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Abstract. As a tool for studying the structure of nuclei far off stability the technique of γ-ray spectroscopy
after low-energy single-nucleon transfer reactions with radioactive nuclear beams in inverse kinematics
was investigated. Modules of the MINIBALL germanium array and a thin position-sensitive parallel plate
avalanche counter (PPAC) to be employed in future experiments at REX-ISOLDE were used in a test
experiment performed with a stable 36S beam on deuteron and 9Be targets. It is demonstrated that the
Doppler broadening of γ lines detected by the MINIBALL modules is considerably reduced by exploiting
their segmentation, and that for beam intensities up to 106 particles/s the PPAC positioned around zero
degrees with respect to the beam axis allows not only to significantly reduce the γ background by requiring
coincidences with the transfer products but also to control the beam and its intensity by single particle
counting. The predicted large neutron pickup cross-sections of neutron-rich light nuclei on 2H and 9Be
targets at REX-ISOLDE energies of 2.2 MeV·A are confirmed.

PACS. 29.40.Cs Gas-filled counters: ionization chambers, proportional, and avalanche counters – 29.30.Kv
X- and γ-ray spectroscopy – 25.60.Je Transfer reactions

1 Introduction

REX-ISOLDE [1], an experiment presently constructed
at the ISOLDE facility at CERN, is scheduled to supply
beams of exotic nuclei with energies of up to 2.2 MeV·A
starting in 2001. At these energies Coulomb excitation and
transfer reactions in inverse kinematics on light target ma-
terials can be used to investigate the collective and single-
particle structure of low-lying levels of nuclei with extreme
N/Z ratios.
REX-ISOLDE uses the 60 keV 1+ beams delivered by

the ISOLDE facility and accelerates them to 2.2 MeV·A
using a novel acceleration scheme employing a buncher-
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trap, a charge-breeder, an intermediate mass-selector and
three RF accelerator units. While for isotopes close to sta-
bility beam intensities of up to I = 1010 particles/s can be
expected, the intensities decline rapidly as one approaches
the neutron or proton dripline (e.g., I(24Na) ≈ 5 ·108 s−1,
I(31Na) ≈ 50 s−1).

These low beam intensities require experimental setups
optimized to achieve both high reaction rates and high de-
tection efficiencies without compromising resolution. Since
for particle spectroscopy thin targets and high-resolution
spectrometers are needed, which usually have only small
angular acceptances, counting rates will be low in such ex-
periments. In contrast, γ-ray spectroscopy with a highly
efficient germanium detector array offers the possibility
to use thicker targets while maintaining excellent resolu-
tion. However, in experiments at low beam intensities the
background γ-rays usually outnumber the nuclear reaction
γ-rays by orders of magnitude, a problem which is even
more pronounced when radioactive beams are used due
to the β-decay background. It is therefore advantageous
to detect at least one charged particle produced in the
reaction in a large solid angle and to require a time coin-
cidence with the γ-ray to achieve a sufficient background
suppression. The most favorable approach for inverse re-
actions on very light target materials like 2H and at low
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beam intensities is to detect the heavy reaction product,
whose momentum hardly differs from the momentum of
the beam particle. Thus the heavy reaction products can
easily be detected within their full solid angle by a de-
tector positioned around zero degrees with respect to the
beam axis. Alternatively, the detection of the beam parti-
cle in front of the target is possible, yet this would cause an
extra energy loss of the beam before it reaches the target.

γ-ray spectroscopy at low beam intensities requires a
germanium array with excellent photopeak efficiency. As
in REX-ISOLDE mainly low-lying levels of exotic nuclei
will be investigated, the γ cascades are expected to be of
low multiplicity. It is therefore possible to achieve the high
efficiency by placing the germanium detectors very close
to the target, which results in a considerable cost reduc-
tion per percent efficiency as only a moderate number of
germanium modules is required. Yet, the close geometry
has an important disadvantage. The large recoil velocities
cause a considerable Doppler broadening of the γ lines as
the width of a Doppler broadened peak increases with the
solid angle covered by a single detector module. Internal
segmentation of the modules is the best remedy for this
problem as this does not sacrifice photopeak efficiency.
MINIBALL [2], a germanium array which was es-

pecially developed for low-multiplicity, high-efficiency γ-
ray spectroscopy experiments will thus be used at REX-
ISOLDE. Extrapolating from the measured efficiencies for
a single module, MINIBALL will have a 4π efficiency of
about 15.5% at 646 keV and 12.5% at 1333 keV. For the in-
dividual MINIBALL modules the encapsulation technique
and the semi-hexaconical shape of the EUROBALL mod-
ules [3] were employed, and with a length of 78 mm and a
front diameter of 68 mm they are also of equal size. How-
ever, the MINIBALL modules are electrically segmented
into six parts (see inset in fig. 3), which results in a six-fold
enhanced granularity. In the experiment described below,
standard electronics for the energy readout of the core and
the six segments were used and only for the current sig-
nal of the core a pulse shape analysis was possible. New
electronics for the MINIBALL array are presently commis-
sioned, which will allow pulse shape analysis of the charge
signals of both the core and the six segments while main-
taining excellent energy resolution. With the aid of these
electronics and advanced algorithms [4,5] to analyze the
charge signals an improvement of the module granularity
of one order of magnitude [4] can be achieved as com-
pared to that of the six-fold segmented module without
pulse shape analysis.
Pioneering work using reaccelerated radioactive nu-

