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Abstract

For improved measurements of the key astrophysical reaction 12C(a, c)16O in inverse kinematics, a recoil separator
ERNA is developed to detect directly the 16O recoils with nearly 100% e$ciency. Since the 12C projectiles and the
16O recoils have essentially the same momentum and since the 12C ion beam emerging from an accelerator usually passes
through a momentum "lter, a su$cient absence of an 16O beam contaminant in the 12C ion beam is of utmost
importance for ERNA. In the present work, a Wien "lter together with a *E!E telescope are used to investigate the
beam contaminants accompanying a momentum-"ltered 12C ion beam and to measure the level of ion beam puri"cation
achievable with the Wien "lter. ( 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The capture reaction 12C(a, c)16O (Q"7.16 MeV)
takes place in the helium burning of Red Giants [1]
and represents a key reaction of nuclear astrophys-
ics. The cross section at the relevant Gamow en-
ergy, E

0
"0.3 MeV, determines not only the

nucleosynthesis of elements up to the iron region

but also the subsequent evolution of massive stars,
the dynamics of a supernova, and the kind of rem-
nant after a supernova explosion. For these rea-
sons, the cross section p(E

0
) must be known with

a precision of at least 10%. In spite of tremendous
experimental e!orts over nearly 30 yrs [2}9], one is
still far from this goal. Nearly all e!orts have fo-
cused on the observation of the capture c-rays with
an array of standard gamma-ray detectors, such as
Ge detectors (with a typical e$ciency below 0.1%
for E

c
"8 MeV). Due to the low capture cross

section (e.g. 50 nb at E
#.

"E"2.42 MeV, decreas-
ing rapidly into the pb range at lower energies) and
the hampering e!ects of cosmic rays in the
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detectors, c-ray data with su$cient precision were
limited to energies above E"1.2 MeV.

To improve the situation, a new experimental
approach is in preparation called European Recoil
separator for Nuclear Astrophysics (ERNA). In this
approach, the reaction is initiated in inverse
kinematics, 4He(12C, c)16O, i.e. a 12C ion beam is
guided into a windowless 4He jet-gas target and the
kinematically forward-focused 16O recoils are de-
tected in the beam line. The direct observation of
the 16O recoils requires an e$cient recoil separator
[5,10,11] to "lter out the intense 12C beam particles
from the 16O recoils. The number of 16O recoils per
incident 12C projectile is 1]10~18 for p"1 pb
and n(4He)"1]1018 atoms/cm2. The recoil sep-
arator must also "lter out beam contaminants,
small-angle elastic scattering products, and back-
ground events from multiple scattering processes
leading to a degraded tail of the projectiles. If the
"ltering of the recoil separator is su$ciently e!ec-
tive (with a beam suppression factor of the order
R

3%#
"10~15 at E"0.7 MeV), the 16O recoils can

be counted directly in a *E!E telescope placed in
the beam line at the end of the recoil separator,
where the telescope allows for particle identi"ca-
tion. Previous measurements [11] have shown that
a `beam suppression factora of the telescope alone
of R

5%-
"10~3 can be achieved leading to a total

suppression factor of R
505
"R

3%#
R

5%-
"10~18 at

E"0.7 MeV for the planned separator. In a recoil
separator, it is necessary to make a charge state
selection of the recoils, causing a reduction in the
number of recoils transmitted through the separa-
tor. However, since there is usually a charge state
representing about 50% of the total recoils produc-
ed, this reduction is not too serious. The recoil
separator ERNA will consist sequentially of a Wien
(velocity) "lter, a momentum "lter, another Wien
"lter, a *E!E telescope (ionisation-chamber), and
a series of focusing and diagnostic elements. The
high detection e$ciency of the 16O recoils and the
negligible contribution of cosmic-ray events in the
*E!E coincidences probably allows a measure-
ment of the 4He (12C, c)16O cross section to as low
as E"0.7 MeV (p+1 pb), if other requirements
(see below) can be ful"lled.

