 25.10.4s Nuclear reactions involving few-nucleon systems — 25.45.-z H-induced reaction — 95.30.-k

Fundamental aspects of astrophysics

1 Introduction

In the extrapolation of the cross-section o(E) of a charged-
particle-induced nuclear reaction to astrophysical energies
E (all energies are given in the centre-of-mass system ex-
cept where quoted differently) one uses the equation [1]

o(E) = S(E)E~" exp(~2mn), (1)

where 1 = 277, Z2e? /hwv is the Sommerfeld parameter (in
standard notations) and S(F) is the astrophysical S(E)
factor. The equation assumes that the Coulomb potential
of the target nucleus and projectile is that resulting from
bare nuclei. However, for nuclear reactions studied in the
laboratory, the target nuclei and the projectiles are usu-
ally in the form of neutral atoms or molecules and ions,
respectively. The electron clouds surrounding the inter-
acting nuclides act as a screening potential: the projectile
effectively sees a reduced Coulomb barrier, both in height
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and radial extension. This, in turn, leads to a higher cross-
section for the screened nuclei, o4(FE), than would be the
case for bare nuclei, o (E). There is, in fact, an enhance-
ment factor [2],

fan(E) = 0.(B) [ou(E) = E(E+Ue) ™" exp(mnU./E) 2L

2
where U, is an electron screening potential energy. In
the adiabatic limit (U,q), this energy can be calculated,
for example, from the difference in atomic binding ener-
gies between the compound atom and the projectile plus
the target atoms of the entrance channel. According to
eq. (2), the enhancement factor fia,(E) increases expo-
nentially with decreasing energy. Note that for a stellar
plasma, the value of the bare cross-section o1,(FE) must
be known because the screening in the plasma will be
quite different from that in the laboratory nuclear-reaction
studies, i.e. Oplasmal(E) = fplasma(E)ob(E), where the
plasma enhancement factor fpiasma(E) must be explicitly
included for each situation. A good understanding of elec-
tron screening effects in the laboratory is needed to arrive
at reliable o1,(F) data at low energies.
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Fig. 1. Schematic diagram of the experimental setup.

Experimental studies of reactions involving light nu-
clides have shown the expected exponential enhancement
of the cross-section at low energies. However, the ob-
served enhancements were in all cases significantly larger
than could be accounted for from the adiabatic limit
U.,q: for example, using windowless gas targets one found
Ue =25+5 eV (Uaqa = 14 €V) for the reaction d(d, p)t [3]
and U, = 219 £ 7 eV (Uag = 120 eV) for the reaction
3He(d, p)*He [4]. The discrepancy between U, and Us,q
is presently not understood (for details, see review arti-
cle [5]). The situation is disturbing because if the effects
of electron screening are not understood under laboratory
conditions, they are most likely to be not fully understood
in a stellar plasma. An improved understanding of labo-
ratory electron screening may help eventually to improve
the corresponding understanding of electron screening in
stellar plasmas, such as in our sun. It is in the nature of
astrophysics that many of the processes and most of the
objects one tries to understand are physically inaccessi-
ble. Thus, it is important that those aspects that can be
studied in the laboratory be rather well understood. The
electron screening project addresses one such aspect.

Recently, the electron screening effect on the d(d, p)t
reaction has been studied in the metals Al, Zr, and Ta [6],
where deuterated metals were produced via implantation
of low-energy deuterons. The resulting S(F) data show
an exponential enhancement according to eq. (2), how-
ever the extracted U, values (U, = 190 £ 15, 297 £+ 8, and
322+15 eV for Al, Zr, and Ta, respectively) are about one
order of magnitude larger than the value found in the cor-
responding gas-target experiment as well as that predicted
from U,q. An anomalous enhancement was reported ear-
lier [7] for deuterated Pd (U, = 250415 eV) and a deuter-
ated Au/Pd/PdO multilayer (U, = 601 & 23 V), while
deuterated Ti and Au exhibited a normal (“gaseous”) en-
hancement: U, = 36 = 11 and 23 £ 11 eV, respectively. In
order to test in part these surprising results, we report on
the study of the reaction d(d, p)t for deuterated Ta using
somewhat different experimental approaches.

2 Equipment and procedures

The 100 kV accelerator [8] of the Dynamitron-Tandem-
Laboratorium at the Ruhr-Universitdt Bochum provided
atomic (D7) and molecular (D7) deuteron beams in the

energy range Fq = 4 to 100 keV, with a particle current
of 60 pA at the lowest energy. The absolute beam energy
was known to a precision of 3 x 10™4, which leads to a
negligible uncertainty in the d(d, p)t cross-section (0.7%
at the lowest energy).

