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Abstract. The elastic scattering cross sections, o(E,#), for the systems He+Ta and He+W have been
measured at 01,5 = 165° and Eiqp = 76.1 keV to 3.988 MeV using targets with a thickness of a few atomic
layers. The results are smaller than the results given by the Rutherford scattering law, or(FE, 0), due to
the effects of electron screening and can be described by o(FE,6)/or(E,0) = (1 + U./E)™", where U, is
an atomic screening potential energy. The deduced average value, U. = 28 + 3 keV, is consistent with the
Moliére- and Lenz-Jensen-models as well as electron binding energies.

PACS. 25.60.Bx Elastic scattering

1 Introduction

Accurate knowledge of thermonuclear reaction rates is im-
portant for the field of nuclear astrophysics [1,2]. Due
to the Coulomb barrier E,. of the entrance channel, the
cross section o(F) of these charged-particle-induced reac-
tions drops nearly exponentially with decreasing energy
E, thus it becomes increasingly difficult to measure o(F).
As a consequence, the observed energy dependence o(F)
at higher energies must be extrapolated to the thermal en-
ergy region in stars. The extrapolation is facilitated if the
cross-section data are transformed into the astrophysical
S(F) factor, conventionally defined by the equation

o(E) = S(E)E~ exp(~2m), (1)

where 1 is the Sommerfeld parameter given by 27n =
31.29Z, Z5(j1/ E)'/?. The quantities Z; and Z, are the in-
tegral nuclear charges of the interacting particles in the
entrance channel, u is the reduced mass in units of amu,
and F is the center-of-mass energy in units of keV.

In the extrapolation of o(E) using (1), it is assumed
that the Coulomb potential of the target nucleus and pro-
jectile is that resulting from bare nuclei. However, for nu-
clear reactions studied in the laboratory, the target nu-
clei and the projectiles are usually in the form of neu-
tral atoms / molecules and ions, respectively. The elec-
tron clouds surrounding the interacting nuclides act as
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a screening potential: the projectile effectively sees a re-
duced Coulomb barrier. This in turn leads to a higher
cross section, o4(FE), than would be the case for bare nu-
clei, op(E). There is an enhancement factor [3]

fian(E) = 05(E)/0y(E) ~ exp(mnU./E), (2)

where U, is the electron-screening potential energy (e.g.,
U. =~ Z17Z2¢*/R, approximately, with R, an atomic ra-
dius). Note that fi.;(E) increases exponentially with de-
creasing energy. For ratios E/U, > 1000, shielding ef-
fects are negligible, and laboratory experiments can be
regarded as essentially measuring o,(F). However, for
E/U, < 100, shielding effects become important for un-
derstanding and extrapolating low-energy data. Relatively
small enhancements from electron screening at energy ra-
tios E /U, ~ 100 can cause significant errors in the extrap-
olation of cross sections to lower energies, if the curve of
the cross section is forced to follow the trend of the en-
hanced cross sections, without correction for the screen-
ing. Notice that for a stellar plasma, the value of op(F)
must be known because the screening in the plasma can be
quite different from that in the laboratory nuclear-reaction
studies, and o, (F) must be explicitly included for each sit-
uation. Thus, a good understanding of electron-screening
effects is needed to arrive at reliable o, (E) data at low en-
ergies. Experimental studies of fusion reactions involving
light nuclides [4-10] have shown the expected exponential
enhancement of the cross section at low energies. How-
ever, the observed enhancement was in all cases signifi-
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cantly larger than could be accounted for from available
atomic-physics models [11-14]. The situation is disturbing
because if the effects of electron screening are not under-
stood under laboratory conditions, they are most likely
also not understood in a stellar plasma. A solution to the
above puzzle might be found in one (or all) of the follow-
ing areas: (i) the assumed energy-loss predictions at low
energies (see [15] for the case of the d+*He system), (ii)
the assumed nuclear-reaction models at energies far below
E., and (iii) the assumed atomic-physics models. All ar-
eas demand for additional experimental efforts. A possible
way to test area (iii) is to study the elastic scattering at
backward angles and at energies far below E., since the
process should be influenced here only by atomic physics.

