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Published online: 18 June 2012 – c© Società Italiana di Fisica / Springer-Verlag 2012
Communicated by B.R. Fulton

Abstract. Transfer reactions in inverse kinematics using the radioactive ion beams provided by the REX-
ISOLDE facility at CERN are very good tools to gain insight into the single-particle properties of exotic
nuclei. The new silicon particle detector setup T-REX, optimized for these transfer reactions, is presented
in this article. T-REX consists of position sensitive ΔE-E telescopes in a compact configuration that covers
up to 66% of the solid angle. The setup allows the identification of the light reaction products and the
measurement of their angular distribution for a large range of polar angles. Simultaneous detection of the
elastically scattered target-like nuclei enables the determination of the optical model parameters used in
the analysis of the experiments.

1 Introduction

Transfer reactions have been successfully used for decades
to study the single-particle properties of nuclei close to
the valley of stability. Usually the experiments were done
with light beams (p, d, t, 3He, α, etc.) impinging on heavy,
stable targets, hence in “normal kinematics”. The light
beam-like ejectile is then detected in a spectrometer with
a small solid angle but high resolution (e.g., 5 keV for the
Munich Q3D [1]).

With the advent of second- and third-generation ra-
dioactive beam facilities such as REX-ISOLDE [2] it be-
came of interest to use the post-accelerated radioactive ion
beams from ISOL1 facilities for transfer reactions in “in-
verse kinematics”, where the heavier beam hits the lighter
target, to gain more insight on the single-particle proper-
ties of nuclei far from stability.
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1 Isotope Separation On-Line.

T-REX2 is a new setup of silicon detectors, optimized
for transfer reactions in inverse kinematics. It was de-
signed to be used in combination with the MINIBALL
γ-detector array [3], allowing the reconstruction of the ex-
citation energy in the final nucleus with a better resolu-
tion than it could be obtained with particle spectroscopy
alone. The setup is comparable with other devices such as
TIARA [4,5], SHARC [6], and ORRUBA [7].

The first setup, including nearly all essential detec-
tors and electronics, was tested with stable magnesium
beam at the MLL3 tandem laboratory in 2007. It was
constantly improved through the years so that the setups
differ in some details. In the following the setup of 2010 is
presented with some references on the differences to the
other setups.

Whole series of experiments with the new detector ar-
ray have been performed at REX-ISOLDE, using one- and
two-neutron transfer reactions and beams ranging from
11Be to 78Zn [8]. Experiments with beams heavier than
A = 80 are at the time being limited by the achievable
beam energies, see also sect. 10.

2 REX-ISOLDE

The radioactive ion beams are produced at ISOLDE [9]
by impinging a high-energy proton beam (1.4GeV) on

2 Transfer at REX.
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a thick, heavy target, e.g., 50 g cm−2 Uranium carbide [10].
The resulting radioactive ions are ionized, extracted and
mass separated. The singly charged ions are collected in
the REX-TRAP, charge bred to a higher charge state in
the REX-EBIS and post-accelerated by the REX-LINAC
to energies up to 3MeV u−1.

Due to the spill structure of the REX beams (bunches
of a few hundred μs length at maximal 50Hz), the in-
stantaneous rate can be high despite the relatively low
average beam intensities so that no standard techniques
can be used for beam monitoring, see subsect. 5.4.

The spill structure of the beam is also used for the
data acquisition. The electronics modules buffer all events
that fall into a 800μs so-called on-beam window triggered
by the REX-EBIS. After the data has been read-out from
the modules (which takes about 4ms to 7ms), another so-
called off-beam window of the same length is opened to
acquire data without beam as a background reference (see
also [11]). Timestamps generated for signals from both
HPGe and silicon detectors allow to reconstruct the de-
tected events.

3 Transfer reactions

The main aim of T-REX is to measure (d,p) and (t,p)
transfer reactions with radioactive beams. This requires
the identification and measurement of the protons from
said reactions as well as the target-like recoils from (d,d)
and (t,t) reactions. The latter is important as the simul-
taneous measurement of the elastically scattered recoils
allows the optical model parameters used for the DWBA
calculations of the angular distribution of the protons from
the transfer reaction to be constrained. The measurement
of the elastically scattered recoils also provides the means
to determine the beam luminosity thus giving an overall
normalization.

