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Abstract. The stopping power of atomic and molecular deuterons in *He gas was measured over the range
E4q = 10 to 100 keV using the 3He pressure dependence of the ®*He(d,p)*He reaction yield. At energies
above 30 keV, the observed stopping power values are in good agreement with a standard compilation.
However, near 18 keV the experimental values drop by a factor 50 below the extrapolated values of the
compilation. In a simple model, the behavior is due to the minimum 1s — 2s electron excitation of the He
target atoms (= 19.8 eV, corresponding to Fq = 18.2 keV), i.e. it is a quantum effect, by which the atoms
become nearly transparent for the ions.

PACS. 26.20.+f Hydrostatic stellar nucleosynthesis — 34.50.-s Scattering of atoms and nucleus

1 Introduction

Due to the Coulomb barrier of the entrance channel, the
cross-section o(FE) of a fusion reaction drops exponentially
with decreasing center-of-mass energy F,

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

where 7 is the Sommerfeld parameter and S(E) is the
astrophysical S-factor [1,2]. For o(F) measurements at
subcoulomb energies, an accurate knowledge of the effec-
tive beam energy associated with the observed reaction
yield is as important as the yield measurements them-
selves. In the analysis of such data, the effective energy in
the target always involves energy-loss corrections, which
are usually extracted from a standard compilation [3].
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The compilation is based on experimental data down to
energies around the Bragg peak, while at lower energies
—relevant to nuclear astrophysics— no data exist; thus,
the data obtained at higher energies are extrapolated to
lower energies with theoretical guidance. In recent stud-
ies of the d(®He,p)*He reaction (Q = 18.4 MeV) at the
LUNA facility [4], the observed stopping power of 3He
ions in Ds molecular gas was in good agreement with
the extrapolated values of the compilation. For studies
of the inverted reaction, i.e. *He(d,p)*He, stopping power
data are needed for deuterons in He gas: measurements
—using time-of-flight spectrometry— indicated [5] sig-
nificantly lower values than tabulated [3]. We restudied
the 3He(d,p)*He low-energy cross-section including a mea-
surement of the associated stopping power. We report here
on the latter part only; preliminary results have been pub-
lished [6].



488
MASS
BARATRON SPECTROMETER
& APERTURES
A, A
DETECTORS A3 "2 '
I I I INCIDENT

—— 353

d  TV1600 1y g5p TV 250

WS 150

WS 152

—
195cm 20.0cm

Fig. 1. Schematic diagram of the experimental setup. The
ion beam enters the target chamber through the apertures Ay,
Ay and Ags of high pumping impedance and is stopped in a
calorimeter. The differentially pumping stages consist of turbo
pumps (e.g., TV1600 = 1600 1/s pumping speed) and Roots
blowers (e.g., WS150 = 150 m®/h pumping speed). The 3He
gas from the 3 pumping stages is passed through a zeolite trap
cooled to liquid nitrogen temperature and fed back into the
target chamber. The gas pressure at the location of the detec-
tors is measured with a Baratron capacitance manometer. The
gas composition is monitored using a mass spectrometer.

2 Setup and procedures

Details of the experimental setup (fig. 1) and procedures
have been reported [6] and we describe here only dif-
ferences and details not reported previously. The energy
spread of the incident deuteron beam was found to be
0.10 keV at Fq = 20 keV. The detector setup consisted
of four, 1 mm thick Si detectors of 5 x 5 cm? area (each)
placed around the beam axis: they formed a 5 cm long
parallelepiped in the target chamber, by which solid an-
gle effects due to beam misalignment or angle straggling
of the beam are minimised. A NE102A plastic scintillator
(1 x 1 m? area, 3.5 cm thickness; not shown in fig. 1) was
placed below the target chamber and used to veto cosmic-
ray—induced events in the detectors. A sample spectrum
is illustrated in fig. 2.

