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Abstract

The cross section of the reactions3He(d, p)4He and d(3He, p)4He has been measured at the center-
of-mass energiesE = 5 to 60 keV and 10 to 40 keV, respectively. The experiments were performed to
determine the magnitude of the electron screening effect leading to the respective electron-screening
potential energyUe = 219±7 and 109±9 eV, which are both significantly higher than the respective
values from atomic physics models,Ue = 120 and 65 eV. 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Due to the Coulomb barrier of the entrance channel, the cross sectionσ(E) of a fusion
reaction drops exponentially with decreasing center-of-mass energyE,

σ(E) = S(E)E−1 exp(−2πη), (1)

whereη is the Sommerfeld parameter andS(E) is the astrophysical S-factor [1,2]. The
parametrisation assumes that the Coulomb barrier is that resulting from bare nuclei.
However, for nuclear reactions studied in the laboratory, the target nuclei and the projectiles
are usually in the form of neutral atoms or molecules and ions, respectively. The resulting
enhancement of the electron-screened cross section,σs(E), over that for bare nuclei,
σb(E), is described by the expression [3–5]

σs(E)/σb(E) = (
Ss(E)/Sb(E)

)
(E/E + Ue)exp(πηUe/E), (2)

whereUe is the constant electron-screening potential energy, andSs(E) andSb(E) is the
S-factor for screened and bare nuclides, respectively.

The exponential enhancement has been observed in several fusion reactions [6–14], at
energies from a few keV to a few tens of keV. However, the observed enhancements were
significantly larger than could be accounted for from the adiabatic limit, i.e., the difference
in electron binding energies between the colliding atoms and the compound atom. The
most pronounced excess has been reported for the3He(d, p)4He reaction (Q = 18.4 MeV),
Ue = 186± 9 eV [9], significantly larger than the adiabatic limitUe = 120 eV. In the
analysis of such data, the effective energy in the target has to be known precisely and
always involves energy-loss corrections. In [6,9], the authors used energy-loss values for
deuterons in helium as tabulated [15], which were derived by extrapolation of data for
deuterons above 80 keV to lower energies. However, energy-loss measurements of low-
energy protons and deuterons in helium gas found [16] significantly lower values than
tabulated [15]. Using these lower values, a reanalysis of the3He(d, p)4He data led [17] to
Ue = 134± 8 eV. Recent measurements of the stopping power of low-energy deuterons in
3He gas observed [18,19] a threshold effect nearEd = 18 keV (Fig. 1). The data disagree
significantly with the results reported in [16] (Fig. 1) and cast doubt on the reliability of
the3He(d, p)4He data analyses [6,9,17].

For the inverted reaction, d(3He, p)4He, a value ofUe = 123± 9 eV has been reported
[9], while the united-atom model (including a Coulomb-explosion process of the D2 target
molecules) led to the estimateUe = 65 eV [6] (see however [20]). Recently, the cross
section of this reaction was restudied at the LUNA facility forE = 4 to 14 keV including
a measurement of the associated stopping power [14]. The observed stopping power values
were in good agreement with the standard compilation [15]. The data together with results
from previous work at higher energies led toUe = 132± 9 eV, where renormalisations in
the absolute scale of the various data sets had to be carried out. In order to improve the
data set, a renewed measurement of this reaction at higher energies using the same LUNA
setup appeared desirable.
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Fig. 1. Stopping powerε of deuterons in3He gas as function of deuteron energy. The total stopping
power curve is obtained from the compilation [15] based on data above 80 keV. The nuclear stopping
power curve is the prediction from [15]. The filled-circle data points [18,19] show a threshold
effect nearEd = 18 keV. Also shown are the previous results using time-of-flight spectroscopy [16]
(open-circle data points) exhibiting no threshold effect.

As part of an ongoing program on electron-screening effects, we have restudied with the
LUNA setup the cross section of3He(d, p)4He atE = 5 to 60 keV and d(3He, p)4He at
E = 10 to 40 keV.