The observed number of scattered projectiles per unit
of time in a given detector, N(Ejup,01ap), is related to
the elastic scattering cross section in the center-of-mass
system, o(FE,0), by the equation

N(Eiap, O1av) = NpNeo (E,0)(2em [ 21ap) A 21ap, (3)

where N, is the number of incident projectiles per unit
of time, N; is the number of target atoms per unit area,
Qem/ Q1ap 18 the ratio of solid angles between the center-
of-mass and laboratory systems, and df2;,; is the solid
angle of the detector in the laboratory frame. The energy
FE is the effective energy within the target thickness. The
screening factor for elastic scattering is given by

fian(E,0) =0(E,0)/or(E,0), (4)
where o(E, 0) is the Rutherford scattering cross section
or(E,0) = 1.2967, ZoE~%sin"*(0.50) [mb/sr].  (5)

Previous work suggested [26 and references therein] -
as a first order approximation at backward angles - an
angle-independent screening factor of the form

fran(E,0) = (1+ Uc/E)~". (6)

Several groups have performed basic studies on the
screening effects in elastic scattering [16-30]. These stud-
ies fall roughly into one of two groups: those performed
at relatively low energy [16-20], where the screening fac-
tor fip(E,6) is less than about 0.85 (”strong screen-
ing”), and those performed at higher energy [21-30], where
the screening factor is greater than about 0.85 ("weak
screening”). Experimental results and calculations of the
screened cross sections are generally in good agreement for
the high energy group of studies. In marked contrast, lower
energy studies have typically observed weaker screening
than predicted by theory, and the results of these stud-
ies do not smoothly join with results obtained at higher
energy.

As a first step in the puzzle discussed above and in or-
der to have data of electron screening effects over a wide
and continuous range of energies (covering the transition
from low to high energies), we report on results obtained
for the scattering systems ‘He+'¥1Ta (E. = 20.7 MeV)
and ‘He+'%W (E. = 20.3 MeV) at 0, = 165° and
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FEiqp = 76.1 keV to 3.988 MeV using targets with a thick-
ness of a few atomic layers. Assuming U, = 30 keV (sec-
tion 3) one finds fiup(F,0) = 0.72 and 0.992 at Ej,, =
76.1 keV and 3.988 MeV, respectively. Thus, the cross
section o (E, 0) must be determined via eq. (3) with an ab-
solute precision of a few percent. To achieve this precision,
all previous studies performed relative measurements, e.g.
using mixed targets (with light and heavy components),
where the high-energy data (for which the screening ef-
fects are negligible) were normalized to or(F,#) for both
target components. We followed a similar procedure by
normalising the data to or(E,6) at the highest energy,
corrected by the 0.8% electron screening effects. Details
not reported here can be found in [31].

2 Apparatus and experimental procedures

The 4 MV Dynamitron tandem accelerator at Bochum
provided a “He beam in the energy range Ejq, = 0.25 to
3.988 MeV with currents from 3 to 40 nA, respectively.
The absolute beam energy is known to a precision of 1.4 -
10~* [32], leading to a negligible error of 0.03% in o(FE, )
at Ejqp = 0.25 MeV. The “He beam from the 400 kV single
stage accelerator - interconnected with the tandem beam
lines - was used at Fjq, = 76.1 to 400 keV (with currents
below 5 nA); its absolute energy was calibrated in the
course of this experiment and is known to a precision of
better than 0.4 keV, leading to a 1.1% error in o(FE, 6) at
Elab = T76.1 keV.