clear beams together with γ spectroscopy was done at
Leuven [6,7], where a high intensity 19Ne beam was used
on a 40Ca target as well as on proton and deuteron targets.
In order to show the feasibility of γ-ray spectroscopy ex-
periments using inverse transfer reactions with very low-
intensity beams at REX-ISOLDE beam energies a test
experiment was performed at the tandem accelerator fa-
cility of the Max-Planck-Institut für Kernphysik, Heidel-
berg. In the measurement 36S beams at the maximum
REX-ISOLDE energy of 2.2 MeV·A and with intensities

as low as 2·105 particles/s were used together with tar-
gets of deuterium-enriched polythene and 9Be. For the
deuterium target both proton and neutron pickup reac-
tions were expected to take place, whereas only neutron
pickup is expected using a beryllium target, as here the
proton transfer is kinematically suppressed.
One aim of the experiment was to verify the predicted

high transfer cross-sections for single neutron transfer at
REX-ISOLDE beam energies [8]. The second aim was to
determine the γ-energy resolution after Doppler correction
for the MINIBALL modules under realistic conditions.
Furthermore, it was aimed to examine how the few re-
action γ-rays expected in low beam-intensity experiments
can be effectively separated from the background. For this
purpose the new REX-ISOLDE Parallel Plate Avalanche
Counter (PPAC) [9] was mounted under zero degrees with
respect to the beam to detect the heavy transfer products
and to produce a reference signal for particle-γ coincidence
measurements.

2 Inverse reaction kinematics and differential
cross-sections

In this section the test reaction of 36S on 2H and 9Be at a
beam energy of 2.2 MeV·A is used to exemplify the kine-
matics of a typical inverse transfer reaction to be studied
at REX-ISOLDE.
Since neutrons are not available as a target mate-

rial, stable nuclei which have a weakly bound neutron
should be used in neutron pickup experiments. Mainly
two light target materials are available, which permit
neutron-transfer reactions in inverse reaction kinemat-
ics at REX-ISOLDE energies: deuterium and beryllium.
As the deuteron consists of a proton and a neutron
bound with an energy of 2.2 MeV, besides the neutron
pickup channel 2H(36S,37S)p, the proton pickup channel
2H(36S,37Cl)n will occur when bombarding a 2H target
with 2.2 MeV·A 36S. Other reaction channels are possi-
ble, but can be neglected at small beam energies. The two
main channels cannot be distinguished unless theQ-values
are very different (as is the case for exotic beams, but not
for the present experiment), the proton is detected, or the
level scheme of one of the two transfer products is already
known. With a neutron separation energy of 1.67 MeV
and a proton separation energy of 16.9 MeV 9Be can also
be considered to be a perfect neutron target. In contrast
to deuterium, where in the present case the proton and
neutron pickup can occur with equal cross-sections, the
proton pickup is strongly suppressed for the beryllium tar-
get. Yet, there exist several other reaction channels, where
many nucleons are transferred from 9Be to the projectile
(see sect. 5.3).
The reaction kinematics of both target nuclei are dis-

played in fig. 1 for the population of the 3/2−1 -level at
646 keV and the 1/2−1 -level at 2.64 MeV in

37S.
The figure shows that in the 2H(36S,37S∗)p reaction

the 37S nucleus is always deflected by less than 2.5◦ and
travels at about beam velocity regardless of the deflection
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Fig. 1. Kinematics of the 2H(36S,37S∗)p (a,b) and
9Be(36S,37S∗)8Be (c,d) reaction populating the 3/2− level at
646 keV (a,c) and the 1/2− level in 37S at 2.64 MeV (b,d). Here
ϑcm is the scattering angle of 37S in the c.m. system, while ϑlab

denotes the laboratory angle and Elab the laboratory energy
of one of the two reaction products. All angles are measured
with respect to the beam axis.

angle. In contrast, the kinematics of the reaction with the
beryllium target shows a significantly larger deflection of
37S of up to 14◦ and a considerable energy variation. Hence
one can expect to achieve a sufficient Doppler correction
when using a deuterium target even without detecting one
of the scattered reaction products, while at least a par-
tial kinematic reconstruction is necessary to calculate the
Doppler shift when a beryllium target is used.
From conservation of energy and momentum one finds

that for a Q-value of

Q > Ebeam

(
Mp

Mpt
− 1

)
(1)

the light reaction product can be emitted in backward di-
rection. Here Ebeam is the energy of the beam particles and
Mp/Mpt is the ratio of the projectile masses before and af-
ter transfer. For the 2H(36S,37S∗)p reaction, this condition
is fulfilled for excited states up to an energy of 4.23 MeV,
as the reaction has a ground state Q-value of +2.08 MeV.
For the 9Be(36S,37S∗)8Be reaction the condition is fulfilled
for states up to 4.79 MeV, as the corresponding ground
state Q-value is +2.64 MeV. Thus for both reactions and
both excited states in 37S considered, the emission of the
light reaction product in backward direction is possible,
although its energy will be rather small.
In the proposed transfer experiments the total cross-

sections to excited γ-decaying states can be deduced from
the γ lines integrated over the full solid angle covered by
MINIBALL. However, in order to determine the differen-
tial c.m. cross-sections (see fig. 2) one has to trace one of
the reaction products. If the variation of the laboratory
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Fig. 2. Calculated differential cross-sections for individual
m-substates (dotted and dashed lines) and summed over the
m-substates (solid line) of the 3/2−1 level in 37S for the
2H(36S,37S∗)p reaction at a beam energy of 2.2 MeV·A. Left
panels: differential cross-sections in the c.m. system (with ϑ
denoting the c.m. angle of 37S). Right panels: differential cross-
sections in the laboratory system when detecting the residual
proton.