2. Setup

The measurements were carried out at the 100 kV accelerator of the Ruhr-Universität
Bochum [21] involving the LUNA setup [12,13,22,23]. Briefly, the absolute incident ion
beam energy,Elab, was known to a precision of 5× 10−5, and the beam energy spread was
found to be 0.10 keV atElab = 20 keV. The beam entered (Fig. 2) the target chamber
of a differentially pumped gas-target system through 3 apertures (A1, A2, and A3) of
high gas-flow impedance (respective diameters= 15,10, and 7 mm; respective lengths
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Fig. 2. Schematic diagram of the experimental setup. The ion beam enters the target chamber through
the aperturesA1, A2 and A3 of high pumping impedance and is stopped in a calorimeter. The
differentially pumping stages consist of turbo pumps (e.g., TV1600= 1600 l/s pumping speed) and
Roots blowers (e.g., WS150= 150 m3/h pumping speed). The3He 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 detectors is measured with a Baratron capacitance
manometer. The gas composition is monitored using a mass spectrometer.

= 80,80, and 60 mm) and was stopped in a calorimeter (4 W power) with an active area of
3.5 cm diameter. The3He gas pressure in the target chamber (P = 0.0050 to 0.250 mbar)
and the D2 gas pressure (P = 0.0050 mbar) were measured with a Baratron capacitance
manometer to a relative accuracy of better than 1% and a systematical accuracy of 1%.
The 3He target gas was recirculated and cleaned using a zeolite trap; the resulting gas
composition was monitored with a mass spectrometer: no contaminants were observed
(� 0.1%). The D2 target gas was not recirculated. Beam-heating effects on the gas density
have been included by an additional 1% accidental error. ForP(3He) = 0.25 mbar, the
system reduced the pressure to 2× 10−4, 1 × 10−5, and 1× 10−6 mbar in the regions
between the aperturesA3 and A2, A2 and A1, and beyondA1, respectively. A similar
reduction was observed at other3He or D2 pressure values. The main pressure drop
occurred across the entrance apertureA3, while the extended target zone betweenA3 and
the calorimeter (lengthd = 43.0± 0.1 cm) was characterized by a constant gas pressure.
For each run, the average power deposited by the beam on the calorimeter was deduced
from the difference between transistor powers needed to keep the beam dump at the
same temperature, with the beam off and on. The statistical error on the measured power
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difference was obtained by adding in quadratures the errors on the measured powers (1%
relative error each), while a systematical error of 2% on the beam power was also taken
into account. Finally, the beam power was converted into beam current using the beam
energy at the calorimeter, i.e., the incident energy minus the energy loss in the whole target
gas; the uncertainty in the latter quantity was — for all incident energies — negligible with
respect to the accuracy of the beam power.

The detector setup consisted of eight, 1 mm thick Si detectors of 5× 5 cm2 area
(each) placed around the beam axis: they formed a 14 cm long parallelepiped in the target
chamber. Each detector was shielded by a 25 µm thick Ni foil in order to stop the4He
ejectiles, the elastic scattering products, and the light induced by the beam. A NE102A
plastic scintillator (1× 1 m2 area, 3.5 cm thickness; not shown in Fig. 2) was placed below
the target chamber and used to veto cosmic-ray-induced events in the detectors. Dead time
effects in the detectors were monitored using a pulser and were kept below 3%. A sample
spectrum for one of the Si detectors is illustrated in Fig. 3. The detection efficiency in the
setup,η = 0.201± 0.004, was calculated with a Monte Carlo simulation [14,23].

In going through the gas of the target chamber, the beam experienced a mean energy loss
�E to the middle of the detector setup (at a distancez = 18.5± 0.1 cm from the middle

Fig. 3. Spectrum for the3He(d, p)4He reaction (Q = 18.4 MeV) obtained atEd = 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 tail.
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of the entrance apertureA3). This was taken into account by introducing an effective
energyEeff = E corresponding to the mean value of the beam energy distribution in the
detector setup, evaluated by Monte Carlo simulations. Values for�E were derived from
Fig. 1 [18,19].

3. Procedures and results

At a given incident beam energy, the cross sectionσ(E) is related to the number of
observed protons,N , from the reaction3He(d, p)4He or d(3He, p)4He (in the detector
setup) by the equation

N = NpNtη dσ(E), (3)

whereNp is the number of incident projectiles (deduced from the calorimeter),Nt is the
number of target atoms per unit of volume (deduced from the gas pressure), andE is the
effective energy within the target (in the center-of-mass system).