The target used for (d,p) reactions is a deuterated
polyethylene foil of 100μg cm−2 or 1mg cm−2 thickness.
For the (t,p) reaction a tritium loaded titanium foil is
being used which is 500μg cm−2 thick and contains about
40μg cm−2 tritium. This target has an activity of 10GBq.

These targets always contain some protons as well (on
the level of a few %), thus allowing to determine the opti-
cal model parameters for elastically scattered protons as
well.

Figure 1 shows the typical kinematics of a transfer re-
action in inverse kinematics. Depicted is the relation be-
tween energy and scattering angle in the laboratory frame
for the d(66Ni, p)67Ni reaction. The calculation is done
for a thick (1mg cm−2) deuterated polyethylene target,
assuming that the reaction takes place at the middle of
the target. It includes the energy loss of the beam in the
first half of the target and the energy loss of the recoils
generated at the center of the target as well as the energy
loss in the protective foils in front of the forward detec-
tors. Also included in the figure are the energy loss in the
ΔE detectors used in the standard T-REX setup.

The experiments performed with T-REX so far are
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Fig. 1. The solid lines show the energy vs. ϑlab relation for pro-
tons from the d(66Ni, p)67Ni reaction at 2.9 MeV u−1 as well as
elastically scattered protons and deuterons. The hashed areas
and dashed lines show the energy deposited by the particles in
the ΔE detectors. The energy deposited in the barrel detectors
(sect. 5) is shown as an area since the effective thickness of the
detectors depends not only on ϑlab but also on ϕ. ϑcm angles
are indicated along the kinematic lines as dots.

– 2008: t(30Mg, p)32Mg [12] and second d(30Mg, p)31Mg
[13].

– 2009: transfer reactions with 11Be beam and d(66Ni,p)
67Ni.

– 2010: transfer reactions with 11Be beam, t(44Ar,p)
46Ar, and d(78Zn, p)79Zn.

– 2011: t(66Ni, p)68Ni and t(72Zn, p)74Zn.

4 Design parameters

The inverse kinematics and the use of radioactive beams
impose six main requirements on the experimental setup
(see also fig. 1).

Angular coverage: in inverse kinematics the small polar
angles of the beam-like ejectiles require the measure-
ment of the recoils (so far, in most cases protons) for
a wide range of polar angles.

Solid angle coverage: the low intensity of the radioactive
beams and the limited beam time available require a
highly efficient setup that covers a large solid angle.

Particle identification: particle identification is necessary
to identify the light reaction products and in order
to suppress background created by electrons/positrons
from the β-decay of stopped radioactive beam parti-
cles.

Angular resolution: a reasonable resolution of the polar
angles is necessary to probe the angular distribution
of the transfer reactions and to reduce the kinematic
broadening of the excitation energy resolution (see also
sect. 8).
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Fig. 2. Engineering drawing of the silicon barrel inside the vac-
uum chamber as it was used in 2010 with barrel and backward
CD detectors.

Compact setup: the setup has to be as compact as possi-
ble not to decrease the γ-ray detection efficiency of the
surrounding MINIBALL γ-detector array.

Low material budget: in order to limit the attenuation of
γ-rays the amount of material used in the construction
of T-REX has to be limited.

In order to minimize background from the β-decay
of stopped beam particles the amount of material in the
beam line has to be minimized to reduce the elastic scat-
tering of the beam. This puts constraints on the target
thickness as well as the thickness of any beam monitors
(see subsect. 5.4).

5 Implementation

In order to fulfill all the requirements, a design consisting
of position sensitive ΔE-E telescopes of silicon detectors
was chosen. The detectors are arranged around the target,
separated in two halves pointing in forward and backward
direction as shown in fig. 2, with a gap at 90◦ for the target
holder.

To limit the number of electronic readout channels it
was decided to use RSSDs4 with minimal segmentation to
cover the angles closest to 90◦, while the very forward
and/or backward angles are covered by DSSSDs5. The
use of RSSDs has the additional advantage of reducing
the amount of cables inside the chamber, the number of
feedthroughs and the amount of electronics needed.