angle and laboratory energy of the excited transfer prod-
uct with ϑcm is sufficiently large, this can be achieved by
detecting its flight direction and using the Doppler shift
to distinguish between forward and backward scattering in
the c.m. system. An elegant alternative method is to ana-
lyze the Doppler broadened γ lineshapes observed around
0◦ or 180◦ with respect to the beam axis, which provide
a direct measure of the c.m. cross-section modified by the
particle-γ-correlation function [10]. Both methods cannot
be applied when using a 2H target. Here it is only feasi-
ble to deduce information on the differential cross-sections
by measuring at least the direction of the light reaction
product together with the decay γ-rays.
While the particle angular dependence of the differen-

tial transfer cross-section allows to determine the angular
momentum of the transferred nucleon, the total spin of
the final states can be deduced from the γ-angular distri-
butions. If necessary one can enhance the anisotropy of
the γ distribution by requiring coincidences, e.g., with all
forward scattered particles.

3 Setup of the experiment

The overall setup of the test experiment is shown in fig. 3.
Two six-fold segmented MINIBALL germanium modules
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Fig. 3. Experimental setup. The tube-shaped target box is
shown as cut in half. All detectors are seen from above. The
electric segmentation of the germanium detectors is indicated
by dashed lines. Detectors and target box are shown in correct
proportions. A front view of the germanium detector is shown
in the inset and displays the definition of the radius R and
angle φ of the γ-ray interaction point.

were used1 and placed at an angle of ϑdet = 90◦ with re-
spect to the beam axis at a target distance of 10.6 cm,
which is the minimum distance achievable with MINI-
BALL at REX-ISOLDE. It should be noted that not only
the small detector-target distance but also the 90◦ detec-
tion angle correspond to the most demanding conditions
with regard to the Doppler shift correction of the recorded
γ lines, as for this position the resulting γ line width is
most sensitive to the finite granularity of the γ detector.
The detector modules were equipped with preampli-

fiers for the six segment signals and the core contact. The
pulse heights of the charge signal at the core preamplifier
was used to obtain the γ-ray energy using standard elec-
tronics and a peak-sensing ADC. The energy information
of the segments was obtained in the same way and used
to deduce an information about the φ-angle of the γ-ray
entry point (see inset in fig. 3). Besides the energy infor-
mation of the core and the segments, the differentiated2

1 For the measurement with the deuteron target only one
module was available.

2 A timing filter amplifier was used for differentiation.

preamplifier pulse of the core contact was recorded using
a 250 MHz 8-bit Flash-ADC and used to determine the
radius R of the γ-ray entry point [11] as defined in the
inset in fig. 3.
The REX-ISOLDE PPAC was positioned at zero de-

grees with the entry foil 11 cm behind the target. The scat-
tering angles covered by the PPAC reached up to ϑ = 9◦,
so that all heavy reaction products of the 2H(36S,37S)p
reaction passed through the detector as ϑ37S < 2.5◦ (see
fig. 1). In order to avoid damage to the PPAC, a mechan-
ical shutter could be inserted in front of the PPAC when
the beam intensities exceeded the maximum allowed val-
ues of about 5 · 107 particles/s.
The PPAC consisted of 5 metallized foils and was op-

erated with isopropane gas at a pressure of 5 mbar. The
areal density (< 1.5 mg/cm2) was sufficiently low to allow
particles to traverse the detector without stopping, so that
the β background and the γ background from β decay was
kept as low as possible. At low beam intensities of up to
around 106 particles/s it was possible to count individ-
ual beam particles. At higher particle rates the detector
could still be used as a position-sensitive current monitor.
A more detailed description of this counter can be found
in [9].
In the single-particle readout mode an efficiency of

>99% was measured with α-particles (1.4 MeV·A) from
an 241Am source at a particle rate of 103 s−1. In the in-
beam experiment a decline of the efficiency was observed
for very high rates. At a particle rate of 106 particles/s
an efficiency of 70% (mainly due to deadtime problems)
was found. This efficiency was estimated by comparing
the peak area of the 646 keV γ line from the decay of 37S
produced in the 2H (36S, 37S∗)p reaction in a spectrum
taken in coincidence with the PPAC to a spectrum taken
without this coincidence. The efficiency decreased to 50%
at a rate of 1.5·106 particles/s, while the saturation rate
was 3·106 particles/s.
In addition to the PPAC, two auxiliary silicon parti-

cle detectors were employed. A silicon ring detector with
a thickness of 2 mm was placed at a distance of 12 mm
from the target covering backward angles from ϑ = 120◦
to ϑ = 150◦. The detector was used to investigate the fea-
sibility of observing the light reaction products at back-
ward directions. Although it was possible to trace protons
in backward direction, the low particle energies and the
noise fluctuations of the silicon detector did not permit
a quantitative measurement of backscattered protons in
this experiment.
In forward direction a small ∆E-E Si-detector-

telescope with an active area of 50 mm2 and thicknesses
of 50 µm and 1500 µm, respectively, was located at a dis-
tance of 30 mm from the target at an angle of ϑ = 40◦
with respect to the beam axis. The main application of
this detector was the selection of reaction channels by
identifying one of the light reaction products. In the REX-
ISOLDE setup this small telescope will be replaced by a
large position-sensitive annular silicon disc-telescope de-
tector [12]. Both silicon detectors were covered with alu-
minized mylar foils with a thickness of 0.2 mg/cm2.
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Fig. 4. Measured and simulated Doppler-corrected γ line-
shapes for the 646.2 keV transition in 37S produced in the
inverse reaction 2H(36S,37S)p. The MINIBALL detector mod-
ule was placed at ϑdet = 90◦ at a distance of 10.6 cm. (Dashed
line: no entry point information used; dotted line: Doppler-
corrected γ line using the segment information; solid line:
Doppler-corrected γ line using both segment and radius in-
formation.)

