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D. Schürmanna, F. Striedera, A. Di Levaa,b, L. Gialanellab,
N. De Cesarec, A. D’Onofriod, G. Imbrianib, J. Kluga, C. Lubrittod,

A. Ordineb, V. Rocab, H. Röckena, C. Rolfsa,�, D. Rogallad, M. Romanob,
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Abstract

For improved cross section measurements of the reaction 12Cða; gÞ16O in inverted kinematics, a recoil separator

ERNA is developed at the 4MV Dynamitron tandem accelerator in Bochum to detect directly the 16O recoils with high

efficiency. The 16O recoils are produced by the 12C projectiles in a windowless 4He gas target. We report on the charge

state distribution of the 16O recoils, the gas target density, the beam heating of the gas target, and the acceptance of the

separator along the extended gas target.
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1. Introduction

The reaction 12Cða; gÞ16O (Q=7.16MeV) takes
place during helium burning in Red Giants [1].
The cross section at the relevant Gamow-energy,
Eo ¼ 0:3MeV, determines—together with the con-
vection mechanism in the helium stellar core— the
abundances of carbon and oxygen at the end of
helium burning. This in turn influences the
d.
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nucleosynthesis of elements up to the iron region
for massive stars [2] and the composition of C/O
white dwarfs in the case of intermediate mass stars
[3]. For these reasons, the cross section sðEoÞ

should be known with a precision of at least 10%.
In spite of experimental efforts over nearly 30
years [4–12], one is still far from this goal. All
previous efforts have focused on the observation
of the capture g-rays, including one experiment [7]
that combined g-detection with coincident detec-
tion of the 16O recoils. Due to the low cross section
and various backgrounds depending on the
exact nature of the experiments, g-ray data with
useful, but still inadequate, precision were limited
to center-of-mass energies 1:2MeVpEcm � Ep
3:2MeV.
To improve the situation, a new experimental

approach has been undertaken at the 4MV
Dynamitron tandem accelerator in Bochum, called
ERNA = European Recoil Separator for Nuclear
Astrophysics [13–16]. In this approach, the reac-
tion is initiated in inverted kinematics,
4Heð12C; gÞ16O, i.e. a 12C ion beam is guided into
a windowless 4He gas target and the 16O recoils are
counted in a DE-E telescope placed in the beam
line at the end of the separator, where the
separator filters the intense 12C projectiles from
the 16O recoils. ERNA is designed to study the
reaction over the energy range E= 0.7 to 5.0MeV.
In the present work we report on the charge state
distribution of the 16O recoils, the gas target
density, the beam heating of the gas target, and the
acceptance of the separator along the extended gas
target.
Fig. 1. Schematic diagram of the recoil separator ERNA: WF=W

QT=quadrupole triplet, ST=steerer, FC=Faraday cup, SS=slit

DE-E telescope for particle identification.
2. ERNA setup

The ERNA setup (Fig. 1) has been described
previously [13–16]. Briefly, the ion beam emerging
from the tandem is focused by a quadrupole
doublet (QD1), filtered by a 52 � analysing magnet,
and guided into the 75 � beam line of ERNA by a
switching magnet (these elements are not shown in
Fig. 1). A quadrupole doublet (QD2) after the
switching magnet is used to focus the beam on the
gas target. For the purpose of beam purification,
there is one Wien filter (WF1) before the analysing
magnet and one (WF2) between QD2 and the gas
target. For the simulation of the angular spread of
the 16O recoils, there is a quadrupole doublet (QD3)
shortly before the gas target. After the gas target,
the separator consists sequentially of the following
elements: a quadrupole triplet (QT), a Wien filter
(WF3), a quadrupole singlet (QS1), a 60 � dipole
magnet, a quadrupole doublet (QD4), a Wien filter
(WF4), and the DE-E telescope. Finally, several
steerers (ST), Faraday cups (FC), slit systems (SS),
and apertures (AP) are installed along the beam line
for setting-up and monitoring purposes.
3. Charge state distribution of 16O recoils in 4He
gas