Most measurements were carried out at a pressureP = 0.0050 mbar corresponding to
a few monolayers of target material (e.g., 6× 1015 3He atoms/cm2 for d = 43 cm). In
turn, the energy loss in the gas can be neglected: at the lowest atomic deuteron energy
of Ed = 13 keV and for3He gas (E = 7.8 keV), one finds�Elab = 1.4 eV (Fig. 1).
The exceptions are the measurements of3He(d, p)4He at ultra-low energies, where a3He
pressureP = 0.250 mbar was used: at the lowest energyEd = 8.35 keV (E = 5.01 keV)
one finds�Elab ≈ 28 eV ford = 43 cm and 12 eV forz = 18.5 cm leading to an error in
cross section of about 2%, which we have neglected.

As just discussed, an atomic deuteron beam (D+
1 ) was used for the3He(d, p)4He studies

at higher energies, while a diatomic (D+
2 ) or triatomic (D+

3 ) beam was employed at ultra-
low energies. Since the molecular beam breaks up quickly in the3He target gas [24–28],
one arrives at the equivalent deuteron beam energyEd = Ed2/2 or Ed3/3 with a nearly
twofold or threefold increase in current. The energy spread�Ed of the resulting deuteron
beam due to the effects of Coulomb explosion of the molecular beam is estimated to be at
most�Ed = 0.5 keV atEd = 10 keV. Since the Coulomb explosion has been found to be
“gentle” [24–28], the actual spread�Ed is significantly smaller. The good agreement of
the data points obtained with the atomic and diatomic beams at nearly overlapping energies
confirms that the effects of Coulomb explosion are negligible for the observed features.

The results for the3He(d, p)4He and d(3He, p)4He reactions — in form of the
astrophysicalS(E) factor — are summarized in Tables 1 and 2 and displayed in Figs. 4
and 5, respectively. The absoluteS(E) values for both reactions are in fair agreement with
previous work [6,9,14,21,29] within the quoted uncertainties.

4. Discussion

For the analysis of electron screening effects, one must extrapolate the bare cross section
σb(E) at high energies (E > 40 keV) to low energies. This extrapolation appears to be
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Table 1
Excitation function of3He(d, p)4He

Ea (keV) P(3He)b (mbar) S(E)c (MeV b)

Atomic deuterons (D+1 )
7.80 0.0050 8.66± 0.28
8.96 0.0050 7.85± 0.26
9.66 0.1000 7.68± 0.22

10.72 0.0050 7.48± 0.20
11.44 0.0050 7.29± 0.20
11.99 0.0050 7.35± 0.20
13.18 0.0050 7.28± 0.20
14.39 0.0050 7.04± 0.20
14.99 0.0050 7.07± 0.20
16.75 0.0050 7.16± 0.20
17.99 0.0050 7.02± 0.20
19.14 0.0050 7.20± 0.20
20.94 0.0050 6.81± 0.18
21.55 0.0050 7.09± 0.20
22.71 0.0050 7.13± 0.20
23.93 0.0050 6.91± 0.18
25.08 0.0050 7.18± 0.20
26.62 0.0050 6.93± 0.18
28.73 0.0050 7.22± 0.20
29.91 0.0050 6.87± 0.18
31.10 0.0050 7.24± 0.20
32.89 0.0050 7.04± 0.20
33.49 0.0050 7.33± 0.20
35.86 0.0050 7.22± 0.18
38.58 0.0050 7.33± 0.18
40.67 0.0050 7.44± 0.22
41.87 0.0050 7.29± 0.20
43.06 0.0050 7.48± 0.22
44.85 0.0050 7.40± 0.20
45.44 0.0050 7.70± 0.22
47.86 0.0050 7.63± 0.20
50.21 0.0050 7.66± 0.22
50.83 0.0050 7.70± 0.20
52.65 0.0050 7.70± 0.22
53.82 0.0050 7.77± 0.22
55.04 0.0050 7.77± 0.22
56.81 0.0050 7.88± 0.20
57.41 0.0050 7.94± 0.22
59.80 0.0050 8.12± 0.22

(continued)
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Table 1 — continued

Ea (keV) P(3He)b (mbar) S(E)c (MeV b)

Diatomic deuterons (D+2 )
6.02 0.2500d 10.37± 0.35
6.45 0.2500d 9.36± 0.35
6.90 0.2500d 8.82± 0.31
7.51 0.2500d 9.12± 0.29
8.18 0.2500d 8.31± 0.24
9.02 0.1000d 7.88± 0.22

Triatomic deuterons (D+3 )
5.01 0.2500d 10.76± 1.47
5.50 0.2500d 10.31± 0.81
6.01 0.2500d 9.41± 0.48

a Equivalent atomic deuteron energy in case of molecular deuterons (all in the center-of-mass
system).

b Gas pressure in the target chamber.
c Errors quoted include only statistical and accidental (2.6%) uncertainties; a systematical error of

3% (1% pressure, 2% calorimeter, 2% efficiency) for the absolute values has to be added to the
quoted errors.

d The energy loss of deuterons in3He gas at these pressures was obtained from the data shown in
Fig. 1 [18,19].