Since the 12C projectiles and the 16O recoils have
essentially the same momentum and since the

12C ion beam emerging from the accelerator passes
usually a momentum "lter (analysing magnet),
a su$cient absence of an 16O beam contaminant in
the 12C ion beam incident on the gas target is of
utmost importance for the new approach: the
16O beam contaminant and the 16O recoils cannot
be distinguished in the recoil separator, since both
have the same momentum (and velocity). The con-
taminant 16O beam is usually many orders of
magnitude weaker than the 12C beam (and thus
di$cult to observe by current measurements or
other experimental techniques), but it could be
more intense than the intensity ratio 10~18 between
the 16O recoils and the 12C projectiles at
E"0.7 MeV. In the previous study of
4He (12C, c)16O using a recoil separator [5], the
16O contamination was eliminated by the require-
ment of recoil-gamma coincidences using an array
of gamma-detectors around the 4He gas target, at
the price of a reduced total detection e$ciency.
Alternatively, the 16O contamination can be mini-
mized if a Wien "lter is installed before the analys-
ing magnet, thus purifying the projectiles emerging
from the analysing magnet. If the beam puri"cation
needs to be higher, a second Wien "lter can be
placed between the analysing magnet and the gas
target. In the present work, a Wien "lter (installed
after the analysing magnet) together with a *E!E
telescope were used [12] to investigate the beam
contaminants accompanying a momentum-"ltered
12C ion beam and to measure the level of beam
puri"cation achievable with a single Wien "lter.

2. Equipment and setup

The 12C, 14N, and 16O ion beams were provided
by the 4 MV Dynamitron tandem accelerator at the
Ruhr-UniversitaK t Bochum. Details of the acceler-
ator have been described elsewhere [13,14]. Brie#y,
the negative ion beam is produced with a sputter
ion source at 130 kV potential, selected then by
a 903 injection magnet, focused by a gridded lens,
and accelerated to the terminal voltage of the tan-
dem (Fig. 1). After electron stripping in a nitrogen
gas, the positive ions emerging from the tandem are
focused by a magnetic quadrupole doublet, "ltered
then with respect to momentum and charge state
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Fig. 1. Schematic diagram of the 4 MV Dynamitron tandem accelerator with relevant components of the experimental setup (Wien "lter
and *E!E telescope) used in the present work.

by a 523 analysing magnet, and guided into the 753
beam line by a switching magnet. Finally, a mag-
netic quadrupole doublet is used to focus the beam
on the center of the apparatus.

The design of the Wien "lter followed closely
that reported previously [15]. Brie#y, it contains
two parallel electrostatic plates (78 mm width,
850 mm length, 36 mm distance) installed above
and below the beam axis in a rectangular beam
pipe (108 mm]118 mm). The electric "eld is pro-
duced by positive and negative voltages applied to
the plates (power supplies with analog remote con-
trol: FUG, model HCN14-20000; 20 kV/0.6 mA,
voltage stability (1]10~4 over 8 h). The Wien
"lter involves also two pole shoes (117 mm width,
790 mm length, 110 mm distance) installed on the

right and left sides of the beam pipe. The magnetic
"eld is created by a current through coils wound
around the pole shoes (power supply with analog
remote control: DELTA, model SM70-22; 70 V/22
A, current stability (1]10~4 over 8 h). The "eld
strength is measured using a commercial Hall
probe (GROUP3, model DTM-130; 0.03% pre-
cision) as well as home-made Hall probes. The
measurements show that the "eld varies laterally by
less than 1% over a distance of 15 mm on both
sides of the beam axis; along the beam axis, the "eld
is homogeneous within 1% and drops sharply near
the edges of the pole shoes, leading to an e!ective
"eld length of 877 mm (expectation"866 mm). In
comparison, the electric "eld has an e!ective length
of 874 mm.

D. Rogalla et al. / Nuclear Instruments and Methods in Physics Research A 437 (1999) 266}273268



Fig. 2. Cross section of the cylindrical ionisation chamber. The ion beam enters the chamber } through a thin foil } along the axis and is
stopped in the isobutane gas "lling the chamber. In order to achieve a nearly homogeneous "eld over the entire active volume,
9 rectangular metallic frames between the cathode and the grid are used as a voltage divider (50 M) resistors). A voltage of 180 V is
applied to the window frame holding the entrance foil.

The design of the *E!E telescope (Fig. 2) also
closely followed previous work [16]. It consists of
a cylindrical chamber "lled with isobutane at
a pressure of 7 mbar. The gas is continuously re-
freshed (i.e., about one chamber volume per hour)
using an automatic control system, which also
keeps the pressure constant within 0.6%. The
ionisation chamber contains a Frisch grid between
the anode and the cathode, consisting of 55 lm
thick tungsten wires at a distance of 1.5 mm. The
active volume of the ionisation region has a width
of 140 mm, a height of 104 mm ("distance be-
tween cathode and grid) and a length of 710 mm.
The beam enters the axis of the chamber through
a 0.8 lm thick polypropylene foil (10 mm diameter)
at a 2 mm distance from the active volume. With
the grid at ground level, the electric "eld in the
active volume is produced by a 300 V voltage ap-
plied to the cathode. In order to achieve a nearly
homogeneous "eld over the entire active volume,
9 rectangular metallic frames between the cathode
and the grid are used as a voltage divider (50 M)
resistors). The electric "eld between the anode and
the grid is created by a 320 V voltage applied to the
anode. The anode (at a distance of 19 mm from the
grid) is divided into a region corresponding to

