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Background: The *He(«, y) "Be reaction plays a major role both in the big bang nucleosynthesis producing the
majority of the primordial “Li, and in the pp chain of solar hydrogen burning, where it is the branching point
between the pp-1 and pp-IL-III chains. As a few-nucleon system, this reaction is often used to validate ab initio
theoretical calculations and/or test R-matrix theory and code implementations. For the latter, experimental data
in an extended energy range is of crucial importance to test the fit and extrapolation capabilities of the different
codes.

Purpose: The *He(«, y) "Be reaction cross section has been measured by several groups up to the first resonance
(Ee.m. &~ 3 MeV) in the reaction. However, only one data set exists above the "Be proton separation threshold
measured in a narrow energy range (E., = 4.0-4.4 MeV). In this work we extend the available experimental
capture cross section database to the energy range of known "Be levels, where only particle scattering experi-
ments are available for testing the models.

Method: The activation method was used for the *He(w, y)’Be reaction cross section determination. The
experiment was performed using a thin-window gas cell with two high-purity Al foils as entrance and exit
windows. The activity of the "Be nuclei implanted in the exit/catcher foil was measured by detecting the yield
of the emitted y rays using shielded high-purity germanium detectors.

Results: New experimental *He(a, y) "Be reaction cross section data were obtained for the first time in the
E.n. = 4.3-8.3 MeV energy region, corresponding to E, = 5.8-10 MeV excitation energies of "Be. The new
data set with about 0.2 MeV step covers the energy range of known levels and particle separation thresholds. No
prominent structures are observer around the ’Be levels.

Conclusions: The measured reaction cross section is slowly increasing with increasing energy in the range of
E, = 6-8 MeV from 10 ub to 13 ub. Above the °Li+ p threshold, a decrease starts in the cross section trend and
reaches a value of about 8 ub around E, = 10 MeV. The overall structure of the cross section suggest a broad

resonance peaking around E, = 7.5 MeV "Be excitation energy, with a width of 8 MeV.

DOI: 10.1103/PhysRevC.108.025802

I. INTRODUCTION

The *He(«, y)7Be reaction is of crucial importance in
three different nuclear astrophysics scenarios. It is one of
the branching reactions of the proton-proton (pp) chains in
solar and stellar hydrogen-burning. More specifically, it is the
initial reaction of the pp-II and pp-III chains. These chains
are the source of a significant portion of the high-energy
neutrinos emitted by the sun [1]. Accurate estimates of the
neutrinos produced in the sun can be used to refine solar
models [2], however, the rate uncertainty of the branching
reaction directly affects the modeled neutrino flux uncertainty.
The *He(, y) 'Be is also an important reaction of element
formation in the big bang nucleosynthesis (BBN). The for-
mation of "Li happens mainly via the *He(«, y) "Be reaction
and the subsequent 8 decay of "Be [3]. Additionally, classical
novae also play an important role in the galactic production of
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"Li. The synthesis of the "Be (which is transformed into "Li
nuclei) in the *He(«, y) "Be reaction can also be observed in
carbon-oxygen type novae. 'Be is detected by spectroscopic
methods and several simulations have been carried out on the
amount of "Be [4] (and further references therein).

In the relevant reaction energy range in stars, in the so-
called Gamow window, direct experimental data are difficult
to obtain because of the extremely low reaction cross sec-
tions in the attobarn range. Here, experimental information
can be gained via indirect methods, e. g., the asymptotic
normalization coefficient (ANC) of the reaction was deter-
mined by using transfer reaction [5], or the reaction cross
section in the solar Gamow window (0.018-0.029 MeV) was
determined utilizing the measured solar neutrino fluxes and
the predictions of the standard solar model [6]. The rele-
vant energy range in classical novae (0.05-0.2 MeV) and the
BBN Gamow window (0.1-0.5 MeV) are somewhat higher in
energy, up to which the reaction cross section is increasing
exponentially, reaching the nanobarn range. With an enor-
mous effort, the LUNA collaboration [7] was able to provide
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direct experimental data in this energy range with high pre-
cision [8—11]. The collaboration explored the energy range of
E.m. = 0.09-0.17 MeV, with their deep underground settings,
where the environmental background signals in the detectors
are orders of magnitude lower than that can be achieved in an
overground setup [12].

Many other modern data sets are available in the E. ,, =
0.3-3.1 MeV energy range [13—18] proving the positive slope
of the astrophysical S factor towards higher energies.

In addition the *He(a, ) "Be reaction cross section was
measured around the proton separation energy of the com-
pound "Be nucleus in a narrow energy range of E., =
4.0-4.4 MeV [19]. In this energy range a positive parity level
of "Be was suggested from the ®Li(p, y) "Be reaction [20] but
not confirmed later in any direct experiment [21] or indirect
work [22].