The beam entered a cylindrical scattering chamber (in-
ner diameter = 431 mm, height = 114 mm) through 2
apertures (A; and As) and was stopped in the target,
which was placed at the center of the chamber (target-
normal parallel to the beam direction). The apertures
(2.0 mm diameter) were installed at respective distances
of 100 and 720 mm from the target and defined the beam
direction to better than 0.18° (beam spot on target: less
than 2.6 mm diameter). The uncertainty in beam direc-
tion leads to a negligible error in o (F, ) (less than 0.08%).
The target was surrounded by an electrically insulated
cylindrical chamber (170 mm diameter, 80 mm height)
with 12 mm diameter holes for the beam entrance and for
viewing the target from the detector positions. This inner
chamber together with the target served as the Faraday
cup for beam integration. The area of the holes relative
to the total area of the chamber is 0.9%, which repre-
sents the maximum loss of secondary electrons produced
at the target. In order to suppress also the influence of sec-
ondary electrons produced by the incident beam on the
apertures A; and As, another aperture with 10 mm di-
ameter was placed between the apertures (at a 215 mm
distance from the target) followed by an electrically insu-
lated tube (12 mm diameter, 98 mm length), which housed
the aperture Ay together with a 3 mm diameter aperture
(5 mm downstream); a negative voltage of 300 V was ap-
plied to the latter aperture. The current integrator was
calibrated using a constant current source leading to a
precision of 0.35%. In order to minimise carbon depo-
sition on the target, the top part of the inner chamber
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consisted of a flat Cu-disk cooled to liquid nitrogen tem-
perature, which led to a pressure of 6 - 10”7 mbar in the
chamber. Measurements using the 2C(d,p)'*C reaction
at Eq = 920 keV have shown [31] that carbon-deposition
on the targets was negligible. Two Si-surface-barrier detec-
tors (100 um thickness, 25 mm? active area, 20 keV energy
resolution at E, = 5.5 MeV, 0.029 pum thick Au surface
layer) were placed at the symmetric angles 6;,, = 165°
and —165° (each at a distance of 163.0 £ 1.5 mm), in
order to compensate for the effects of beam shifts on tar-
get. They were mounted (electrically insulated) at the end
of 75 mm long pipes, which in turn were fixed at the
outer wall of the inner chamber. Each detector was colli-
mated by an aperture of 2.95 & 0.05 mm diameter placed
in front of the detector; the setup led to a solid angle of
dfip = (2.57 £ 0.13) - 107* sr and to a maximum un-
certainty in angle position of 1°. Standard electronics and
data acquisition systems were used in connection with the
detectors. A 50 Hz pulser was stored concurrently in the
spectra to monitor dead time effects, which were kept be-
low 10%.

In order to minimise the effects of multiple scatter-
ing on the observed scattering yields [16,36], the targets
had to be thin, e.g. less than 10 pg/cm?. This condition
prevented the use of self-supporting solid targets; instead

tween the W target-peak and the Si edge

thin targets on a suitable backing had to be used. Further-
more, to arrive at a sufficient energy resolution - in par-
ticular at low beam energies - between the elastic scatter-
ing signals from the thin target and the (infinitely) thick
backing, the masses of the target and backing nuclides
had to be quite different. This led to the choice of Ta
and W targets vacuum-evaporated on Si backings. Other
alternative backings such as Al or saphir (Al;O3) were
dismissed [31] due to lack of sufficient cleanliness of the
backings in comparison to commercial Si wafers (Fig. 1).
Due to the high melting temperature of Ta and W, these
target materials had to be vacuum-evaporated in form of
Taz 05 (= 2.5 pg/cm?, from measurements using a quartz-
oscillator) and WO3 (= 5.0 pg/cm?). Alternative targets
such as Ag, Au, Pb and Pt were dismissed due to a higher
target deterioration during *He bombardment e.g. via the
sputtering effects [31]. An Al-Au sandwich target (both of
5 pg/cm? thickness) on an Al backing was also dismissed
due to uncertainties in thickness of the sputtered Al-layer.

Since thin targets can have significant inhomogeneities
(more than 10%) due to the formation of islands [31], the
ion beam was scanned over the target area using 2 mag-
netic steerers placed in front of the apertures A; and As;
the horizontal and vertical steerers were operated with
different frequencies (5.2 and 7.0 Hz) and their deflect-
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ing amplitudes were chosen such that the final beam cur-
rent on target was reduced by a factor of 2. The stabil-
ity of the targets was monitored at the reference energy
Eisp = 900 keV. The TasO5 and WO3 targets deterio-
rated both by about 1% over a running time of 1 week
[31]; this deterioration was taken into account in the anal-
ysis of the data. The signals from the target and Si sub-
strate were clearly resolved at Ej,, > 250 keV (Fig. 1)
and the respective line-shapes were determined as a func-
tion of beam energy. The results were used to analyse the
spectra at the lowest energies, i.e. Ejqp = 76.1 to 200 keV,
where both signals partially overlapped (Fig. 1). Slight
variations of the fit-parameters were used to estimate the
resulting uncertainty in N(FE, ). At the lowest beam en-
ergy the correction due to convolution of the target peak
with the Si substrate was approximately 6% (uncertainty
= 2.5%). This correction quickly decreased to less than
2% (uncertainty < 0.5%) with increasing beam energy,
and for most data the correction due to tailing of the tar-
get peak yield underneath the Si substrate yield was less
than 1% and neglected.