*E-signals (length"70 mm) and a region corre-
sponding to E-signals (length"640 mm), with
a 3 mm gap between the two regions. The telescope
can handle a counting rate up to 3 kHz without
signi"cant deterioration. The signals from both de-
tectors are analysed and stored in list-mode using
a multi-parameter data acquisition system.

3. Experimental procedures and results

For the calibration of the *E!E telescope, the
ion beam was scattered on a suitable target and the
ejectiles were observed in the telescope placed at
303 at a 1.02 m distance from the target. The solid
angle was de"ned by an aperture of 3 mm diameter
at a distance of 0.29 m from the entrance foil of the
telescope. With a 10 lg/cm2 thick C target and an
16O ion beam of E

-!"
"4}15 MeV (in discrete en-

ergy steps), the resulting *E!E matrix re#ects
both 16O and 12C ions at well-de"ned energies
(Fig. 3). This procedure was performed in each
experimental run. Similar data were obtained also
for a 14N ion beam (Fig. 3).

For the investigation of beam contaminants in
a momentum-"ltered 12C ion beam, the setup
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Fig. 3. Identi"cation points of the *E!E matrix for 12C, 14N, and 16O ions incident on the telescope at discrete energies (given in units
of MeV at the data points). The dotted curves through the data points are to guide the eye only.

Fig. 4. Suppression factor R of a 10 MeV momentum-"ltered 12C3` ion beam achieved with the Wien "lter (Fig. 1). The 12C peak at
B"45.2 mT has a FWHM of 0.39 mT. Another peak } observed at B"60.5 mT (FWHM"0.47 mT) with the telescope } is identi"ed
with a contaminant 16O beam having the same momentum and charge state as the incident 12C ion beam. The dotted curves through the
data points are to guide the eye only.
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Fig. 5. The *E!E identi"cation matrix for a 12C3` ion beam
of 14 MeV is shown with the injection magnet (Fig. 1) set at mass
12 (upper part) and at mass 16 (lower part): the contaminant
16O beam appears at the same point in the matrix. Also visible in
the upper part is a contaminant 14N beam arising from the
nitrogen stripper gas. The peak far to the left represents another
contaminant 16O beam with a 2` charge state. The dotted
curves correspond to the expected locations of these ions in the
matrix.

shown in Fig. 1 was used. The 12C beam was "rst
focused through a 5 mm diameter aperture on
a Faraday cup (FC d1) in front of the Wien "lter,
where the Wien "lter had a 12.8 m distance to the
last focusing element: a magnetic quadrupole doub-
let. In a second step, the beam was focused through
an aperture of 2 mm diameter on a Faraday cup
(FC d2) in front of the *E!E telescope, with the
telescope at a 3.7 m distance from the Wien "lter.
This aperture was used as a "ltering aperture with
the Wien "lter switched on. In a third step, the
Wien "lter was turned on: for a given electric "eld,
the magnetic "eld was varied until the same beam
current was observed at FC d2 as in the case with
zero "elds of the Wien "lter. The relation between
both "elds was found to be linear within 0.4%
demonstrating an acceptable quality of the Wien
"lter. The projectile suppression factor R is de"ned
as the ratio of the number of beam particles
N

5
transmitted through the Wien "lter to the num-

ber of incident particles N
*
, i.e. with the Wien "lter

turned o!. The incident #ux N
*
was determined by

the beam current at FC d2 preceding the tele-
scope; its corresponding current at FC d1 in front
of the Wien "lter was checked frequently. With the
voltage producing the electric "eld set at a "xed
value of typically 20 kV (i.e. $10 kV), the trans-
mitted #ux N

5
after the Wien "lter was determined

as a function of magnetic "eld strength, either via
current measurement at FC d2 (for high N

5
values)

or with the *E!E telescope (for low N
5
values).