The beam passed through the slits of the analysing
magnet (25 mm width) and an aperture (8 mm diameter),
which defined the beam direction (2.5 m distance between
the slits and the aperture). The aperture was placed at a
46 cm distance from the target (fig. 1). The beam was fo-
cused on the target into a spot of about 15 mm diameter:
at the lower energies (Fq < 50 keV), the beam transmis-
sion to the target was about 50% leading to the above spot
size; at higher energies, the transmission was 100% and
the above spot size was achieved by scanning the beam
over the aperture using x- and y-scanners (fig. 1) oper-
ated at incommensurable frequencies, whereby the aver-
age beam current on the target was reduced by 10%. The
procedure was tested using a beam viewer at the target
position. The 0.1 mm thick Ta target (50 mm diameter,
with direct methanol cooling —at —10°C— applied to the
target) was oriented with its normal antiparallel to the
beam direction. A liquid-nitrogen—cooled Cu tube (41 cm
length, 2.7 ¢cm inner diameter) extended from near the
aperture to within 5 cm of the target. With this tube and
a turbo pump (450 1/s pumping speed) carbon-buildup on
the target was minimised (pressure in the target chamber
= 2x107® mbar). The aperture, the Cu tube, and the tar-
get plus target chamber (17 cm diameter, 20 cm length)
were electrically insulated.

Four Si detectors (active area = 600 mm?, effective
thickness = 100 pm) were installed at a laboratory angle,
6 = 130°, around the beam axis (fig. 1) at a distance of
5 cm from the target and covered with a 0.75 pm thick Ni
foil to stop the intense flux of elastically scattered parti-
cles. In this arrangement the summed number of counts of
the 4 detectors for protons or tritons from d(d, p)t (fig. 2)
was nearly independent (to within 1.4%) of the actual lo-
cation and diameter of the beam spot on target, as tested
with an a-source placed at the target position. Using this
calibrated a-source, the total solid angle of the 4 detectors
was determined to be £2 = 0.0689+0.0009, consistent with
geometry. The detectors were electrically insulated from
the target chamber. The target together with the chamber
and the detector holders (including the Ni foils) formed a
Faraday cup for beam integration. A negative voltage of
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Fig. 2. Sample spectrum obtained with a Si detector (in the
setup shown in fig. 1) at Fq = 48 keV: the proton and triton
groups from the d(d, p)t reaction are identified.

25
20
15 . . .- . .

10 .

proton yield [rel. units]

0
0,0 0,5 1,0 1,5 2,0

implantation dose [C]

Fig. 3. Proton yield of d(d, p)t as function of deuteron im-
plantation charge in Ta.

200 V was applied to the Cu tube for suppression of sec-
ondary electrons. We estimate that the beam current was
measured with a precision of about 3%.

The deuterated Ta target was produced in the fol-
lowing way. A fresh Ta foil was bombarded with 10 keV
deuterons, whereby the deuterons were scanned over the
target area leading to a 20% current reduction compared
to the unscanned case; thus, an area somewhat larger
than 15 mm diameter was implanted. The proton yield
of the d(d, p)t reaction (fig. 2) was recorded as a func-
tion of implantation charge: the yield (fig. 3) reached a
saturation level after a charge of about 1 Cb, i.e. a sto-
ichiometry Ta,D has been produced near the surface of
the Ta sheet. Calculations using SRIM [9] indicated that
a nearly homogeneous deuteron distribution was formed
from the surface down to the range of 10 keV deuterons.
The procedure was repeated at higher deuteron energies
(up to E4 = 100 keV), where in each case a satura-
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tion level was observed. The deuterated Ta sheet should
thus represent an infinitely thick target for the incident
deuterons. This expectation was tested via the Elastic-
Recoil-Detection Analysis (ERDA, [10]) at the accelera-
tors in Lisboa, Miinchen, and Bochum: the deuteron dis-
tribution was uniform within 10% from the surface of
the Ta sheet down to depths beyond the range of the im-
planted deuterons, apparently due to a rapid diffusion of
D in Ta.

In one run, the deuteron beam was steered away from
the target using the a- and y-scanners (fig. 1) in or-
der to search for possible neutral deuterons: no events
from d(d, p)t were observed leading to a beam flux ra-
ti0 Ineutral/Icharged < 0.2%. In another run, the currents
of the Df, D;‘ and Dg,)" beams after the analysing magnet
were compared with that of Hf leading to a contamina-
tion of the D beam with a HJ beam of at most 1%, which
was neglected.