In a recoil separator such as ERNA that
includes analysis of magnetic rigidity, one makes
a charge state selection of the recoils, causing a
reduction in the number of recoils transmitted
through the separator. However, since there is
ien filter, QS=quadrupole singlet, QD=quadrupole doublet,

system, AP=aperture. At the end of the separator, there is a
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usually—in the equilibrium charge state distribu-
tion—a charge state representing about 50% of
the total recoils produced, this reduction is not
serious. Since the 16O recoils are produced in the
4He gas target, their charge state distribution
depends however on the geometric location within
the target: those 16O recoils produced in the
upstream part of the target will most likely reach
an equilibrium charge state distribution in the
passage of the remaining target length, while those
16O recoils produced near the downstream end of
the target will not. Thus, not all 16O recoils
produced will be characterized by an equilibrium
charge state distribution and this feature can lead
to significant uncertainties in the cross section
determination.
The charge state distribution of 16O ions in

4

He
gas was measured as a function of gas pressure: for
each charge state the separator was set properly
and the resulting current observed at the end of the
separator in FC4 (Fig. 1). The results obtained at
Elab ¼ 9:6MeV are shown in Fig. 2 for an
incoming charge state qin ¼ 3þ. Similar results
were obtained for other incoming charge states of
the 16O ions (qin ¼ 4þ to 6þ) as well as for 12C ions
of different incoming charge states at the corre-
sponding energy Elab ¼ 12:8MeV. In order to
arrive at the charge state distribution of the 16O
recoils from 4Heð12C; gÞ16O, we integrated these
curves from zero pressure to a chosen pressure,
pressure [mbar]
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Fig. 2. Charge state distribution of 16O ions ðqin ¼ 3þ;Elab ¼

9:6MeVÞ in 4He gas as a function of 4He pressure in the gas

target cell. The curves through the data points are to guide the

eye.
where we assumed a charge state conservation in
the transition from the 12C ions to the 16O recoils.
In the integration we included at each differential
length of the gas target cell the charge state
distribution of the incoming 12C ions as well as the
charge state change of the 16O ions over the
remaining gas target length. The procedure simu-
lates and includes the different geometrical loca-
tions of the 16O recoils. The resulting curve for the
6þ charge state of the 16O recoils is shown in Fig.
3. The results are compared (Fig. 3) with the 6þ

charge state probabilities as a function of 4He
pressure, which were measured for 4Heð12C; gÞ16O
(with a 12C3þ incoming ion beam) using the
telescope at the end of the separator: here the
observed yields 16O were normalized to the rates
observed with the post-stripper Ar gas (Section 4).
One observes a clear discrepancy between calcula-
tion and observation indicating that the above
assumption does not represent the (unknown)
charge state transfer mechanisms between the 12C
ions and the 16O recoils.
4. Charge state distribution of 16O recoils in an Ar

post-stripper

To remove the above uncertainties, a post-
stripper of sufficient thickness was installed after
the 4He gas target. In the first step, we used a
pressure [mbar]
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Fig. 3. Calculated 6þ charge state probability of 16O recoils as

a function of 4He gas pressure (solid curve) is compared with

observation (data points).
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4mg=cm2 thick C foil (obtained from the Tech-
nische Universität München). However, the foil
broke after about 3 hours of 12C beam bombard-
ment (5 pmA) and more troublesome—we ob-
served a high rate of 16O nuclides in the
telescope due to the 12Cð12C; 8BeÞ16O and
12Cð12C; aaÞ16O reactions initiated in the foil; the
reactions are known to have a cross section at the
relevant 12C energies [17] about 2–3 orders of
magnitude higher than that of 4Heð12C; gÞ16O.
Thus, a C foil was not an acceptable solution.
Instead, we installed a gaseous post-stripper after
the primary 4He gas target consisting of a cell of
30mm length and apertures of 13mm diameter
(33mm distance between the exit of the gas target
cell and the entrance of the post-stripper cell). As
stripper gas we used Ar for several reasons: no
background reactions initiated at the relevant
energies, large probability of high 16O charge
states compared to lighter gases such as Ne, and
easy and cheap access. From similar previous
work [18] one expects an equilibrium charge state
distribution for 16O ions of several MeV at an Ar
density of about 4� 1016 atoms=cm2. As discussed
below, this expectation was essentially verified and
we also found no significant increase in back-
ground in the spectra of the telescope, i.e. no 16O
events were observed due to Ar gas filled into the
post-stripper cell.
Similar as in the case of 4He gas, we measured