Because the energy range of the solar and stellar
SHe(c, y) "Be reaction is not reachable by present day di-
rect experimental technique, extrapolation to those energies
are inevitable. For this purpose, one of the often used meth-
ods is the R-matrix analysis [23]. With the rapid growth
of computational power, recently multilevel, multichannel
R-matrix codes became available [24], using known level
properties from different experiments to extrapolate the S
factor into unknown energy ranges. Most of the previous
SHe(c, y) "Be R-matrix studies for this purpose used the low
energy radiative capture data sets only, below the "Be pro-
ton separation threshold [25,26]. However, the extrapolations
may benefit from new experimental data sets in previously
unexplored energy region, where the reaction of interest as
well as other reaction channels can be used to constrain their
parameters.

To describe the low energy trend of the S factor, broad
positive parity states have to be assumed in the R-matrix fit
[25]. Such an assumption is reasonable, based on the fact
that in its mirror nucleus ’Li, a broad structure was found
in y-scattering experiments [27-29] around 7 MeV excitation
energy. In the present work the corresponding energy range
is addressed in "Be. In addition, recently the *He + *He scat-
tering data sets were used to cross-validate several R-matrix
codes [24]. An extension of that work could be the inclusion
of radiative capture channels, which requires experimental
data up to 20 MeV in "Be excitation energy. Answering also
to this call, we provide here an experimental capture cross
section data set up to E, = 10 MeV.

The cross section of the *He(«, y)7Be reaction can be
measured with several methods. In the case of prompt y-ray
detection, the direct capture yrays and/or the secondary ys
are detected. This method was used so far only below the first
resonance. The main reason is that the angular distribution of
the prompt y rays is affecting the deduced cross sections, this
needs to be known with high precision, or shall be estimated
to be a small correction. Since the angular distribution by now
is known only from theoretical works, the latter requirement
is fulfilled only far away from resonances. A recent attempt
is made to experimentally determine the prompt y-ray angu-
lar distribution [30], and further work is in progress, which
may unlock the potential of these kinds of measurements for
precise cross section determination.

An alternative method for the capture cross section deter-
mination is the direct detection of the "Be recoils. Because of
the technical challenges, this method was successfully applied
only by one group so far utilizing the ERNA (European Recoil
Separator for Nuclear Astrophysics) apparatus, resulting in
a data set up to, and covering, the first resonance [15]. Ex-
periments were carried out using the DRAGON (Detector of
Recoils And Gammas Of Nuclear reactions) recoil separator
[31], however, the results are still reported only as conference
contributions [32,33].

The third method is the so-called activation [34]. The
"Be reaction product is radioactive with a half-life of 53.22d
and 10.44% of its decays lead to the first excited state of
"Li, which subsequently emits a y photon with an energy of
477.6 keV [35]. By detecting this latter y ray, the number
of reaction products, thus the reaction cross section can be
deduced. The activation method is free from the angular
distribution effects, influencing the other two methods, thus
can be safely used also in energy ranges, where only limited
information is available about the levels. Therefore in this
work, the activation method is applied to determine the
3He(c, y) "Be reaction cross section in an energy range never
investigated in this radiative capture reaction before. The
new data set spans the energy range of known ’Be levels and
particle emission thresholds.

This paper is organized as follows. In Sec. II the experi-
mental details are given, highlighting all the constituents of
the cross section determination. In Sec. III the data analysis
and the experimental results are presented. Finally a summary
is given in Sec. IV.

II. EXPERIMENTAL DETAILS

A. The gas-cell target

In the present work, a thin-window gas-cell target was
used, an updated version of those used in Refs. [19,36]. With
this solution, differential pumping and calorimetric beam cur-
rent measurement, which is often necessary for a windowless
gas target [37] can be avoided. The disadvantage of a win-
dow is the beam energy loss in the entrance foil, which is
not problematic in our case due to the relatively high beam
energies used. The nominal 10 um thick aluminium foils used
as entrance window cause 0.5—-1 MeV energy loss in the beam
energy range (E, = 11-20 MeV) of our investigations. There
were a few data points measured with thinner (~7 um) en-
trance foils to explore the excitation function with finer energy
steps in the vicinity of known "Be levels.