A 36S8+ beam with an energy of 79.2 MeV (2.2
MeV·A) was provided from the MPI-K tandem accelera-
tor. The beam was pulsed with a frequency of 13.56 MHz
(74 ns) and a pulse width of ∼1 ns. The beam intensity
was varied between 2·105 and 6·108 particles per second.
Self-supporting targets of deuterium-enriched polythene
(∼99% CD2, ∼0.5 mg/cm2) and 9Be (0.54 mg/cm2) were
used.

4 Feasibility studies

4.1 Doppler correction

In MINIBALL the γ detectors will be positioned close
to the target to optimize the γ-detection efficiency. As
the recoil velocities encountered in inverse reactions are
large, the Doppler broadening of the γ lines, due to the
large solid angle covered by a single detector module, will
therefore be severe.
In order to examine the capabilities offered by the

segmented germanium detectors in improving the γ line
widths, the 646.2 keV line from the decay of the first ex-
cited state of 37S populated in the 2H(36S,37S∗)p reaction
at a beam energy of 2.2 MeV·A was investigated in more
detail. In the Doppler shift analysis, the flight direction
of 37S was assumed to be given by the beam axis and its
average recoil velocity was taken to be β = 6.5% of the
velocity of light, thereby accounting for the energy loss of
the S ions of 10% in the target.
Without any additional information on the entry point

of the γ-ray into the detector an energy resolution of only

13.6 keV can be obtained for the 646.2 keV 37S line as
compared to the intrinsic resolution of 1.7 keV (see upper
panel in fig. 4). Applying the φ-angle algorithm (assuming
an average γ-ray entry radius of R = 20 mm) the γ line
width is reduced by a factor of 2 to 6.7 keV. The angle
algorithm only relies on the segment energy information
and is based on the fact that the first interaction point of
the γ-ray in the detector material, which carries the direc-
tional information, and the main interaction of the γ-ray,
where the maximum energy is deposited, are usually lo-
cated close together in the (R, φ) space (see inset in fig. 3).
A full description of the algorithms used can be found in
[4]. If the additional radius information —derived from
the differentiated core pulse shape data with a resolution
of ±5 mm by applying the steepest-slope algorithm [11]—
is included in the Doppler correction, the γ line width
can be further decreased to 6.2 keV. The GEANT simula-
tions shown in the lower panel of fig. 4 give similar results
(13.5 keV, 6.3 keV, and 5.6 keV, respectively). The small
differences between the simulation and the measurement
remaining after considering also the intrinsic resolution
of 1.7 keV are due to the angle variation of the recoiling
37S nuclei of up to ±2.5◦, which was disregarded in the
simulation.
The final MINIBALL electronics will also support a

detailed pulse shape analysis of the segment signals. This
allows for a more precise determination of the position
of the main interaction point of the γ-ray and therefore
for a further improvement of the Doppler corrected γ line
width [4,5]. Indeed, recent measurements with collimated
γ sources have shown that a granularity of almost 100
can be reached for the solid angle subtended by a MINI-
BALL module when the full pulse shape analysis offered
by the new MINIBALL electronics is employed. For the
special case considered here (ϑdet = 90◦, β = 0.065, Eγ =
646 keV) and neglecting the intrinsic detector resolution
of 1.7 keV, we expect according to our simulations, an
energy resolution after Doppler correction of 3.6 keV if
the flight direction of the γ-emitting 37S nucleus is as-
sumed to be exactly known (0◦). A value of 4.7 keV is
obtained when averaging over the recoil angles of the 37S
nuclei. It should be noted again that the special case con-
sidered here corresponds to the most demanding setup of
a MINIBALL module with regard to the Doppler correc-
tion. Considerably smaller line widths can be expected for
all those modules of the MINIBALL array positioned at
angles ϑdet �= 90◦.

4.2 Background reduction

The background suppression achieved with the REX-
ISOLDE PPAC was investigated using the 2H(36S,37S∗)p
reaction at low beam intensities of 106 particles/s. The
results are displayed in fig. 5. In the raw germanium spec-
trum, shown in panel (a), the 646 keV de-excitation γ line
of the first excited state in 37S is hardly visible between
the narrow background peaks. When the Doppler correc-
tion is applied (panel (b)) the 646 keV line becomes more
pronounced as its width is reduced, while the background
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Fig. 5. Partial γ-ray spectra following the 36S→ 2H reaction.
The events were measured with one of the germanium modules
in a beam time of 7 hours at a beam intensity of 106 particles/s.
In the panels is shown: (a) the raw γ single spectrum; (b) the
same as in panel (a), but with the Doppler correction relevant
for the neutron pickup reaction applied; (c) the same as (b),
but a coincidence of the γ signal with the accelerator RF was
required; (d) the same as (c), but an additional coincidence
with the PPAC signal was required, resulting in an essentially
background free spectrum.