the charge-state curves of 16O ions in Ar gas filled
into the post-stripper cell as a function of gas flow
through the cell. An example is illustrated in Fig. 4
for a 4þ 16O beam of Elab ¼ 9:40MeV: the data
show that an equilibrium charge state distribution
is reached at a gas flow above 10mbarl/s
corresponding to a density of nAr ¼ 5:6� 0:6�
1016 atoms=cm2 (Section 5). Measurements with
different incoming charge states of the 16O ions at
a given energy led to the same probabilities for the
equilibrium charge states within experimental
uncertainty. The resulting equilibrium charge state
probabilities as a function of 16O energy are shown
in Fig. 5.
We checked the consistency of the above results

at E= 2.7MeV and for the selected charge state
qð16OÞ ¼ 6þ by observing the 16O capture rate in
the telescope (for 4:0mbar 4He pressure) as a
function of Ar flow rate: Fig. 6 demonstrates the
same rate within experimental uncertainty.
5. Gas target densities

The density of the stripper gas was measured via
the energy loss of an 14N beam at Elab ¼ 2:0MeV,
where the energy loss was observed using the 60 �

dipole magnet in connection with a current
measurement at FC4: the procedure was described
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previously [16]. The results for an Ar gas flow of 0,
5, 10, 15, and 20mbarl/s are shown in Fig. 7: for a
flow of 10mbarl/s one finds a shift in the magnetic
field (compared to zero flow) of DB ¼ 3:96�
0:05mT, which in turn corresponds to an energy
loss of DE ¼ 18:8� 0:2 keV. Using stopping
powers from SRIM2003 [19] (with an assumed
10% error) one arrives at the Ar density quoted
above. For an Ar gas flow of 5, 15, and 20mbarl/s
one finds nAr ¼ 2:7� 0:3, 8:8� 0:9, and 13:0� 1:3
ð1016atoms=cm2Þ, respectively.
For the determination of the 4He density in the

primary gas target we used previously [16] the
ER;lab ¼ 1:668MeV resonance in 4Heð7Li; gÞ11B at
a pressure of 4.0mbar to arrive at n4He ¼

ð4:2� 0:5Þ � 1017 atoms=cm2. The result was
tested [16] via the energy loss of a 14N beam at
Elab ¼ 2:0MeV, where the energy loss was again
observed using the 60 � dipole magnet in connec-
tion with a current measurement at FC4:
n4He ¼ ð4:7� 0:5Þ � 1017 atoms=cm2. In the pre-
sent work, we continued the energy loss measure-
ments using the 60 � dipole magnet for 7Li ions
ðElab ¼ 1:7MeVÞ, 14N ions ðElab ¼ 2:0MeVÞ, and
12C ions ðElab ¼ 9:6MeVÞ leading to n4He ¼ 4:49
�0:45; 4:49�0:45, and 3:97�0:40 ð1017 atoms=cm2Þ,
where the quoted error arises predominantly
from an assumed 10% uncertainty in the stopp-
ing power. For the 14N data we used the energy
loss data reported by [21], while the energy
loss data for 7Li and 12C ions were based on
SRIM2003.
The elastic scattering yield was observed with 2

Si detectors ðWlab ¼ 75 �Þ placed within the 4He gas
cell and one Si detector ðWlab ¼ 60 �Þ placed
between the gas cell and the post-stripper cell at
two different positions along the beam axis. For
4.0mbar 4He gas and an Ar flow of 10mbarl/s the
2 Si detectors showed no Ar gas inside the 4He gas
cell ðAr=Heo0:01%Þ. The other Si detector
indicated a mutual blocking of both gas flows in
the region between the two gas cells, i.e. the He
and Ar gases do not mix and their densities
(quoted above) remain essentially unchanged in
the gas combination.
6. Beam heating of the gas target