The exact entrance foil thicknesses were determined by
measuring the energy loss of passing « particles. The energy
of s emerging from a triple-isotope « source penetrating
through the foil was measured. The thickness of the alu-
minium foil was then determined from the energy loss as
described in the previous work [19]. The statistical uncertainty
of the thickness measurement was 0.3-0.5%, while the stop-
ping power uncertainty was taken into account as follows.
In the energy range of 3.15-5.80 MeV covering the initial
a energies as emerged from the source and the decelerated
ions as detected, there are several stopping power measure-
ments, providing a handful of data sets [38—46] with different
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TABLE I. Parameters of the entrance foils, targets, and irradia-
tions used in the experiment.

Entrance foil Target Average
E, thickness areal density tirrad beam current
(MeV) (um) (12) (h) (uA)
11.0 10.26 £ 0.12 1.07 £0.03 17.6 0.95
11.5 10.18 £ 0.11 1.08 +0.03 19.1 0.85
12.0 10.31 £ 0.11 0.83 +£0.02 15.5 1.00
12.0 6.83 £ 0.07 1.01 £0.03 17.3 0.59
12.5 10.48 +0.12 1.01 £0.03 21.9 0.91
12.5 6.83 £ 0.07 1.02 £0.03 16.0 0.63
13.0 10.15 £ 0.11 1.01 £0.03 15.4 0.84
13.0 7.15 +£0.08 1.03 £ 0.03 21.1 0.82
13.5 10.48 £ 0.12 1.05 £0.03 19.6 1.00
13.6 7.15 £ 0.08 1.02 £0.03 20.0 0.70
14.0 10.31 £ 0.11 0.81 +0.02 19.4 1.04
14.5 10.15 £ 0.11 1.01 £0.03 17.5 0.86
15.0 10.37 £ 0.12 1.02 £ 0.03 26.0 0.80
15.5 10.52 £ 0.12 1.01 £0.03 21.2 0.86
16.0 10.31 £ 0.11 0.82 +£0.02 9.9 1.20
16.5 10.52 £ 0.12 1.01 £0.03 222 0.77
16.6 6.83 £+ 0.07 1.05 £ 0.03 22.0 0.58
17.0 7.15 £ 0.08 1.12 + 0.03 24.1 0.80
17.5 10.33 £ 0.11 1.02 £0.03 16.0 0.82
18.0 10.56 + 0.11 1.08 +£0.03 23.5 0.59
18.5 10.15 £ 0.11 1.02 £ 0.03 21.1 0.87
19.0 10.48 +0.12 1.01 £0.03 22.0 0.95
19.5 10.15 +£0.11 1.02 £ 0.03 19.8 0.92
20.0 10.48 £ 0.12 1.02 £0.03 22.1 0.84

accuracies to be compared by the SRIM tables [47] used in the
present calculations. The energy dependence of most of the
data sets are well described by the SRIM curve, however scal-
ing factors within their quoted accuracy shall be applied. The
weighted mean of these scale factors amounts to 1.009, while
its uncertainty is 1.0%. Therefore the thicknesses calculated
using the SRIM tables were multiplied by 0.991 to account
for this effect, while the uncertainty of the stopping power
is taken as the spread of the scale factors, thus 1% added
quadratically to the statistical uncertainty of the measurement.
The parameters of the different irradiations, together with the
window thicknesses as target areal densities are summarized
in Table I.

The 4.19-cm long cell was filled with high purity isotopi-
cally enriched (99.999%) *He gas. The foils were placed on
O rings at the entrance and exit of the cell secured and pressed
by tantalum rings. A 12 mm diameter surface of the foil
was exposed to the gas, which securely kept the pressure
against the beamline vacuum. Before the irradiations, the cell
was filled with up to 100 mbar of *He gas. From this initial
pressure, temperature, and the known cell length, the surface
density of the target nuclei was determined (see Table I)
applying the ideal gas law.

In the experiments, four different thicknesses of exit foils
(10, 15, 20, 25 um) were used serving as catcher, depending
on the energy of 'Be produced in the reaction. The "Be energy
is calculated from the kinematics, and simulations with the

vacuum pump port

entrance window

gas inlet

FIG. 1. Cutaway technical drawing of the gas-cell used for the
irradiations. The complete cell is surrounded by the beam-line vac-
uum. See text for details.

SRIM program [47] were done to determine the thickness of
the catcher foil required at the given energies to ensure that
the "Be nuclei are stopped in the foil and do not pass through
it. The thinnest available foils were then used to reduce the
number of target atoms for possible parasitic reactions.