5.1 Mechanical layout

To optimize the solid angle covered by the particle de-
tectors (i.e. ϑlab and ϕ), T-REX consists of two boxes
of RSSDs (the barrel detectors), one on either side of

4 Resistive-Strip Silicon Detector.
5 Double-Sided Silicon-Strip Detector.

Fig. 3. (a) The PCB packaging of the barrel detectors. The
140 μm thick ΔE detectors are segmented into 16 vertical resis-
tive strips. The E detectors are hidden behind, in the picture.
(b) Four units are assembled in a windmill shape, with the
segmentation indicated by dashed lines.

ϑlab = 90◦, and includes one or two DSSSDs in the shape
of a compact disc (CD detectors) [14] up- and/or down-
stream. The solid angle covered by the barrel detectors
is about 56% of 4π and the CD detectors cover an ad-
ditional 10%, leading to a total coverage of about 66%
of 4π. To maximize the coverage of azimuthal angles, the
barrel detectors are arranged in a windmill shape with the
connectors outside the boxes (see fig. 3b).

Furthermore the position-sensitive strips, which mea-
sure the position along the strip by splitting the deposited
charge, are oriented perpendicular to the beam and only
one end is read out, the other ends of all strips are con-
nected and only used to apply high voltage to the detector.
This allows to have no PCB on one side of the detector
and only a very small strip on the other, thus optimizing
the coverage of polar angles (i.e. ϑlab).

In the current setup the windmill configuration was
chosen such that there is no PCB between the barrel de-
tectors and the CD detectors, minimizing the gap around
30◦/150◦ while increasing the gap around 90◦. This could
be changed by using an inverted windmill configuration to
cover angles closer to 90◦.

The barrel detectors are placed at a distance of 29mm
from the beam axis, resulting in the same coverage of az-
imuthal angles as for the CD detectors (about 90%).

The targets are mounted on a target ladder that can
hold up to 4 targets and is inserted between the two halves
of the barrel by a magnetically coupled linear feedthrough.
Two different target ladder designs are used, either with
an extra mounting for the 9-fold segmented diamond de-
tector for beam focusing or with a special 4th target po-
sition suited for tritium loaded titanium foils. This target
position is sealed air tight in the retracted position to pro-
vide an extra radiation safety precaution.

Since 2009 two different guiding rails can be installed
for the two different target ladder designs which ensure
the exact positioning of the target in both horizontal di-
rections (see fig. 4a). The vertical alignment of the target
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Fig. 4. The technical drawing of the T-REX setup, beam entering from the right (a) and a picture of the T-REX setup with
one half of the MINIBALL array opened, beam entering from the left (b).

is ensured by the usage of spacers made for each target
ladder design and target position.

In order to create an economic, compact, and flexible
technique to lead up to 800 read out channels from vac-
uum to air, new feedthroughs were designed. These feed-
throughs are made of stainless steel and any PCB with
a width of 23mm can be glued into them. The design of
the feedthroughs, with a larger block that holds the PCB
and is surrounded by a groove, ensures the decoupling of
the mechanical forces of the sealing from the PCB-steel
bond. In the current design one feedthrough is needed for
each quadrant of the barrel detectors (forward and back-
ward detector share one feedthrough). The CD detectors
need one additional feedthrough each as well as two feed-
throughs for all CD pad detectors. This means that cur-
rently 14 out of the 16 feedthroughs are used, leaving two
for future additional detectors.

The target chamber for T-REX has an inner diame-
ter of 140mm and a wall thickness of 2mm. The photo-
peak efficiency of MINIBALL is 5.0(3)% at 1332 keV in
the T-REX configuration.

5.2 Detectors

To identify the light reaction products at low energies the
ΔE detectors should be as thin as possible. However, for
very thin detectors the large capacitance of the unseg-
mented rear introduces substantial electronic noise and
the mechanical stability of the detectors is reduced. Also
for particles at higher energies a certain thickness of the
ΔE detectors is required so that the energy deposited in
these detectors is above the detection threshold and well
separated from the noise. The thickness chosen for the
barrel ΔE detectors is 140 μm. This results in an identi-
fication of protons above 5MeV to 7MeV (depending on
the impact angle), while the energy deposited by higher
energetic protons (≈ 20MeV) is about 600 keV, hence well
above the trigger threshold for the ΔE detectors (see also
figs. 1 and 5).