Previous studies have shown [20] that the
density in an extended gas target can be signifi-
cantly reduced due to heating effects of the ion
beam along the beam axis. The effect depends on
gas pressure, beam current, beam diameter, and
energy loss. For the parameters of the present
work (4.0mbar He pressure, 20 pmA 12C beam
current, 3mm beam diameter) one expects a
negligible heating effect ðo1%Þ. We tested this
expectation at a pressure of 4.0mbar and a 12C
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beam of E lab ¼ 9:6MeV as a function of 12C beam
current as measured at FC2 (without gas). The
chosen energy corresponds to the maximum of the
energy loss curve. The target density was mon-
itored via the 12Cþ4He elastic scattering yield
observed in the 2 Si detectors placed inside the gas
cell at Wlab ¼ 75 � on both sides of the beam axis.
The results are shown in Fig. 8: the elastic
scattering yield is independent of beam current
and thus no beam heating effect exists in the
present work, as expected.
7. Acceptance of the separator along the extended

gas target

The observed pressure profile of the gas target
(observed length FWHM= 38mm) extended with
its tails outside the gas cell over a total length of
about 80mm [16]. Calculations indicated a con-
sequent reduction in acceptance at the extreme
ends of the pressure profile. Averaged over the
pressure profile one expected an acceptance of
about 99.1% and 99.7% at E=1.3 and 4.5MeV,
respectively, for a constant cross section along the
target. To test these calculations, we investigated
the acceptance along the beam axis covering the
locations of the tails of the pressure profile. For
this purpose, the gas cell was replaced by a set of
scanning plates, which could in situ be rotated
around the beam axis (for horizontal and vertical
scanning) as well as be moved along the beam axis
(over a distance of about 40mm on the upstream
and downstream side of the gas cell). The
procedure was identical to that described pre-
viously [15]. Briefly, a voltage U applied to the
plates (gap d=14mm, length L=200mm,
width=30mm) led to an angular deflection of
the 16O projectiles of energy Elab and charge state
q in the amount of W ¼ arctanðqUL=2ElabdÞ

simulating the emission cone of the 16O recoils
produced in 4Heð12C; gÞ16O at the target position
corresponding to the middle point of the plates.
In the first step, the plates were placed at the

center of the gas target cell. After a proper setting
of the separator, the angular acceptance was
measured both for horizontal and vertical deflec-
tions. In the second step, the plates were moved
upstream from the gas cell position by 40mm
(leaving the separator unchanged) and the angular
acceptances were measured. Finally, the plates
were moved downstream from the gas cell position
by 40mm (leaving the separator again unchanged)
with a subsequent measurement of the angular
acceptances. The results obtained at Elabð

16OÞ ¼

3:9MeV ðE ¼ 1:3MeVÞ are shown in Fig. 9: a
100% acceptance over an angular range larger
than needed has been found at all positions.
Similar results have been found at energies up to
E=5.0MeV; when the observed acceptances have
not been fully satisfying, a slight retuning of the
separator was performed. The data confirm the
beam optical predictions.
8. Conclusions

The present work illustrates the need of a post-
stripper cell to arrive at reliable charge state
information for the 16O recoils: the observations
are of general importance for any recoil separator
used in absolute cross section measurements. We
also demonstrated that the angle and energy
acceptances of the ERNA separator are well
fulfilled also along the extended gas target cell.
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1326.

[18] W. Liu, et al., Nucl. Instr. and Meth. A 496 (2003) 198.

[19] J.P. Biersack, J.F. Ziegler, Transport of Ions in Matter,

TRIM program Version 2003, IBM Research, New York,

1995.

[20] J. Görres, K.U. Kettner, H. Kräwnkel, C. Rolfs, Nucl.
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