B. Irradiations

The irradiations were performed by the Atomki MGC-20
cyclotron [48]. The activation chamber containing the thin
window gas-cell acted as a Faraday cup. A voltage of —300V
was applied to an aperture at the entrance of the chamber to
eliminate the effect of any secondary electrons that may be
generated in the last beam defining aperture or from the target.
Since the target gas was within the Faraday cup, charge ex-
changes did not affect the current measurement. This allowed
the determination of the number of bombarding particles via
charge integration. A pressure gauge was also connected to the
cell, and the pressure data were saved every 10 min. During
the irradiation the pressure in the cell increased steadily (by
about 15% observed until the end of a given irradiation),
and a slow decrease was observed after the irradiation was
stopped (1-2% within a few days). Since the whole cell
was surrounded by vacuum, in case of a foil or O-ring fail-
ure only pressure drop shall be observed, thus the pressure
increase is considered to be a temperature effect (few % in-
crease is consistent with the few degree temperate increase),
and mainly gas desorption from the foils and cell walls.
The pressure increase was always more significant when the
cell was exposed to air for a longer time before irradiation.
None of these effects alter the number of active target atoms.
The energy loss of the beam inside the gas volume was in
the order of a few tens of keV. Considering the total pressure
increase caused by air desorption, this small extra gas amount
alters the center-of-mass energy by less than 0.1%, well within
the initial beam energy uncertainty. The unreacted beam was
dumped in a water cooled tantalum cap. The drawing of the
gas target chamber is shown in Fig. 1.

The beam intensity was monitored by a charge integrator
combined with a multichannel scaler. The accumulated charge
was recorded in every 60 s, which allowed the current varia-
tion be to taken into account in the data analysis. The length
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of the irradiations was between 10 and 26 h to create the
adequate activity in the catcher foil. The electric beam current
of the doubly charged « particles varied between 0.6—1.2 uA
depending on the actual performance of the accelerator.

C. y-ray detection

During the irradiation, all the "Be nuclei were implanted
in the catcher foil. SRIM simulations [47] were carried out to
investigate the possible backscattering or stopping of "Be in
the gas volume. Both of these effects were found to be negli-
gible (<0.01%). Due to the reaction kinematics, the 'Be was
created in a cone with a maximum of 26.0 mrad opening angel
(in case of the highest energy irradiation). This would result in
a maximum 2 mm diameter spot on the catcher. Since the orig-
inal @ beam had a size of 5 mm, defined by the last aperture,
this additional broadening of the "Be distribution is not sig-
nificant. After the irradiations, the catcher foils were removed
from the gas cell, and were placed in front of a high-purity
germanium (HPGe) detector with a sample detector distance
of 1 cm. Typically, the y -ray counting was started with a cool-
ing time of at least one day after irradiation, because there was
some significant beam-induced short-lived activity found in
the catcher immediately after irradiation. Two HPGe detectors
were employed for y-ray countings depending on their avail-
ability. A Canberra GL2015R type low energy germanium
detector (LEGe) [49] with standard dipstick cryostat and a
Canberra GR10024 N-type detector with ultralow background
(ULB) [50] cryostat. The detectors were surrounded by lead
shielding including inner layer of Cd and Cu, with which their
sensitivity become comparable at E, =477.6 keV [51]. In
most of the cases a given sample was measured by both of
the detectors, and the yields obtained were within statistical
uncertainty. These data points obtained with the two detectors
have most of their systematic uncertainties common, thus the
evaluation was performed with the spectra measured with the
ULB detector, since it had better statistics. Countings were
performed in several cycles, a given sample was in the detector
setup for a few days, then it was placed back after about a
week of waiting time. In this way the "Be decay was followed
in each sample, which was found to be compatible with the
expectations assuming the literature half-life of "Be. The total
counting time of a given sample was 4-22 d, depending on the
activity, to reach 2-2.5% statistical uncertainty.

The efficiency calibration of the detectors were performed
with a custom-made 'Be single-line source produced via
7Li(p, n) "Be reaction. The source was created in the same
irradiation setup, thus the proton beam was collimated to a
5 mm spot, where the activity was created evenly in the target
material. With this method a calibration source geometry was
achieved which was similar to the extended activity distri-
bution in the catcher. The "Be source activity was measured
with high precision at the ULB detector using 27 cm source-
detector distance. Commercial calibration sources of known
activities ("°*Eu and '**Ba) were used for the determination of
detector efficiency-energy function at this distance. With these
multiline sources, direct close geometry calibration would
be affected by the true coincidence summing, which was
avoided in this way. Using high intensity y transitions from
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133
074 * Ba
fit to "52Eu 0.19
0.51——fitto ¥Ba
o '3Ba+'%2Ey average 0.18) 4776 keV
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o
-
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200 300 400 500 600
E, (keV)

T T 1
800 1000 1400

FIG. 2. Efficiency determination of the ULB y-ray detector at
27 cm source-detector distance. The extrapolation and interpolation
to 477.6 keV is shown in the inset together with the averaged value
finally used in the analysis. The shaded areas are the 1o confidence
intervals of the fits.

both sources, the detection efficiency was determined, then
a log-log linear function was fitted separately for the values
obtained by both sources. In case of **Ba, the detection
efficiency at the E, = 477.6 keV "Be line was extrapolated,
in case of ""?Eu interpolation was possible (see Fig. 2).
The determined detection efficiency at the "Be line was in
mutual agreement. Taking into account the normalisation un-
certainty stemming from the source activities, the weighted
average value was used later in the analysis, carrying only
1% uncertainty, which in turn gives the precision of the "Be
source activity.