The resulting suppression factor for a 12C3` ion
beam with E

-!"
"10 MeV as function of the mag-

netic "eld strength B of the Wien "lter is shown in
Fig. 4, where the #at part with a suppression factor
of about R"4]10~8 represents the degraded tail
of the projectiles. The 12C peak at B"45.2 mT has
a FWHM of 0.39 mT. A "eld strength B"60.3 mT
corresponds to the velocity of a contaminant
16O beam (corresponding } in the planned
4He (12C, c)16O experiment } to the velocity of the
16O recoils). The identi"cation matrix (Figs. 5 and
6) shows indeed the presence of a contaminant
16O beam, whose peak intensity drops at other "eld
strengths (Fig. 4) with a FWHM of 0.47 mT,
similarly to that of the 12C projectiles. The
energy of the contaminant 16O beam is about
3/4 the energy of the 12C incident beam, as expected

from the momentum "lter for equal charge states.
Furthermore, the leaky 12C beam (Figs. 5 and 6)
has about the same velocity as that of the con-
taminant 16O beam, as expected from the action
of the Wien (velocity) "lter, and represents a
velocity-"ltered section of the degraded tail
of the 12C beam (Fig. 4). Finally, the intensity
ratio of the 16O peak to the 12C peak (Fig. 4)
is about 6]10~10. If the injection magnet
after the sputter ion source is set at mass 16 (rather
than at mass 12 for the 12C ion beam), the telescope
shows the dominant presence of 16O ions, at the
same point in the matrix (Fig. 5). Thus, the main
source of the 16O beam contamination lies
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Fig. 6. The *E!E identi"cation matrix is shown for
12C3` projectile energies of E

-!"
"4}10 MeV, with an asso-

ciated change in the magnetic "eld strength B of the Wien "lter
corresponding to the expected value for the contaminant
16O ion beam. The observed contaminant 16O beam in the
matrix is identi"ed by an arrow. The energetically highest peak
(with relatively low intensity) corresponds to the incident
12C ion beam with neutral charge state. The dotted curves
correspond to the expected locations of the 12C and 16O ions in
the matrix.

in the ion source setup arising from the presence
of oxygen in the sputter material and the "nite
mass resolution of the injection magnet. Since the
energy of the observed contaminant 16O beam is
about 3/4 the energy of the 12C incident beam,
it must correspond to a section of a degraded
16O tail. The identi"cation matrix (Figs. 5 and 6)
reveals also the presence of a 14N contaminant
beam, mainly due to the use of nitrogen as stripper
gas: if oxygen is used as stripper gas, the nitrogen
peak is nearly absent. In order to minimize the
intensity of the contaminant 16O beams, we used
nitrogen as stripper gas.

4. Conclusions

The data (Fig. 5) indicate that the 12C ion beam
intensity can be suppressed by a single Wien "lter
to about R"4]10~8. Since the studies of
4He (12C, c)16O using the recoil separator ERNA
include the combination of a Wien "lter, a mo-
mentum "lter, and another Wien "lter, the above
result suggests that the needed suppression factor
of R

3%#
"1]10~15 (Section 1) can be achieved with

ERNA.
The 16O beam puri"cation P(16O) of a mo-

mentum-"ltered 12C3` ion beam (from the 4 MV
Dynamitron tandem) using a single Wien "lter is
about P(16O)"6]10~10]4]10~8"2]10~17,
where we have assumed an 16O degraded tail iden-
tical to that of the 12C ion beam (Fig. 5). Since the
number of 16O recoils per incident 12C projectile is
1]10~18 for p"1 pb and n(4He)"1]
1018 atoms/cm2, the above 16O beam puri"cation
is not quite su$cient using a single Wien "lter. For
this reason, one Wien "lter will be installed } in the
ERNA project } before the analysing magnet
and a second Wien "lter will be placed between
the analysing magnet and the jet-gas-target,
where this setup should provide a su$cient
16O beam puri"cation for the ERNA aims. It
should be pointed out that an ultra-clean ion im-
plantation in some speci"c materials, e.g. 12C
implantation in diamond, may require an ion beam
puri"cation of the level achieved here with the
single Wien "lter.

The *E!E telescope (Fig. 2) is designed
for an entrance window of up to 40 mm diameter,
which allows the full cone of 16O recoils from
4He (12C, c)16O to be observed after the 12C
beam "ltering in the separator. With the present
window foil of 0.8 lm thickness, the 16O recoils
and the 12C leaky beam can be resolved su$-
ciently with the *E!E telescope down to
about E

-!"
(12C)"4.0 MeV (Figs. 3 and 6);

a thinner entrance foil of the telescope could
lower this energy limit. Alternatively, the time-of-
#ight technique including large-area channel-
plate-detectors may be used to achieve the
needed resolution at energies below E

-!"
(12C)"

4.0 MeV; this possibility will be explored in the
near future.
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