At a given incident deuteron energy FEyq4, the reaction
vield Y (Eq, P) x NW~1P~! was obtained as a function
of gas pressure P, where N is the number of observed
protons from the reaction *He(d,p)*He (in the detector
setup) and W is the integrated beam power (deduced from
the calorimeter). The pressure-dependent yield is given by
the expression [6]

aY (Eq, P) = (1 +e(Eq)poPdP, ' ESY)
x (1 —e(Eq)poz(n n—1)PP;'ET +...), (2)

where « is a normalisation constant containing all
pressure-independent quantities, z and d are distances de-
fined in fig. 1, e(Ey) is the stopping power of deuterons in
the 3He gas, p, and P, are the density and pressure of the
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Fig. 2. Spectrum for the *He(d,p)*He reaction (Q = 18.4

MeV) obtained at Eq = 15 keV. The peak corresponds to the
14.7 MeV protons fully stopped in the Si detector, while the
low-energy tail represents protons losing only a fraction of their
energy in the detector. The reaction yield was deduced from
the number of counts in both the peak and the tail.

3He gas at STP, respectively. Since relative yield measure-
ments are performed, the normalisation constant a was
chosen such that Y (Eq, P — 0) = 1. In eq. (2) the terms
S(F) and £(F) are constant over the energy range A of the
target thickness. A constant S(E) value over A is justified
[7] including the effects of electron screening in egs. (1) and
(2) (less than 1% change in S(E) over A(1 mbar) = 0.4
keV at B4 = 18 keV). However, the values of the stopping
power €(E) are somewhat energy dependent over A (sect.
3). Simulations, including the effects of folding the cross-
section with the detection efficiency along the beam axis,
have shown that this energy dependence leads to an error
comparable to the experimental uncertainty and thus has
been neglected. The simulations, which included also the
effects of energy and angle straggling, have shown that
the stopping power value deduced from eq. (2) is an ac-
ceptable number within experimental uncertainty. Since
relative values of the cross-section are involved here, only
statistical and accidental errors have to be included in the
analysis.

3 Results

In one set of experiments, an atomic deuteron beam (D)
at Eq = 13 to 100 keV was used (8 pA maximum current
on target at Eq = 13 keV). The example shown in fig. 3
for the pressure-dependent yield of *He(d,p)*He at Eq =
25 keV led to e = (2.9340.10) x 107° eVem? or £/ecomp =
0.89 £ 0.03 (table 1), where ecomp is the value from the
compilation [3]. The deduced stopping power values are
summarized in table 1 and displayed in fig. 4a, where the
results in form of the ratio €/ecomp are compared with the
values from the compilation.

In another set of experiments, diatomic deuteron
beams (D3) at energies 24 to 100 keV were used (30 pA



Table 1. Stopping power ¢ of deuterons in *He gas.
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Eg S]gomp E/Egomp
(keV) (1()_15 chmQ)
atomic deuterons (DT)

100 6.984 1.014+0.03
90 6.735 1.02+0.03
80 6.409 1.004+0.03
70 6.001 1.014+0.03
60 5.510 1.03+0.03
50 4.939 0.9940.03
40 4.306 0.9840.04
30 3.631 1.034+0.03
25 3.290 0.89+0.03
22.5 3.122 0.7840.03
20 2.958 0.64+0.04
19 2.909 0.53£0.03
18 2.861 0.44+40.04
17 2.810 0.40+0.05
16 2.757 0.39+0.05
15 2.702 0.1940.04
13 2.586 0.13£0.07

diatomic deuterons (D7)
50 4.939 1.014+0.03
40 4.306 0.95+0.04
30 3.631 1.0240.03
25 3.290 0.83£0.04
22.5 3.122 0.7540.03
20 2.958 0.5610.04
19 2.909 0.53+0.03
18 2.861 0.49+0.04
17 2.810 0.43+0.04
16 2.757 0.38+0.04
15 2.702 0.25+0.08
14 2.645 0.1940.08
12 2.524 0.07+0.06

triatomic deuterons (D7)
30 3.631 0.9240.04
25 3.290 0.7840.04
22.5 3.122 0.77+0.03
20 2.958 0.61+0.03
19 2.909 0.574+0.03
18 2.861 0.4340.03
17 2.810 0.4240.05
16 2.757 0.3840.04
15 2.702 0.26+0.03
14 2.645 0.20£0.04
13 2.586 0.09+0.04
12 2.524 0.0640.03
11 2.460 0.0240.03
10 2.393 0.019+£0.019

& Equivalent atomic deuteron energy in

case of molecular deuterons.