The detection efficiencies at 1 cm source-detector distances
for E, = 477.6 keV of both detectors were then determined
with the precisely calibrated "Be single-line source with high
accuracy (1.5%).

The detector efficiency was measured again after the y -ray
countings with the same calibration sources and with another
freshly produced "Be source to test the stability of the system.
There were no significant change in the efficiency (in the
order of 0.3%, within the statistical uncertainty), thus the
error-weighted average of the two efficiency results was used
in the analysis.

D. Data analysis

Typical y-ray spectra are shown in Fig. 3: the spectra
taken after lower energy irradiations show less beam
induced background from parasitic reactions in both detectors
[Figs. 3(a) and 3(b)]. A spectrum taken after a higher energy
irradiation, which caused more parasitic activity in the foil,
thus featuring more contaminant peaks in the spectrum is also
displayed [Fig. 3(c)].

Despite the high purity (99.99% Al) of the foils, they
contain some impurities on pars per million (ppm) level (Cu,
Fe, Mg, Si,...), due to the manufacturing process. These
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FIG. 3. On the top, in (a), a typical spectrum taken by the LEGe
detector, in the middle (b) another one taken by the ULB on samples
from lower energy irradiations, while on the bottom, in (c), a typical
spectrum after a higher energy irradiation is shown. In all cases the
peak from "Be is clearly separable, even though in the high energy
irradiation more parasitic activity was created in the exit foil. See text
for details.

impurities in the foil may also undergo «-particle induced
reactions. The half-life of the resulting radioactive nuclei is
usually less than 1 d. The most probable reactions are (o, n),
but at such high energies several reaction channels can be
open, such as (o, 2n) reactions. The latter is of great impor-
tance, since the >*Fe nucleus present in the foil (among others)
is the target of such a reaction, with a reaction threshold of
17.2 MeV. The >*Fe(a, 2n) reaction produces S0Ni, which
is radioactive and has a half-life of almost 6 d. During the
decay of *°Ni, y photons with an energy of E, =480 keV
are emitted. Due to the finite energy resolution of the detector,
this manifests as a side peak/shoulder of the "Be peak with
its energy of E, = 477.6 keV. This small structure was con-
sidered in the peak area determination for the E, = 17.5-20
MeV irradiations. In addition, a prominent peak at £, = 496
keV and a smaller one at E, = 486 keV are visible in the
spectra after the high energy irradiations (see Fig. 3 bottom
panel). Even though this directly does not affect our peak of
interest, such parasitic peaks are not expected from reactions
on the foil impurities. From their intensity ratio and half-life
(and from other observed peaks) the source of these peaks
was identified as '*'Ba. This isotope was created via the
129X e(a, 2n) reaction, which has huge cross section (0.3-0.5
barn) above its threshold of 16.2 MeV [52]. These parasitic
peaks were visible only in the spectra taken after the irradia-
tion at and above E, = 17.0 MeV corresponding to 16.5 MeV
effective beam energy behind the entrance foil. Trace xenon
impurity on the ppm level was enough to create the observed
amount of activity. Since the gas handling part of the gas-cell

TABLE II. The obtained cross section data set with the statistical
and systematic uncertainties, and with the corresponding effective
center-of-mass energies.

E, Eem £ AE.. 0+ Aoy + Aoy
(MeV) (MeV) (ub)