3 Formalism and data analysis

For an incident deuteron energy E; and an effective stop-
ping power g5 (E) for the Ta,D target, the observed num-
ber of counts in the proton peak (fig. 2) of all 4 Si detec-
tors, N(Ep, ), is related to the d(d, p)t cross-section o (E)
via the equation [1]

Eo
N(Eo,0) = N, | Ko(E,0)W(E,0)0(E)eeq(E) 'dE,
0

3)
where N}, is the number of incident projectiles. The trans-
formation of solid angle between the center-of-mass sys-
tem and the laboratory system is described by K (E,6)
and the angular distribution by W(E, 6). The differential
reaction yield of an infinitely thick target is then given by

(4)

An excitation function for Y*°(Ejy, #) was obtained, in
up to 13 runs, at £y = Fq4 = 7 to 100 keV using an atomic
beam D and at Fq = 4 to 30 keV using a molecular beam
D;, with energy steps AFEq varying between 0.5 keV at the
low energies and 2 keV at the high energies. The resulting
Y (Ey, ) values obtained in one run with the atomic
beam are illustrated in fig. 4.

The ratio of the number of counts in the triton peak
relative to those in the proton peak (fig. 2) decreased from
0.95 at Fgy = 10 keV to 0.87 at Eq = 100 keV, consis-
tent with expectation from the product Kq(FE, )W (E,§)
(e.g., =0.95 at Eq = 10 keV).

The D; molecular beam breaks up at the target sur-
face leading to an energy spread AFE4 of the resulting
atomic deuteron beam due to the effects of Coulomb ex-
plosion of the molecular beam, which is estimated to be
at most AEq = +£0.29 keV at Fq = 10 keV; thus, a neg-
ligible uncertainty in cross-section (at most 2.1% ) is ex-
pected. Since the Coulomb explosion has been found to
be “gentle” [11-16], the actual spread AFEq4 should be sig-
nificantly smaller. Indeed, the resulting thin-target S(FE)

Y*°(Ey,0) = N(Ey,0)/Ny .
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Fig. 4. Thick-target yield curve Y °°(E4q, ) for protons from

d(d, p)t as obtained in one run using an atomic (D;") deuteron
beam.
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Fig. 5. Astrophysical S(E) factor of d(d, p)t as obtained with
a deuterated Ta foil (temperature = —10°C) for atomic (D7)
and molecular (DF) deuteron beams. The errors shown arise
predominantly from the spread of the (differentiated thick-
target) thin-target yields from various runs. The dotted curve
represents the bare S(E) factor, while the solid curve includes
the effects of electron screening with U = 309 eV.

factors (see below) displayed in fig. 5 are —within experi-
mental uncertainties— identical for the atomic and molec-
ular deuteron beams in the overlapping energy range and
confirm the above expectation.

In order to arrive at a thin-target yield curve Y (Ey, 6),
the thick-target yield curves (e.g., fig. 4) were differenti-
ated, i.e. the yield difference between two adjacent points
Y (Ep,0) and Y>*°(Ey — AEq,0) was calculated and di-
vided by AFEjy, to correct for variations in the energy step:

Y (B, 0) = (Y™(Ey,0) — Y®(Ey — AEq,0))/AEq. (5)

For small energy steps, the quantities Ko(FE,6),
W(E,0), and e.q(F) are approximately constant over
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AEq = A, and the above equations simplify to

Y (Ey,0) = AT QKo (Ey, )W (Ey, 6)
Ey
XEeH(EO)_l /

Eo—A

o(E)dE. (6)

Since o(E) is not constant over A, one can define an
effective energy Fog within the energy step A, at which
one-half of the reaction yield is obtained [1]:

Y (Ey,0) = 2Kg(Eo, )W (Eo, 0)eer(Eo) o (Ee) . (7)

Since the product Kq(Ey, )W (Ey,0) at 6 = 130° is
energy independent to within 1% at the energy range Eq =
4 to 100 keV [3,6], we arrive at

Y (Eo,0) = acer(Eo) 'o(Eug) , (8)
with the constant @ = 2K (Fy, )W (Ey, §). The effective
stopping power e (Ep) for the Ta,D target is given by
the expression [1]

et (Eo) = ep(Eo) + weTal(E0) , 9)

where ep(Ep) and eT.(Ep) are the stopping powers (in
units of eV atom~!em?) of deuterium and tantalum, re-
spectively, and z is the stoichiometric ratio. Since compi-
lations on hydrided metals report [17] a minimum value
of x = 2, this value was adopted (see however below) to-
gether with SRIM [9] to arrive at eog(FEp). It turned out
that the energy dependence of e.g(Fy) is identical with
eta(Ep) to within 1%; thus, the deduced energy depen-
dence of o(Feg) from egs. (8) and (9) is within 1% inde-
pendent of the assumed x value (for x > 2).