The RSSDs are of the design X1 from Micron Semi-
conductors with the above mentioned thickness of 140μm
and an active area of 50mm×50mm. They are segmented
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Fig. 5. ΔE-Etot. particle identification in the forward barrel
detectors for reaction products from the d(30Mg, p)31Mg reac-
tion at 2.85 MeV u−1. Protons (solid), deuterons (dashed) and
tritons (dash-dotted) from reactions of 30Mg with a 1mg cm−2

deuterated polyethylene target can be clearly distinguished, as
well as electrons from β-decay (lower left corner). The energy
loss was corrected for the effective thickness of the ΔE detec-
tors at the different angles of the impinging particles (≈ 30◦

to 75◦).

into 16 resistive strips and therefore provide a position
resolution along the strip obtained from the comparison
of the signal of one end of the strip and the back plane
energy. The position resolution along the strip is better
than the segmentation of 3.125mm, even for low-energy
particles (few hundred keV protons). For alpha particles at
about 5MeV a position resolution of about 0.1mm can be
achieved. The decision to arrange the strips perpendicular
to the beam is thus not optimal for the ϑlab resolution but
allows to cover a larger ϑlab range. The E detectors of the
ΔE-E telescopes are made out of 1mm thick pad detec-
tors from Canberra (design RF) and are mounted 2.2mm
behind the ΔE detectors. This allows the detection of the
full energy of protons with up to 20MeV at a scattering
angle of ϑlab = 30◦.

The very forward and/or backward angles can be cov-
ered by CD detectors, each consisting of four quadrants of
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the standard DSSSD (Design QQQ2 from Micron Semi-
conductors [15]) with annular segmentation on the front
and radial segmentation on the back. The detectors are
backed by unsegmented CD quadrants as E detectors (De-
sign QQQ1 from Micron Semiconductors). This combina-
tion is the same that is also used for all Coulomb excita-
tion experiments with MINIBALL. In the 2010 setup only
one such ΔE-E combination existed with both detectors
of the same thickness of 500 μm, which was used in either
forward or backward direction.

The relatively low segmentation of the barrel detectors
is reflected in the lower polar angle resolution around 90◦
as can be seen in fig. 6. However, the polar angle reso-
lution achievable with T-REX is sufficient to determine
the angular distributions of transfer reactions. The addi-
tional kinematic broadening is usually similar to the un-
certainty introduced by the target thickness (table 2). The
kinematic compression, i.e. the fact that a 1MeV differ-
ence in excitation energy translates into only 300 keV to
500 keV difference in the kinematic energy of the protons
in backward direction, is an additional challenge in trans-
fer reactions in inverse kinematics. This, combined with
the energy broadening, requires in most cases the use of
the MINIBALL array to identify the populated states by
their characteristic γ-rays.

Table 1 gives an overview of the detectors currently
available for use with the T-REX setup. In the setups
from 2007 to 2010 the 500μm thick segmented and unseg-
mented CD detectors were used together, either in forward
(transfer experiments with 11Be beam) or backward (all
other experiments before 2011) direction. Since 2011 the
segmented CD detectors with 140 μm thickness are used in
backward direction together with the 500μm thick unseg-
mented CD detectors. The combination of segmented CD
detectors with 500μm thickness with the 1500μm thick
unsegmented CD detectors is used in forward direction.

The 500 μm thick RSSDs are mounted on a single PCB
each, without any backing E detector and are used in a
different configuration of the particle detector setup to
perform Coulomb excitation experiments.

5.3 Foils

To protect the silicon detectors from high rates of elas-
tically scattered particles there are four different places

in the setup to put foils in front of them. Starting from
the most forward angles, a foil can be placed a few mil-
limeters in front of a possible forward CD detector to stop
any elastically scattered beam from reaching the detectors
(thickness ≈ 50μm of MylarTM6).