Finally, the observed yields have to be corrected for the
effects of backscattering directly from the surface-barrier
detector window without producing any signal in the de-
tector active volume. We used TRIM simulations [33] to
estimate the effects: the detector efficiency corrections de-
creased quickly with increasing energy, and typical cor-
rections were less than 0.1% at all but the lowest ener-
gies, where the correction approached 1.2%. The number
of target atoms, V¢, was determined at the highest energy,
FEi.p = 3.988 MeV, where the effects of electron screening
are negligible (less than 0.8%). Thus, assuming o(F, ) =
or(FE,0) at Ejqp = 3.988 MeV, we obtained with equa-
tion 3: N; = (1.19 £ 0.05) - 101 Ta-atoms/cm? and
(1.55 £ 0.05) - 1016 W-atoms/cm?, leading to N;(TazOs)
= 4.36 pg/cm? and N, (WO3) = 5.97 ug/cm?.

Multiple scattering effects [16,36] lead to an increase
of the differential cross section, in particular at low beam
energies. For the targets used, the correction was esti-
mated to be less than 1%, even at the lowest energy
(Elap = 76.1 keV), and was neglected. The vacuum po-
larisation [26,34] increases also the differential cross sec-
tion for high energies, leading to a correction of less than
0.5% in all cases, which was also neglected. Similarly, the
relativistic correction [26] is negligibly small (less than
0.05%). The ratio of number of counts extracted for the
two 165° detectors over the entire energy range was found
to be 1.009 (on average) with a standard deviation of
0.01. The average value indicates a precision in geometry
of about 0.8%; the standard deviation is consistent with
the angle spread of 1°. With the knowledge of the tar-
get thickness and the use of stopping power compilations
[33] the energy loss in the target, A;.p, was calculated,
e.g. Ay = 1.56 keV for the WO3 target at the lowest
energy, Fiq, = 76.1 keV. The effective energy within the
target [2] was taken here as that corresponding to one-
half the target thickness, thus £ = 73.72 £ 0.08 keV,
where the error corresponds to an assumed 10% uncer-
tainty in the stopping power values. The error in E leads
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to a negligible uncertainty of 0.2% in o(F,6). In sum-
mary, many factors influenced the ultimate relative error
of the present measurements. Firstly, there are errors com-
mon to all data points: current integration (0.35%), loss of
secondary electrons (0.9%), deterioration/variation of tar-
get thickness (1%), beam neutrals (0.5%), beam direction
(0.08%) and normalisation (5%). Adding these uncertain-
ties in quadratures, one arrives at a common error of 5.2%
for all data points. Secondly, there are errors associated
with each data point: counting statistics (< 1%), mean
energy at one-half the target thickness (< 0.2%), incident
beam energy (< 1.1%), target peak convolution (< 2.5%),
and detector efficiency (< 1.2%). Adding these uncertain-
ties in quadratures, the resulting error is given in Table 1
for each data point.

3 Results and discussion

The resulting screening factors,
flab(Ea 9) = O'(E’ 9)/UR(Ea 0)7

for both scattering systems are summarised in Table 1 and
displayed in Fig. 2. The results were fitted using equation
(6) leading to values for the electron screening potential
energy U, = 30.5 £ 4.5 keV (x? = 0.67) and U, = 25.7 &
4.4 keV (x2? = 0.72) for the He+Ta and He+W scattering
systems, respectively, with an average value of U, = 28 £+
3 keV. The deduced U, values for both scattering systems
are identical within experimental error, as one may expect
from the small difference in nuclear charge between Ta
(Z="73) and W (Z = 74).

It has been suggested [e.g. 35] that for energies far
below the height of the Coulomb barrier the elastic scat-
tering of ions by atoms can be described by a screened
Coulomb potential,

V(r) = Z1Zse*r " ¢(r/a), (7)
where a is the screening radius and ¢(r/a) is the screening
function. For the screening radius the following expression
was derived [35]:

a = 0.885a, (22> + 72/3)-1/2, (8)

where a, is the Bohr radius. For the screening function
various forms have been proposed:

”Bohr” [36]:
b(r/a) = exp(~1/a). )
”Moliére” [37]:
¢(r/a) = 0.35exp(—0.3r/a) + 0.55exp(—1.2r/a)
+0.1exp(—6.0r/a). (10)

”Wilson” [38]:

¢(r/a) = 0.0069exp(—0.13r/a) + 0.17exp(—0.31r/a)
+0.83exp(—0.92r/a). (11)
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Fig. 2. Differential cross section relativ to the Rutherford scattering law for the He+Ta and He+W scattering systems at
01ap = 165° is shown as a function of inverse-center-of mass energy E. The solid curves represent the results of a fit using eq. 6

Table 1. Differential cross section relative to the Rutherford
scattering law, fia(E,0) = o(E,0)/or(E,0), at 61qp = 165°.