4 Results and discussion

The resulting cross-section o(Eeg), i.e. the weighted av-
erage of all runs, is illustrated in fig. 5 in form of the
astrophysical S(Feg) factor and numerical values are sum-
marised in table 1; the errors quoted arise predominantly
from the spread of the (differentiated thick-target) thin-
target yields from various runs. The absolute scale was
obtained by normalisation to previous work [3] in the en-
ergy range Fq = 80 to 100 keV, where effects of electron
screening are negligible. The normalisation led to a Ta,D
target stoichiometry with z = 7.9 + 1.0.

In the analysis of the data shown in fig. 5, we as-
sumed a bare S(E) factor linearly increasing with en-
ergy, Sp(E) = Sp(0) + mE, consistent with previous
work [3] and a recent microscopic calculation [18] predict-
ing Sp(E) = 53 + 0.48F keV b in the relevant energy
range (E in keV). Relative to this function, the data were
fitted with the enhancement factor of eq. (2) involving
Us.. A x2%-fit including S},(0), m, and U, as free parame-
ters led to x2(normalised)= 0.67, S,(0) = 43 & 1 keV b,
m = 0.54 £ 0.05 b, and U, = 309 £+ 12 eV (quoted er-
rors = one standard deviation), in good agreement with
a previous observation U, = 322 £+ 15 eV [6]. Thus, the
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Table 1. Astrophysical S(E) factor for d(d, p)t in deuterated

Ta.
By S(E)") Bl S(E)"
(keV) (keV b) (keV) (keV b)
atomic beam (D7)
3.75 73+£5 22.5 60+£9
4.25 9+5 23.5 5T+7
4.75 61+£5 24.5 62+5
5.25 66 £ 3 25.5 60 £ 3
5.75 57+5 26.5 57+1
6.25 577 27.5 627
6.75 60 £ 12 28.5 657
7.25 58 £ 6 29.5 637
7.75 617 30.5 59+£3
9.25 57+3 31.5 62+3
9.75 64 + 16 325 62+3
10.5 58 £2 33.5 66 £+ 6
11.5 54+1 34.5 62+t4
12.5 57T+6 35.5 61+£8
13.5 53£5 36.5 66 £ 8
14.5 55+ 2 37.5 578
15.5 56 £ 2 38.5 61+8
16.5 51£1 39.5 64+ 3
17.5 56 £ 6 40.5 66 £ 6
18.5 55£3 42.0 59+9
19.5 56 £ 3 43.5 75 £12
20.5 507 45.0 68 £ 12
21.5 60+ 5 47.5 78+ 4
molecular beam (D7)
2.10 197 £ 17 6.25 59+9
2.35 141 £10 6.75 61 + 22
2.60 126 + 11 7.25 58 +£14
2.85 9+£7 7.75 55+£5
3.10 9+£7 8.25 59 £ 16
3.35 94+9 8.75 56 £ 10
3.60 88 + 10 9.25 56 £ 6
3.85 89+ 10 9.75 58 £10
4.10 79+6 10.5 61 £12
4.35 80 £ 10 11.5 59 £ 11
4.60 74+9 12.5 52+ 15
4.90 71+6 13.5 57+ 13
5.25 64+ 14 14.5 57+ 13
5.75 65+ 14 15.5 58 £ 16

(*) Effective center-of-mass energy.
(*) Normalised to previous work [3] at Eeg > 40 keV.

electron screening effect of d(d, p)t in deuterated Ta is
indeed about one order of magnitude larger than in a gas
target and must arise, therefore, predominantly from the
deuteron environment in the Ta matrix. In this context
several effects should be taken into consideration.

4.1 Stopping power at energies below the Bragg peak

It should be pointed out that the quoted U, value de-
pends on the energy dependence of the stopping power
values of D in Ta at energies far below the Bragg peak
(Eq = 300 keV), where no energy loss data exist and the
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values derived from the compilation SRIM [9] are based
on extrapolations at Eq < 100 keV. Although it appears
unlikely that the stopping power drops exactly with the
inverse function of eq. (2), one cannot rule out rigorously
this possibility. A direct measurement of stopping power
values at ultra-low energies in deuterated Ta is a challenge
to the experimentalist.