11.0° 4284 £0.014 10.19 £ 0.36 + 0.44
115 4517 £0.015 10.56 £ 0.20 % 0.46
12.0 4.742 £ 0.015 10.89 &+ 0.21 + 0.47
12.0b 4.881 £ 0.015 10.43 £ 0.28 + 0.45
12.5 4.962 £0.016 10.90 £ 0.21 & 0.47
12.5° 5.104 £ 0.016 10.35 &+ 0.27 &+ 0.45
13.0 5.202 £ 0.017 11.09 £0.21 +0.48
13.000 5315+ 0.016 11.65 £ 0.30 £ 0.51
13.5 5.415 £ 0.017 11.07 &+ 0.20 + 0.48
13.640 5.582 +£0.017 12.09 £ 0.25 + 0.52
14.0 5.648 £ 0.018 11.33 £ 0.20 & 0.49
145 5.877 £ 0.018 11.62 & 0.20 + 0.50
15.0 6.093 £ 0.019 12.42 £0.22 £ 0.54
15.5 6.317 £ 0.020 11.96 £ 0.20 + 0.52
16.0 6.544 & 0.020 12.79 + 0.27 + 0.56
16.5 6.759 + 0.021 11.64 £ 0.20 £ 0.51
16.6° 6.917 £ 0.021 11.31 £ 0.22 + 0.49
17.0% 7.084 £ 0.021 11.66 &+ 0.28 + 0.51
17.5 7.209 + 0.022 11.12 £0.21 £ 0.48
18.0 7.423 +£0.023 10.58 £ 0.19 & 0.46
18.5 7.656 + 0.023 9.95 4+ 0.19 + 0.43
19.0 7.868 + 0.024 9.89 4+ 0.17 & 0.43
19.5 8.097 & 0.025 9.38 £ 0.17 & 0.41
20.0 8.309 + 0.025 8.88 & 0.22 + 0.39

“Measured by the LEGe detector only.
>Thinner entrance foil was used during the irradiation.

was previously used with natural Xe gas, despite the evacu-
ation, a trace amount of xenon was trapped and mixed into
the helium used for our experiments. In principle '*'Ba can
also be created via the '?Xe(w, n) reaction above the reaction
threshold of 9 MeV, however this production is insignificant,
because '*®Xe has more than one order of magnitude lower
natural abundance than '?*Xe, and orders of magnitude lower
131Ba production cross section [53].

The "Be peak area was determined by fitting the spectrum
with a log normal function assuming linear background below
the peak. The slight low energy wing of the peaks due to
incomplete charge collection in the germanium crystal is taken
into account in this way. The asymmetry is small, assuming
Gaussian peak would change the peak area within the statisti-
cal uncertainty. The peak area was then corrected for detector
dead time, and random coincidence loss effects, both on the
0.1% level.

The statistical uncertainty of y countings was generally
2-2.5%. The uncertainty of the *He target thickness was
between 2.5-2.7%. One of the dominant uncertainties was
the cell length uncertainty of 1 mm amounting to 2.4%.
This is a conservative upper limit including the uncertainty
of the length measurement (0.2 mm), and the bending of
the foils in the order of 0.3 mm, when exposed to pressure
difference [55]. Further uncertainties were considered such
as beam heating effect (between 0.6—-1%) [56], the cooling
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FIG. 4. In the bottom panel (a) the present reaction cross sections together with data from previous works [15,19] are displayed. Only the
statistical uncertainty of the data points is plotted. In (b) the "Be levels are shown with dashed central lines, and shaded total widths taken from
the most recent compilation [35]. The proton separation thresholds are indicated with solid lines. Each of the energies are shifted for the plot
with the reaction Q value to match the experimental energy scale. On the top panels selected differential cross section data from the literature
for the *He(w, p) °Li reaction [54] (c) and for the elastic scattering [54] (d) are plotted. The lines are just to guide the eye.

water temperature, which defines initial gas temperature
(0.7%) and the pressure in the cell (0.3%). The uncertainty
of the bombarding particle flux was assumed to be 3%. Tak-
ing the quadratic sum of the above partial uncertainties, the
reaction cross section was determined with an accuracy of
4.6-5.8%.

The uncertainty in the center-of-mass energy was between
0.3-0.5% which is the quadratic sum of the cyclotron energy
uncertainty of 0.3% and the uncertainty caused by the energy
loss in the entrance foil (0.1-0.4%). This latter stems from the
uncertainty of the Al foil thickness and the stopping power

uncertainty. The value of the stopping power used in the
calculation is 0.985 times that of in the SRIM [47] tables. This
is due to the fact, that in the 10.5-20 MeV «-energy range,
which is the range of the « particles used for the irradiations,
there is only one experimental stopping power data set [38].
The SRIM curve describes well the energy dependence of the
high accuracy (0.6%) data, but the absolute magnitude of the
SRIM curve is 1.5% higher. This scale shift was applied in
our calculations, and a conservative uncertainty of 1.5% was
assumed. The energy loss in the target gas was 25-44 keV,
assuming 4.4% uncertainty of the stopping power according
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to SRIM [47], this amounted to a negligible (max. 0.02%)
uncertainty of the effective reaction energy. Since the cross
section is roughly constant within the above mentioned tar-
get thickness, the effective reaction energy was taken as the
energy at the middle of the target.