" From the compilation SRIM-2000.39 [3].
¢ Errors include statistical and accidental
uncertainties in gas pressure (e.g., beam

heating effects) and beam power.
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Fig. 3. Relative yield of *He(d,p)*He as a function of *He
gas pressure P at Eq = 25 keV. The solid line through the
data points is a fit assuming a linear pressure dependence,
where the resulting stopping power ratio €/¢comp (Ecomp from
the compilation [3]) is given.

maximum current at 24 keV). Since the molecular beam
breaks up quickly in the upstream part of the >He tar-
get gas (1.5 cm mean free path for P = 0.5 mbar, i.e.
break-up within the entrance aperture As), an equivalent
deuteron beam of Fqy = 12 to 50 keV is produced with
a nearly twofold increase in current. The energy spread
AEq of the resulting deuteron beam due to the effects
of Coulomb explosion of the molecular beam is estimated
to be at most AEy = 0.69 keV at Eq = 20 keV. Since
the Coulomb explosion has been found to be “gentle” [8—
12], the actual spread AEy is significantly smaller. The
resulting ratios €/ecomp are given in table 1 and displayed
in fig. 4b. Within experimental uncertainties, the results
are identical to those obtained with the atomic deuteron
beam and confirm that the effects of Coulomb explosion
are negligible for the observed structures.

Finally, triatomic deuteron beams (D7) at energies 30
to 90 keV were used (40 pA maximum current at 30 keV)
leading to equivalent deuteron beams of Eq = 10 to 30 keV
with a nearly threefold increase in current. The higher cur-
rents permitted the measurement of the stopping power at
the lowest energy (Eq = 10 keV) with sufficient statisti-
cal accuracy. The energy spread due to Coulomb explo-
sion of this triatomic beam is estimated to be at most
AEq = 0.72 keV at Eq = 20 keV. The results are pre-
sented in table 1 and fig. 4c. Within experimental uncer-
tainties, the results are identical to those obtained with the
atomic and diatomic deuteron beams and confirm again
that the effects of Coulomb explosion are negligible for the
observed structures.

When employing currents significantly lower than the
maximum values quoted for the three ion species, the re-
sulting stopping power values were identical within exper-
imental uncertainties indicating that space charge effects
are negligible.
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Fig. 4. Stopping power ¢ of atomic (D7), diatomic (D3), and
triatomic (D) deuterons in *He gas as a function of atomic
deuteron energy and equivalent atomic deuteron energy is com-
pared with the corresponding value €comp from the compilation
[3], where for a better comparison only the ratio &/ecomp is
plotted. The arrow indicates the calculated threshold energy
E4,min = 18.2 keV.

The combined results for all three deuteron beams are
summarized in fig. 5. The observed slope in the stopping
power values near Eq = 18 keV is much larger than the
energy spread of the incident beam, the spread induced by
the Coulomb explosion, and the thermal Doppler broad-
ening (e.g. 80 eV at Eq = 20 keV and T' = 293 K).

Preliminary data [6] have been obtained only with an
atomic deuteron beam, where the results are identical to
the present data except for the two lowest energy points
(E4 = 15 and 18 keV) due to poor statistics and instability
of the detectors in the preliminary studies.

4 Discussion
The present stopping power values are significantly dif-

ferent from those reported [5], both in the absolute scale
and the energy dependence (fig. 5); this discrepancy is
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Fig. 5. Stopping power ¢ of deuterons in *He gas as a function
of the deuteron energy. The total stopping power curve is ob-
tained from the compilation [3] based on data above 80 keV.
The nuclear stopping power curve is the prediction from [3].
The filled-circle data points from the present work show a
threshold effect near Eq4 = 18 keV. Also shown are the pre-
vious results using time-of-flight spectroscopy [5] (open-circle
data points).