lines are broadened. The de-excitation line is now visi-
ble on top of the background with a peak-to-background
ratio of 10%. Requiring a coincidence of the germanium
signal with the RF signal, controlling the beam pulsing
system of the accelerator, the background is reduced by
more than a factor of 5 (panel (c)) as the Ge-detector is no
longer active in between the beam pulses. The peak areas
of the 646 keV line in both spectra agree within statistical
limits, i.e. the detector efficiency is not reduced by the
coincidence requirement.
An almost background-free γ-spectrum is obtained

when an additional coincidence with the PPAC is required
(panel (d)). Although the peak area of the 646 keV line is
suffering a loss of about 30% due to the reduced efficiency
of the PPAC at particle rates of 106 particles/s, the back-
ground is reduced by another factor of ∼ 13. This reduc-
tion is caused by the fact that for a beam-pulse frequency
of 13.56 MHz and a beam intensity of 106 particles/s, on
the average only every 14th beam pulse contains a projec-
tile. Thus by requiring the PPAC coincidence, background
γ-rays accumulated when an empty beam bunch arrives

are rejected. Note that no background spectra have been
subtracted from the spectra shown in fig. 5. By doing so,
the small remaining background in fig. 5d can be quanti-
tatively removed.
In the present experiment the incoming beam con-

sisted of the stable 36S nucleus. In an experiment with
β-unstable beam nuclei the background situation will be
more severe, due to the β-decay of radioactive nuclei scat-
tered on the target. However, in the transfer reactions
studied here most beam particles will pass through the
PPAC and will be catched by the beam dump, which is
well shielded towards the detector array. Only the small
fraction of the incoming beam particles that scatter on
the carbon nuclei, also present in the CD2 target, to an-
gles larger than 9◦ will be dumped in the target chamber.
When heavier target nuclei are used (e.g., for Coulomb ex-
citation) the background will be substantially higher; how-
ever, it will not reach prohibitively high levels as demon-
strated in [6].

5 Results

5.1 Reaction channels on the CD2 target

Bombarding a deuterium target with beams having an en-
ergy of 2.2 MeV·A 36S, the two strongest reaction chan-
nels will be the neutron and the proton pickup. As REX-
ISOLDE is designed to explore new regions of unknown
nuclei, this is an important advantage, as for the assign-
ment of the observed γ transitions only two possible nuclei
have to be considered. Furthermore, the resulting transfer
nuclei travel at about the same speed and in the same di-
rection as the beam particles allowing a Doppler correction
of the γ lines without the need to determine the kinematic
by particle detection. However, pure deuteron targets are
not readily available. Thus deuterium-enriched polythene
(CD2)n is widely used as a target material. Polythene is
easy to handle and foils of any desired thickness can be
produced. However, additional reaction channels may oc-
cur due to the presence of the carbon.
In fig. 6 the Doppler-corrected γ spectrum observed at

ϑdet = 90◦ in coincidence with the PPAC and the accel-
erator RF when bombarding a (CD2)n target with a 36S
beam is displayed. The spectrum was recorded in 24 hours
at a beam intensity of 1·106 particles/s and a beam energy
of 2.2 MeV·A. The Doppler correction was performed as
discussed in section 4.1.
Prominent lines from the de-excitation of the neu-

tron pickup product 37S occur at 646 keV, 1347 keV, and
1993 keV. At 1727 keV and at 3117 keV γ lines from the
proton pickup product 37Cl are observed, the latter line
being composed of two known 37Cl lines at 3086 keV and
3103 keV. The lines at 890 keV, 1122 keV, and 1289 keV
are due to γ-transitions in 46Ti populated in the fusion-
evaporation reaction 12C(36S,2n)46Ti. A list of all strong
γ transitions observed, their assignment, and their relative
γ intensities is given in table 1.
In the reaction investigated in this test experiment

all reaction products are well known; however, when
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Table 1. Compilation of the strongest γ lines observed at ϑdet = 90◦ in the reaction 36S→CD2 at an energy of 2.2 MeV·A. In the
different columns are listed, respectively, the transition energies extracted from Doppler-corrected spectra using the reaction-
specific kinematics; literature values are given in italics; the number of γ-rays observed in a high statistics run performed
without PPAC coincidences; the deduced transition, based on the level energy: 37S: 2H(36S,37S∗)p, 37Cl: 2H(36S,37Cl∗)n, 46Ti:
12C(36S,46Ti∗2n); the relative cross-sections assuming isotropic emission of the γ-rays; the absolute cross-sections (see text).

Eγ (keV) Nγ reaction & transition
σγ(E)

σγ(646)
σγ(Eγ)(mb)

646(1) (646) 19500 (5%) 37S : 3/2−1 → 7/2−gs 100% 215(43)
— (751) <500 37S : 3/2+

1 → 3/2−1 <3% <5
1347(3) (1346) 1000 (40%) 37S : 3/2−2 → 3/2−1 8% 19(10)

— (1377) <400 37S : 7/2−1 → 3/2−1 <3% <5
(1992) 37S : 3/2−2 → 7/2−gs1993(2)∗

{
(1992)

3100 (10%) 37S : 1/2−1 → 3/2−1
29% 61(14)

— (2023) <300 37S : 7/2−1 → 7/2−gs <3% <5

1727(3) (1727) 1800 (20%) 37Cl : 1/2+
1 → 3/2+

gs 16% 33(10)
(3086) 37Cl : 5/2+

1 → 3/2+
gs3101(5)∗

{
(3103)

3200 (10%) 37Cl : 7/2−1 → 3/2+
gs

45% 98(23)

3748(10) (3741) 300 (50%) 37Cl : 5/2−1 → 3/2+
gs 5% 9(5)