The experimental cross section results together with the
effective center-of-mass reaction energies are summarized in
Table II and displayed in Fig. 4.

III. DISCUSSION

The obtained excitation function is shown in Fig. 4.
The gas-cell in the present work is different from the
one used in Ref. [19], thus an overlapping point was
taken at about E.,, = 4.3 MeV as a cross validation. The
new data point is in perfect agreement with the previous
one.

In Fig. 4 differential elastic scattering and *He(a, p) °Li
reaction cross sections from Ref. [54] are also plotted for
selected angles. A complete compilation of the available data
sets are beyond the scope of this work, here only the major
features are highlighted.

In the present data set no structures are visible around
the known "Be levels, while the 6.73 MeV level appears in
the elastic scattering data, and the 7.21 MeV level forms
a structure in the 3He(a, po)®Li data set. This suggest a
marginal y widths for these levels beside sizable particle
widths. Similarly, the two other levels in the investigated
energy range show structures in the particle channels, but not
visible in the radiative capture data set. Above its threshold,
the 3He(c, P1) L cross section becomes dominant, this is the
energy range, where the present cross section starts to drop.
The *He(a, p1) ®Li cross section peaks at the *He(a, p;) °Li
reaction threshold, from which point supposedly the latter
reaction becomes dominant, however no experimental data
are available for that reaction channel. Additionally, the
SHe(a, py)®Li reaction threshold energy is close to a broad
7/2~ level in "Be, thus that may also cause the structure of
the 3He(«, P1) L cross section.

Comparing the present data to the cross section of the mir-
ror reaction i.e. *H(w, y)7Lig,S_, shows remarkable common
features (see Fig. 5). The higher energy *H(a, y) 7Lig.s, data
were obtained by y induced breakup reaction on "Li [27,29].
The cross section of the measured 7Li()/, o)3H reaction is
converted to the plotted *H(c, ¥) "Lig s using the principle
of detailed balance. A similar broad structure between 4 and
9 MeV is visible in both reactions. Because of the maximum
energy of our accelerator, the new data set does not cover
higher energies, where the [27] data become constant. Investi-
gations up to E. . = 13 MeV is recommended to confirm this
similar behavior towards higher energies.

Finally, the present data are also compared to previous lit-
erature R-matrix fits [25,26] using the AZURE2 code [23] (see
Fig. 6). Those fits considered only data below E. ,,, = 3 MeV,
and used many background poles well outside the range of
the data. In Table III the spin, parity, energy, and o widths of
the levels considered in the previous R-matrix fits and in the
present one are shown. Reference [25] used altogether seven

E,, for *H(a,y)'Li (MeV)
0 1 2 3 4 5 6 7 8 9 10 11 12

T T T T T T T T

16F oy + Bruneetal |]
141 gb) 70 + Munch et al. |
12} "H(ouy)'Li Skopik et al. |1
g0 { I ]
° 2: ; E}E{%f}}h%}
4l ,_ﬁ }{§{1{§}<
2+ /"" b
1‘61 : (a) ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ . gil_"eva ft 7/.:
12} *He(a,y)'Be THIIIII Tﬁiusc\?vsrka. I
Z 1o g b
o sl ]
6F 2 ]
af “S‘# ]
2l ]
0 1 1 1 1 1 1 1 1 1 1 1 1 1

1 2 3 4 5 6 7 8 9 10 11 12 13
E. . for *He(a,y)'Be (MeV)

FIG. 5. The present data (a) compared to the *H(e, y)7Lig,Sv
reaction cross section (b) from [27,29,57]. The x axes are aligned
to account for the Q-value difference of the reactions.

poles all placed at E;, = 11 MeV, but the 5/2~ one, which was
placed at E, = 7 MeV to account for known levels around this
energy. Reference [26] used altogether six poles skipping the
7/27, and placed positive and negative parity poles at different
energies. As can be seen in Fig. 6, the two fits start to deviate
from each other already from E. ;;,, = 3 MeV, and completely
miss the new data sets, as they were not intended to be used in
that energy range.