not understood. The present data show a relatively steep
drop deviating from the compiled values by 50% near
Eq = 18 keV (fig. 4), which we define as a threshold
energy. The values at lower energy reach the domain
of nuclear stopping power according to [3]. In a simple
model, the threshold in the electronic stopping power
arises from the minimum energy transfer F mi, in the
1s — 2s electron excitation of the He target atoms, Fe min
= 19.8 eV, which translates into a minimum deuteron en-
ergy Ed,min = (md/4me)(1 + me/md)QEe,min = 18.2 keV
(mgq = deuteron mass, m, = electron mass). Below this en-
ergy, the electron cloud of the He atom cannot be excited
via an ion-electron interaction and, thus, the electronic
stopping power vanishes: the He atoms become transpar-
ent for the deuterons. Between E, in and the ionisation
energy E; = 24.6 eV (corresponding to Eq = 22.6 keV),
many electronic states in the He atom can be excited lead-
ing possibly to the rise in the stopping power near these
deuteron energies (fig. 5). Below the threshold energy,
one might have expected a sharp drop of the stopping
power down to the nuclear stopping power regime. The
data show, however, a smoother drop, which is presently
not understood. It could possibly arise from a two-step
process: inelastic scattering within the nuclear (“atomic”)
stopping power mechanism could raise electrons to excited
atomic states, which in turn could then be further ex-
cited by the electron-deuteron interaction. Alternatively,
the slope may arise from the coupling of the electron
to the He atom, where the electron possesses a momen-
tum distribution leading to three-body effects [13], the so-
called Compton profile. The observed values at the lowest
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energies indicate (fig. 5) that the theoretical values of the
nuclear stopping power are significantly overestimated ac-
cording to [3]. Theoretical calculations are highly desirable
to clarify the origin of the threshold effect and the lower
values of the nuclear stopping power.

To our knowledge, a relatively sharp threshold ef-
fect in the stopping power behavior of ions in matter
—as seen in figs. 4 and 5— has not been predicted ([3]
and references therein). A threshold effect has been dis-
cussed for the stopping power of protons in Ne gas [14],
however, these theoretical studies led to an electronic stop-
ping power which depended on the square of the projec-
tile velocity, i.e. no sharp threshold was predicted. Similar
arguments apply to [15-17], where non-resonant electron
capture from He(1s) into the H(1s) shell was suggested as
the major energy loss mechanism for protons (deuterons)
in He gas at low energies. The observed threshold behav-
ior (figs. 4 and 5) appears in our model to be a quantum
effect and may be compared in a way with superconduc-
tivity, where matter is transparent to electrons; it is also
comparable to X-ray absorption near the K-edge.

On the basis of our model, the observed threshold
behavior may occur in many ion-target combinations.
For the case of *He ions in Dy molecular gas, the Dy
molecule can be dissociated involving an energy of about
0.6 eV with a corresponding threshold energy near Espg. =
0.8 keV; above this energy one may expect no significant
deviation from the compilation, as observed [4]. For the
case of *He ions in 3He gas and using the reaction yield
of 3He(*He,2p)*He, one expects the threshold energy to
be near Espe = 27 keV, and in the case of “Li ions in
3He gas together with the reaction yield of *He("Li,d)®Be
one expects a threshold at E71; = 63 keV. However, the
cross-section in both cases at energies far below the height
of the Coulomb barrier was too low for an experimental
investigation (less than 1 event per month). Although the
yield of nuclear reactions at subcoulomb energies is useful
in obtaining stopping power data at energies below the
Bragg peak, the method cannot be used to study thresh-
old effects in other ion-target systems.
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In metallic targets, there should be —on the basis of
our model— no threshold effect at all, since the electrons
can be excited continuously within overlapping or par-
tially filled energy bands. However, in insulators or semi-
conductors with separated band gaps, the threshold effect
should exist. For the stopping of muons in kapton, an in-
sulator with an electron binding energy of about 2 eV
(equivalent to a band gap), a threshold effect has been
reported indeed at an energy of about 100 eV [18], near
the expected value (E, ~ 100 eV).

This work was supported in part by INFN, BMBF (06BO812),
DFG (436UNG113-146) and OTKA (T025465).
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