890(1) (889) 6800 (8%) 46Ti : 2+
1 → 0+

gs 85% 187(42)
1049(3) (1049) 800 (40%) 46Ti : 3−1 → 4+

1 11% 23(9)
1122(1) (1121) 5500 (10%) 46Ti : 4+

1 → 2+
1 77% 168(37)

1289(2) (1289) 1900 (20%) 46Ti : 6+
1 → 4+

1 28% 61(19)
∗ The two transitions could not be resolved.
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Fig. 6. Doppler-corrected PPAC-gated germanium spectrum
without background subtraction observed in the 36S−→(CD2)n
reaction at 2.2 MeV·A. The spectrum was taken in a 24 hours
beamtime at a beam intensity of 1·106 particles/s with a single
germanium detector at ϑdet = 90◦. The spectrum corresponds
to that of fig. 5d, but here the full energy range and the full
statistics are also shown.

exploring unknown regions of the nuclear chart it is
necessary to distinguish the γ-transitions emitted from

the transfer products from background and γ-transitions
caused by other reaction channels.

Background γ lines are easily recognized as these lines
become broader after the Doppler correction. Thus they
can be immediately identified and eliminated by back-
ground subtraction. The background spectrum can be ob-
tained by recording a γ single spectrum in anti-coincidence
with the accelerator RF and the PPAC.

The different Doppler shifts of γ lines emitted from
transfer and fusion products can also be used to distin-
guish between these two channels. When γ lines produced
in fusion reactions are Doppler corrected with the transfer
kinematics the resulting peak position will still depend on
the γ-observation direction. As a result, the fusion lines in
the Doppler-corrected sum spectra obtained, e.g., by sum-
ming over all MINIBALL modules in the forward and in
the backward direction separately will be broadened and
centered at different energies.

It is more demanding to separate the two pickup chan-
nels since, unless the Q-values are very different (as is the
case for exotic nuclei, but not here), they show the same
kinematics and Doppler behavior. If a γ-transition is al-
ready known in one of the nuclei γ-γ coincidences may
help to identify further transitions. Otherwise, one can
either use the large annular silicon detector available in
REX-ISOLDE experiments in the forward hemisphere to
detect the proton leftover in the neutron pickup reaction,
or perform the same measurement with the 9Be target,
where the proton pickup is suppressed (see sect. 5.3).
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Fig. 7. Level scheme of 37S. The γ transitions observed are
marked by thick arrows, levels populated are shown with bold
lines. Level energies and branching ratios are taken from [13].

5.2 Cross-section determination for the CD2 target

The experimental setup allows to determine absolute
cross-sections rather easily, since the total number of beam
particles which have passed the target during beamtime
is available from the REX-ISOLDE PPAC. Together with
the number of counts in a γ line at energy Eγ (deduced
from the γ spectrum observed in coincidence with the
PPAC), the known areal density of the deuterium in the
CD2 target, and the efficiency of the germanium detectors
εGe(Eγ) it is possible to derive the absolute cross-sections
σγ(Eγ) for the γ line by

σγ(Eγ) =
Nγ−PPAC(Eγ)/(εGe(Eγ) · εPPAC)
p · (NPPAC/εPPAC) · (N/A)deuteron

=
Nγ−PPAC(Eγ)/εGe(Eγ)

p · NPPAC · (N/A)deuteron
. (2)

Here Nγ−PPAC(Eγ) is the number of γ-rays, which were
observed in the germanium detector in coincidence with
the PPAC, εGe(Eγ) the energy-dependent full-energy peak
efficiency of the germanium detector, εPPAC the detection
efficiency of the PPAC, NPPAC the number of beam parti-
cles counted by the PPAC, and (N/A)deuteron denotes the
deuteron areal density in the target given in atoms/cm2.
The areal density of the CD2 target of 0.55 mg/cm2, used
in the present experiment, corresponds to (N/A)deuteron =
4.1 · 1019cm−2 and (N/A)12C = 2.1 · 1019cm−2. The fac-
tor p takes into account that due to the time structure of
the beam (1 ns wide pulses every 74 ns) there exist a non-
zero probability that more than one projectile is contained
in one beam pulse, which cannot be distinguished by the
Ge-RF-PPAC coincidence requirement. In the present ex-
periment p is approximately given by p = 1.07(2).
It is important to note that the efficiency of the PPAC

cancels out so that this method allows to derive absolute
cross-sections without the knowledge of the efficiency of
the PPAC. One should also be aware that in equation (2)
a possible angular distribution of the emitted γ-rays with

Elevel Jπ σexp. σtheo.1 σtheo.2

(keV) (mb) (mb) (mb)

646 3/2− 140(46) 180 105
1992 3/2− 23(10) - -
2638 1/2− 56(15) 95 75

Table 2. Comparison of the experimental and calculated to-
tal cross-sections for three excited states in 37S populated in
2H(36S,37S∗)p neutron pickup reaction at 2.2 MeV·A.