Fig. 4. S(E) factor data for the3He(d, p)4He reaction from the present work. The errors shown
represent only statistical and accidental uncertainties, which were used in the fits. The dashed
curve represents theS(E) factor for bare nuclei and the solid curve that for screened nuclei with
Ue = 219 eV.
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Table 2
Excitation function of d(3He, p)4He

Ea (keV) P(D2)
b (mbar) S(E)c (MeV b)

11.95 0.0050 7.19±0.35
13.95 0.0050 6.95±0.23
15.95 0.0050 6.87±0.18
17.94 0.0050 6.91±0.19
19.93 0.0050 6.75±0.18
21.92 0.0050 6.96±0.19
23.92 0.0050 6.92±0.19
25.92 0.0050 7.17±0.19
27.88 0.0050 7.01±0.19
29.88 0.0050 7.19±0.19
31.90 0.0050 7.17±0.19
33.89 0.0050 7.43±0.20
35.89 0.0050 7.39±0.19
35.89 0.0050 7.58±0.20
37.88 0.0050 7.63±0.20
39.87 0.0050 7.65±0.20

a Center-of-mass energy within the target.
b Gas pressure in the target chamber.
c Errors quoted include only statistical and accidental (2.6%) uncertainties; a systematical error of
3% (1% pressure, 2% calorimeter, 2% efficiency) for the absolute values has to be added to the
quoted errors.

Fig. 5. S(E) factor data for the d(3He, p)4He reaction from previous work [14] (open points) and
present work (filled-in points), both obtained with the same LUNA setup. The errors shown represent
only statistical and accidental uncertainties, which were used in the fits. The dashed curve represents
theS(E) factor for bare nuclei and the solid curve that for screened nuclei withUe = 109 eV.
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sufficiently well under control. For example, the parametrisation [30] of the available data
for energiesE = 40 keV to 10 MeV predicts anSb(E) factor at low energies, which agrees
well with the one calculated in a microscopic cluster model [31]. Recent measurements at
E = 36 to 385 keV included also a polarized deuteron beam [32] and led to a consistent
Sb(E) energy dependence at low energies, which we have adopted:Sb(E) = 6.70+2.43×
10−2E + 2.06× 10−4E2 MeV b (with E in keV).

With the Sb(E) function (including a free normalisation factorF ), the resulting fit of
the 3He(d, p)4He data (Fig. 4) led toUe = 219± 7 eV (one standard deviation error)
with a reducedχ2 = 0.41 andF = 0.89. The correspondingS(E) factor curves for bare
and screened nuclei are shown in Fig. 4 as dashed and solid curves, respectively. The
experimentalUe value is consistent with previous work [9] but much larger than the
adiabatic limit. The observedUe value is not understood at present. The difference in the
Ue values between [17] and the present work arises predominantly from different stopping
power values used.

Similarly, the resulting fit to the d(3He, p)4He data (Fig. 5) led toUe = 109± 9 eV
with χ2 = 0.88 andF = 0.93 (previous work [14]F = 0.93), consistent with the above
result within experimental uncertainties. The correspondingS(E) factor curves for bare
and screened nuclei are shown in Fig. 5 as dashed and solid curves, respectively. The
experimentalUe value is not inconsistent with previous work [14] but much larger than the
expected value of 65 eV and not understood at present. It should be noted that theoretical
estimates of the screening effect on molecular targets [20] showed a dependence on the
molecular orientation and require a dynamical treatment. For the d+ d system a larger
screening potential energy has been found for molecular targets with respect to atomic
ones which is caused by the symmetry of target and projectile and is not expected to hold
in the general case.

In summary, the present work provides new data for two reactions down to ultra-low
energies using a new setup compared to previous work and measuring [18,19] the crucial
energy loss behaviour of the projectiles in the target over the relevant energy range. In
order to improve the understanding of electron screening for the two reactions, a direct
measurement ofSb(E) is highly desirable, which could possibly be achieved with the
Trojan horse method [33]. Furthermore, additional theoretical work on the effects of
electron screening could improve the present understanding.
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