Taz 05 target WOs3 target
EkeV]*  fiw(E,0)°  EkeV]*  fiw(E,0)°

73.8 0.760 4 0.023 73.7 0.770 4 0.019
98.3 0.753 4 0.017 98.2 0.808 4 0.015
1472 0.824+0.011  147.0  0.840 4 0.011
196.3  0.870+0.010 1959  0.88540.010
245.3  0.8954+0.009  245.0  0.903 4 0.009
2914  0.9024+0.009  291.0  0.919+0.011
204.1  0.9154+0.008  293.3  0.913+0.014
318.9  0.90740.008  293.9  0.917 £ 0.009
3434 0.91240.008 2949  0.921 =+ 0.009
368.0  0.91640.009 3154  0.92340.013
388.8  0.9214+0.008 3185  0.914+0.013
486.3  0.938+£0.011  339.7  0.923+0.013
583.8  0.95640.014  343.0  0.920 + 0.009
681.3  0.955+0.007  344.2  0.917 £ 0.008
778.8  0.9624+0.008  367.4  0.927 +0.008
876.3  0.9694+0.007 3885  0.934+0.014
1071 0.9714+0.009 3921  0.927+0.011
1266 0.975+0.009 4859  0.948 4 0.009
1462  0.983+£0.008  583.3  0.956 & 0.007
1949  0.982+0.014 6809  0.962 =+ 0.012
2437  1.0014+0.012 7784  0.970 +0.008
2925  0.982+0.007  872.0  0.9754 0.007
3901 1.000 £0.015  876.0  0.981 4 0.008

973.6  0.978 4+ 0.007

1071 0.978 £ 0.009

1266 0.985 =+ 0.008

1462  0.986 £ 0.010

1949  0.987 £0.010

2437 0.989 4 0.010

2926 1.003 4 0.007

3414  0.996 4 0.008

3902 1.003 + 0.007

# Effective center-of-mass energy
> The quoted errors include in quadratures the individual er-
rors of each data point (see text). A common error of 5.2% has
to be added to the quoted values

”Lenz-Jensen” [39,40]:
p(r/a) = exp(—y)(1 +y + 0.33y% + 0.049y> 4 0.0027y")
with y = (9.7r/a)*/2. (12)
" Ziegler” [41]:
¢(r/a) = 0.18exp(—3.2r/a) + 0.51exp(—0.94r/a)
+0.28exp(—0.40r/a) + 0.028exp(—0.20r/a)

(here : a = 0.885a,(Z{* + Z3-2%)~1). (13)
Using first-order expansion of ¢(r/a) the screening poten-
tial energy U, is given approximately by the expression

Ue = —Z1Z26%a" ¢/ (0). (14)

With Z1Zs¢?a=! = 19.3 and 19.9 keV for the He+Ta
and He+W scattering systems, respectively and the av-
eraged value of 19.6 keV, the observed average value

Us = 28 + 3 keV leads to ¢'(0) = —1.43 + 0.15.
In comparison, the suggested screening functions lead
to ¢’(0) = -1.0,—1.37,—0.81,—1.60, and —1.18 for

the Bohr-, Moliére-, Wilson-, Lenz-Jensen-, and Ziegler-
ansatz, respectively, thus favoring the Moliére- and Lenz-
Jensen-forms.

From the difference in atomic binding energies between
projectile plus target and compound atom - deduced from
relativistic Hartree-Fock-Slater eigenvalues [42] - one finds
U, = 30.0 keV, in good agreement with observation. Thus,
one may conclude that the observed electron screening ef-
fects in the elastic scattering process are fully consistent
with atomic physics models, at least for heavy scattering
systems. However, the conclusion might not be applica-
ble for light scattering systems such as H+He and He+He
(Sect. 1), where shell effects of the atomic clouds might be
important. Experimental studies of the electron screening
effects in such systems demand for measurements down to
energies far below 1 keV, a great challenge to the experi-
mentalists.

The authors would like to thank K. Langanke and F. Besen-
bacher (Aarhus University) for comments on the manuscript.
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