respect to the beam direction is neglected; the formula is
exact for isotropic γ-ray emission, otherwise a correction
factor is needed. However, this factor reduces to 1 if the
full MINIBALL array is used as the array covers all regions
of the full 4π solid angle equally well.
Using equation (2) and the intensity data accumu-

lated in the 24 hour beamtime at a beam intensity of
106 particles/s, an absolute cross-section of 215(43) mb
has been derived for the 646 keV γ line of 37S assum-
ing an isotropic γ-angular distribution (see further below).
The uncertainty of the cross-section value comprises sta-
tistical errors, the error of the target thickness (5%), and
the uncertainty in the efficiency of the germanium detec-
tor (15%).
With the absolute cross-section for the 646 keV line the

cross-sections can be deduced for other γ lines from the
relative γ intensities, which were deduced in the present
case from a high statistic run without requiring PPAC-
coincidences (see table 1).
While the cross-sections σγ(Eγ) for the occurrence of

a γ-ray of energy Eγ are directly accessible, the relevant
spectroscopic data is the cross-section σ(E) to directly
populate a certain excited level of energy E. Both kinds
of cross-sections are linked by the branching ratios for the
different de-excitation channels. While the branching ra-
tios for the decay of excited states of 37S populated in this
experiment are already known [13], information about the
level scheme and the branching ratios of unknown nuclei
investigated in REX-ISOLDE experiments will have to be
extracted from the measurement.
With the aid of the level scheme of 37S and the branch-

ing ratios (see fig. 7) the cross-section σ(E) was calculated.
The population of three negative-parity low spin levels was
observed: the absolute cross-section for the population of
the 3/2−1 -level at 646 keV, the 3/2

−
2 -level at 1992 keV, and

the 1/2−1 level at 2638 keV was 140(46) mb, 23(10) mb,
and 56(15) mb, respectively (see table 2). The two states
which were most strongly populated correspond to the
36S core and an excited neutron in the 2p 3

2
(3/2−1 ) and

2p 1
2
(1/2−1 ) shell. A simple classical estimate, which as-

sumes a 36S-nucleus, a single neutron, and a relative ve-
locity corresponding to an energy of 2.2 MeV·A, shows
that the most probable angular momentum transfer is 1h̄.
Hence, transfer to excited states with high orbital angular
momenta are expected to be suppressed; as a consequence
the population of the 1f5/2 and 1f7/2 single neutron states
was not observed.
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The 36S(d,p)37S reaction was studied before using an
accelerated deuteron beam. The beam energy in these
cases was between 10 MeV and 20 MeV and the obtained
cross-sections can therefore not be compared to this ex-
periment. L.M. Solin et al. reported in [14] a measurement
using a deuteron beam with an energy of 3.55 MeV, but
no cross-sections were reported.
The here measured cross-sections were compared with

theoretical predictions (listed in table 2). Skyrme-Hartree-
Fock calculations were used to derive the structure of the
nuclei. The results were used to obtain transfer prob-
abilities using the Distorted-Wave-Born-Approximation
(DWBA) and the Exact-Finite-Range-Distorted-Wave-
Born-Approximation (EFR-DWBA)(for details see [8]).
When the level energies obtained in the theoretical cal-
culations were used, theoretical model cross-sections of
σ(3/2−1 ) = 180 mb and σ(1/2−) = 95 mb were de-
rived, whereas cross-sections of σ(3/2−1 ) = 105 mb and
σ(1/2−) = 75 mb were found when the level energies were
fixed at their experimental values. The agreement of the
latter results with the experimental values is fair.
For the calculations of the experimental cross-sections

isotropic angular distributions of the γ-rays emitted from
the excited nuclei were assumed. While this assumption is
always true for J = 1/2 states, it applies for the 3/2 levels
only, if all m-substates are populated equally. Although
the differential cross-sections to populate the |m| = 1/2
and the |m| = 3/2 substates of the 3/2−1 level differ sig-
nificantly, as can be seen in fig. 2, the angle-integrated
total probabilities to populate these substates are 48%
and 52%, respectively, and the angular distribution of the
emitted γ-rays deviates by less than 1% from an isotropic
distribution. Even if one assumed complete alignment, the
deviation would be less than 14%.
In the anticipated REX-ISOLDE experiments the full

MINIBALL will be used, which subtends the 4π solid an-
gle of the de-excitation γ-rays rather isotropically. This
will facilitate the determination of the absolute cross-
sections σγ(Eγ), the branching ratios needed to derive the
corresponding total cross-section σ(E) as well as the dif-
ferential cross-sections dσ/dΩ. Moreover, γ angular dis-
tributions, γ-γ and γ-particle correlations are in principle
accessible allowing to derive level schemes, spins, and par-
ities. In favorable cases even lifetime measurements will be
possible (see, e.g., [15]).

5.3 Beryllium-induced transfer

In contrast to the deuterium target the proton pickup is
strongly suppressed as compared to the neutron pickup
when using the 9Be target, thus facilitating the identi-
fication of the latter reaction channel. Yet 9Be exhibits
two significant disadvantages as a target. Besides the neu-
tron pickup reaction 9Be(36S,37S∗)8Be there exist several
fusion-evaporation channels. Furthermore, 9Be is signifi-
cantly heavier than deuterium and the reaction products
are deflected by larger angles and are subject to larger en-
ergy variations (see fig. 1), and a good Doppler correction
can only be achieved by tracking the direction of one of
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Fig. 8. Doppler-corrected γ spectra observed in the 36S−→9Be
reaction at 2.2 MeV·A are shown in the bottom plot. The spec-
tra were generated by gating on the particle branches identified
in the ∆E-(E − ∆E) matrix of the silicon telescope detector
(top plot).