4.2 Thermal motion of target atoms

In the analysis of all previous experiments on electron
screening, the target atoms were assumed to be at rest.
However, in reality they have a kinetic energy FEi, with
E; = kT for gases (I' = gas temperature) and E; =
0.5Fyip for solids (Eyip = vibrational energy). This leads
to a Doppler energy spread in the laboratory system [1,
19]

AEp = 4(In2mym; ' E E,)Y? (10)

where m, and my are the respective masses of projec-
tile and target nuclides and E, is the projectile energy.
Note that the Doppler spread was discussed in the litera-
ture predominantly in connection with narrow resonances
but not with a non-resonant process. Folding the en-
ergy spread AFEp with the steeply dropping cross-section
(eq. (1)) leads to an effective energy higher than E,,, where
the resulting energy increment is equivalent to a screen-
ing potential energy scaling —according to eq. (10)— with
Eé/ % or EY/2. The resulting Doppler enhancement factor,
fo(E) o exp(const U,/E>3/?) o exp(const AEp/E?/?) o
exp(const/E), has a reduced energy dependence compared
to eq. (2), fian(E) o exp(const/E3/2); however, this re-
duced energy dependence has not been observed (e.g.,
fig. 5).

Furthermore, for the 3He(d, p)*He reaction using
a gas target at room temperature, the lowest energy
E = 5.0 keV led to an observed cross-section enhance-
ment flo, = 1.9. For these parameters, eq. (10) leads to
AEp = 43 eV corresponding to an effective beam en-
ergy increased by 1 eV and a cross-section enhanced by
0.3%. The d(d, p)t reaction using a deuterated Ta target
at E = 2.1 keV leads to filap = 4.6 (fig. 5); assuming a
value of Ey = 1 eV due to the lattice vibrations, one finds
AEp = 88 eV corresponding to a beam energy increment
of 1.2 eV and a cross-section enhancement of 0.1%.

4.3 Channeling

A relevant difference between a gas target and a solid tar-
get is that the latter could in principle exhibit channeling
effects: the deuteron beam being guided by the lattice into
planes or axes, whereby an interstitial atom such as deu-
terium could be hit with an increased probability. The
critical angle for channeling scales with the inverse square
root of the incident energy and the channeled flux scales,
thus, with the inverse of the incident energy. Thus, one
may expect an enhancement factor in the cross-section
due to channeling proportional to 1/FE, which is however
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not observed (fig. 5). Furthermore, the random orienta-
tion of the Ta matrix in the experiments as well as ra-
diation damage of the crystalline structure by the intense
deuteron beam lead to large dechanneling effects. It is con-
cluded therefore that the channeling phenomenon is not
the primary cause of the large observed cross-section en-
hancements in deuterated Ta. A similar conclusion was
reached recently by Czerski et al. [20].

4.4 Diffusion and conductivity

It was also suggested recently [20] that the diffusion prop-
erty or the conductivity of the Al, Zr, and Ta materials
may give a hint on the large enhancements. However, no
consistent picture arose: the diffusion coefficient for Zr is
at least 3 orders of magnitude smaller than that for Al and
Ta, while the reported U, values [6] do not reflect such a
trend; similarly, the conductivity of Zr is at least a factor
3 smaller than that for Al and Ta.

4.5 A special potential well?

It may be of interest to note that a fusion of D with
Ta would lead to a screening potential energy of about
Ua.qa = 2 keV, in the adiabatic limit. If the electron clouds
of the Ta atoms in the lattice would be such that about
10% of them form a potential well around the interstitial
D atom, one might arrive at a possible explanation. One
must await however the results of detailed calculations,
although some theoretical work in this direction has been
already performed [21-24].

5 Summary

None of the suggested scenarios have provided yet an an-
swer to explain the large enhancement in cross-section
for d(d, p)t in Ta and in other materials. Since previ-
ous work [6] found U, values decreasing with the nuclear
charge of the metals, it appears desirable to confirm this
trend for Al and Zr but also to study other metals such
as Ti, Cu, Pd, and Au. Furthermore, non-metallic targets
such as diamond and silicon should be used to elucidate
the question whether the large screening effects occur only
in metals (see however [19]). Finally, other ion beams in
deuterated or hydrated materials should exhibit similar
large screening effects, such as the d(*He, p)*He or *H("Li,
a)*He reactions.
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