~10° 3 3 N —
% % 102 (d) He((it,tx) Hoe a
_g é 101 Gc.m. =39.2
A103 3 :
S 6102 (c) “He(o,0) He
3 _ °
SEW0} O =701
A1O3 3 3
g B102|(b) “He(w.c)’He
_{\g \'8/101 Gcm =125.2°
A e Tt
(a) 3He(a,y)"Be|- - - - deBoer et al. ]
258 e Odelletal. | . E
—— Thiswork |-~ -1

E.m (MeV)

FIG. 6. In (a) the present results and literature data sets from
Refs. [15,19] together with R-matrix calculations from previous
works [25,26] and with the adjusted parameters from this work are
displayed. [(b)-(d)] show elastic scattering excitation functions from
Ref. [54] at selected angles together with the R-matrix fits.
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TABLE III. Levels used in the R-matrix analysis of this and
previous works. Level energies and their o widths are in MeV. In case
of the ground (E, = 0) and first excited states (£, = 0.429), ANCs
in fm~!/2 are displayed instead of level widths. For the present work,
fitted widths are displayed in bold, the other values were kept fixed
for the fitting. The values marked in italic numbers are taken from
the most recent compilation [35].

EX ra EX Fa EX rCt
J* [25] [26] This work
1/2- 0.429 3.6 0.429 3.0 0.429 3.0
1/2~ 10 2.485
1/2- 11 12.1 21.6 62.53 17 6.5
1/2+ 11 19.3 14 20.0 7.53 7.86
3/2° 0 3.7 0 3.98 0 3.98
3/2° 11 12.0 21.6 19.64 9.9 1.8
3/2% 11 11.1 12 7.15 15 1.51
5/2° 7 2.9 7 2.7 6.7 1.2
5/2% 11 11.1 12 3.77 15 3.26
7/2- 4.56 0.15 4.59 0.163 4.57 0.175
7/2- 11 8.8 9.27 0.000

A new R-matrix fit with limited number of reaction chan-
nels (radiative capture and elastic scattering involving only
SHe and *He), and data sets was performed. Hereafter we
discuss this new limited fit. A comprehensive R-matrix fit
including multiple reaction channels such as *He(e, po) °Li,
SHe(a, p1)®Li, ®Li(p, y)Be, ®Li(p, p)°Li, and more data
sets is beyond the scope of this paper.

For the radiative capture channel, the new data and two
previous data sets [15,19] were considered. For the scatter-
ing channel one data set from Ref. [54] was used to better
constrain the o widths. As a starting point, the levels and o
widths from the most recent compilation [35] were used and
the y widths and ANCs were taken from Ref. [26]. Since no
low energy data was used, the ANCs were kept fixed. The
energy of the levels was also fixed, the only exception was the
1/2% level which was initially placed to E, = 7.5 MeV and
fitted in the seek of describing the apparent broad structure.
The o« widths of the positive parity poles were varied, so were
the y widths of them. The partial y width to the ground and
to the first excited state was not constrained here, because no
partial cross sections were used for the fit. The 1/27 level
at E, = 10 MeV is indicated in the compilation only as a
possible level marking it as “broad”. The resulting fit is plotted
in Fig. 6. The energy of the 1/2% level did not changed
significantly from its initial value, while the fit attributed an
a width of 8 MeV to this level.

The fit describes the trend of the data quite well, however
the scattering data especially in backward angles are poorly
reproduced. Nevertheless, the positive parity state in the
range of the data did not make significant change in the low

energy behavior of the R-matrix fit, their trend staid the same.
Since no partial cross section data were used in the present
fit, the ground state and first excited state ANCs cannot be
constrained separately. Thus, they were fixed to the values of
previous works, resulting no change in the extrapolated zero
energy cross section value.

IV. SUMMARY

The cross section of the *He(w, y) 'Be reaction was mea-
sured for the first time over the energy range of E., =
4.3-8.3 MeV, with 0.2 MeV energy step, using the activation
technique. The known "Be levels cause no prominent features
in the excitation function. However, the overall shape of the
obtained cross section indicates a broad structure peaking at
E, =7.5 MeV "Be excitation energy. A similar structure is
visible in the *H(«, y) "Li mirror reaction.

A limited R-matrix fit was performed using only few ad-
ditional radiative capture data sets [15,19] and one elastic
scattering data set [54]. The energies and widths of most of
the levels were kept fixed, only the parameters of the positive
parity poles, required for the description of the low energy
behavior of the cross section [18,25,26] were varied. Treating
the broad structure as a 1/2% positive parity state, the fit nicely
describes the capture data in the energy range of the new data
set. The new fit does not differ significantly at lower energies
from fits in previous investigations. The description of the
elastic scattering data set is poor, however not much worse
than in other works. It has to be mentioned here, that those
previous works did not use data in the energy range of this
study, and were not intended for extrapolation to this higher
energy range. A comprehensive R-matrix fit is recommended
which would use other reaction channels and partial cross
section data sets to better describe the level scheme of the
"Be nucleus. Similarly, the study of the cross section of the
radiative capture at even higher energy is required to compare
the energy dependence of the cross section with the upturn
observed in the 3H(c, ) "Li mirror reaction.
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