the reaction products. For the present test measurement
an 8 hour run with a high intensity (6·108 particles/s)
36S beam of 2.2 MeV·A was performed, because in the
present setup only a small silicon telescope detector was
available for this task. Consequently, the REX-ISOLDE
PPAC had to be protected against the beam particles with
an aluminum shutter.
As manifested in fig. 8, the silicon ∆E-E detec-

tor is a major aid to distinguish between different re-
action channels and to perform the proper Doppler
shift correction. Putting a gate on the hydrogen iso-
topes yielded several γ transitions mainly at low ener-
gies, which could be assigned to potassium isotopes cor-
responding to the 9Be(36S, p2n)42K and 9Be(36S, pn)43K
reactions (top panel in the bottom plot of fig. 8). Gate-
ing on one α-particle γ-rays of argon isotopes produced
in the 9Be(36S,α2n)39Ar and the 9Be(36S,αn)40Ar re-
action as well as of 37S from the neutron pickup reac-
tion are observed. Requiring both α-particles originat-
ing from the 8Be decay, the 37S neutron pickup channel
9Be(36S,37S∗)2α can be selected exclusively. The intensity
drop of the 646 keV 37S line when requiring the detec-
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tion of both α-particles as compared to one α-particle
is due to the small solid angle of the telescope detec-
tor used. In the REX-ISOLDE setup this efficiency loss
will be substantially smaller because of the large solid an-
gle subtended by the annular telescope detector planned
to be employed in these measurements. The γ transi-
tions not shown in the gated spectra could be assigned
to calcium isotopes from the fusion-evaporation channels
9Be(36S, 3n)42Ca and 9Be(36S, 2n)43Ca. An overview of
the strongest γ transitions detected is given in [4].
It is interesting to note that the 43K line at 738 keV

has a long lifetime of 200 ns. As the beam particles travel
about 2 cm/ns and the PPAC was covered with an alu-
minum shutter plate in this measurement, the line is only
visible as a sharp peak if no Doppler correction is per-
formed as most nuclei γ-decay after being stopped in
the shutter. For REX-ISOLDE the population of excited
states with a lifetime of more than a few nanoseconds
will pose problems, as the reaction products will not be
stopped in the target chamber and their decay γ-rays will
therefore remain undetected.
As no low intensity measurements with the PPAC

were performed using the beryllium target, absolute cross-
sections for the 9Be(36S,37S∗)8Be reaction could not be de-
duced, but the relative γ intensities for the different nuclei
and states populated in the 36S−→9Be reaction could be
determined. The fusion-evaporation is the strongest chan-
nel leading mainly to 42Ca (85%) and 43Ca (40%), 42K
(50%) and 43K (25%) as well as 40Ar (100%) and 39Ar
(5%). The neutron pickup leading to 37S (100%) served
as the reference cross-section. As expected, no 37Cl lines
from the proton pickup channel were observed; for the
population probability an upper limit of 2% can be given.

6 Summary

A test experiment was performed to investigate the fea-
sibility of γ-ray spectroscopy experiments using inverse
transfer reaction with low-intensity radioactive beams.
Two single modules of the MINIBALL germanium ar-

ray were used to detect the de-excitation γ-rays. By ex-
ploiting the six-fold segmentation of the detector modules
a relative γ energy resolution of < 1% could be achieved
after the Doppler shift correction, even though the re-
coil velocities of the γ-emitting nuclei were as large as
β = 0.065 and the detectors were placed at a distance
of only 10.6 cm from the target at the most unfavorable
detection angle of 90◦ with respect to the recoiling nu-
clei. This is an improvement of the γ line width by more
than a factor of 2 as compared to a module without seg-
mentation and when no pulse shape analysis is used. A
further improvement of the γ energy resolution by almost
another factor of 2 will be possible when the new MINI-
BALL electronics is available. The new electronics will al-
low to exploit the signal shapes of the segment pulses (in
addition to the core pulses) to further improve the γ-ray
entry point determination.
The new REX-ISOLDE PPAC delivered a time ref-

erence signal for particle-γ coincidence measurements al-

lowing to perform γ spectroscopy at very low rates. The
γ-rays detected without a beam particle were rejected, so
that the peak-to-background ratio became independent of
the beam particle rate. Furthermore, the PPAC allowed to
count individual beam particles up to a rate of 106 parti-
cles/s. Hence an easy method to determine absolute cross-
sections was available, as the efficiency of the PPAC does
not need to be known.
In the 36S−→(CD2)n reaction three reaction channels

were observed. Besides the deuteron-induced neutron and
proton transfer channels leading to 37S and 37Cl also the
fusion-evaporation channel 12C(36S,2n)46Ti is found to
contribute to the γ spectrum. Due to the different Dopp-
ler shift of the γ lines it is possible to distinguish between
fusion and pickup reactions. The additional identification
of the neutron pickup channel requires either the coinci-
dent detection of the proton or an additional measurement
with a 9Be target.
Model calculations to predict the neutron pickup cross-

sections were performed for two states populated in the
2H(36S,37S∗)p reaction. The results agree reasonably well
with the measurements.
The 9Be target gives complementary information

about the neutron pickup reaction. In addition, neutron-
rich compound nuclei are populated, which will be of con-
siderable interest as well when using neutron-rich exotic
beams. However, it is mandatory in this case to have a
position-sensitive silicon telescope available to detect the
light reaction products to be able to distinguish between
the different reaction channels and to perform the proper
Doppler shift correction.
The present experiment has clearly demonstrated that

it is possible to investigate exotic nuclei at REX-ISOLDE
using pickup reactions and γ-ray spectroscopy. When
MINIBALL is fully equipped and a CD2 target with an
areal density of 0.5 mg/cm2 is used, it will take 20 hours
to accumulate 400 counts in a γ line at 1 MeV assum-
ing a beam intensity of 104 particles/s, a cross-section of
σγ(Eγ) = 100 mb and a MINIBALL efficiency of 14%.
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