Since most beams used at REX-ISOLDE are substan-
tially heavier than the heaviest constituent of a polyethy-
lene target (12C), elastically scattered beam is no prob-
lem for the barrel detectors but recoiling 12C or deuterons
emitted close to ϑcm = 0◦ are detected around ϑlab = 90◦
and could thus pose a rate and/or dead-time problem as
well as damage the detectors. To reduce the number of
elastically scattered recoils hitting the barrel detectors a
typically 12μm thick MylarTM foil can be mounted 2mm
in front of the barrel detectors. Such a foil stops elastically
scattered carbon and deuterons, preventing them from hit-
ting the strip of the barrel detectors closest to ϑlab = 90◦
which corresponds to a ϑcm ≈ 15◦ to 30◦. This way most
of the carbons and deuterons, which would hit the barrel
detectors, are stopped, and the ϑcm range, in which the
elastically scattered deuterons can be used to determine
the optical potential, is not too severely reduced.

If the beam used is lighter than the heaviest tar-
get constituent, e.g., if a tritium-loaded titanium foil is
used as target for (t,p) experiments, back-scattering of
the beam is possible. Since it is impossible to distinguish
these back-scattered beam particles from the low-energy
protons emitted in backward angles with a silicon ΔE-E
stack, it is necessary to stop the back-scattered beam in
a thin (typically 2μm) MylarTM foil. Two different foils
can be mounted in backward directions. One is placed a
few millimeters in front of the target (with a hole in the
middle to allow the beam to pass through) and protects
primarily the backward barrel detectors. The second foil
is placed directly in front of the backward CD detector in
the same way as the thicker foil used to stop elastically
scattered beam particles from reaching the forward CD
detector.

5.4 Beam diagnostics

Due to the bunching of the quasi-continuous ISOLDE
beam in the REX-TRAP and -EBIS, the instantaneous
rate is a factor 100 to 1000 higher than the average beam
intensity. Typically transfer experiments have used aver-
age beam intensities ranging from 104 s−1 to 106 s−1.

This combination of relatively low average beam inten-
sity with high instantaneous rates makes the beam mon-
itoring challenging. For this reason two additional detec-
tors were integrated into the T-REX setup.

The first one is an “active collimator” consisting of
four 10mm × 10mm PiN-diodes arranged symmetrically
around a hole (�10mm) which give an indication whether
the beam is centered at the very entrance of the T-REX
setup (see figs. 7a and 4a). This active collimator is lo-
cated before a passive tungsten collimator as shown in
fig. 4a. In order to protect the PiN-diodes during initial

6 Bi-axially-oriented polyethylene terephthalate.
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Table 1. Detector specifications. The 500 μm thick RSSDs can be used for Coulomb excitation experiments, whereas the ΔE-E
combination of the 140 μm thick RSSDs with 1000 μm thick pad detectors is used for transfer experiments, making T-REX a
very versatile device.

Detector type Size Segmentation Thickness [μm] Dead layer [nm]

Micron X1 50 mm × 50mm 16 resistive strips 500 200

Micron X1 50 mm × 50mm 16 resistive strips 140 200

Canberra RF 50 mm × 50mm – 1000 50

Micron QQQ2 9 mm to 41 mm, 81.6◦ 16 annular rings, 24 radial strips 140/500 700

Micron QQQ1 9 mm to 50 mm, 82◦ – 500/1500 700

Fig. 7. The active collimator consisting of four 10mm×10 mm
PiN-diodes (a) and the nine-fold segmented 10 μm thick dia-
mond detector (with vacuum deposited titanium contacts, cen-
tral segment is 3mm×3mm) that can be inserted on the target
position (b).

beam tuning, especially for high-intensity (stable) beams,
an aperture can be introduced in the front of the active
collimator, shielding the four PiN-diodes.

The second beam monitor that was integrated into the
T-REX setup is a 10 μm thick nine-fold segmented poly-
crystalline CVD7 diamond detector, as shown in fig. 7b.
The central segment of the detector is 3mm × 3mm and
the diameter is about 10mm. The substrate material for
this detectors is produced as a thin window on a sili-
con ring8, while metalization (aluminum or titanium) and
bonding was performed at the E12 target lab of the Tech-
nische Universität München. This diamond detector is
thin enough not to stop any beam and can be mounted
on the lowest position of the target ladder design so that
the beam profile directly at the target position can be
analyzed.

The individual readout of the signal generated by each
particle impinging on the beam diagnostics detectors (es-
pecially the diamond detector) would require very fast
electronics since the instantaneous beam rate can be very
high (on the order of 108−9 s−1). But as long as it is
not necessary to count each particle individually to see
the position of the beam, the signals of the nine pix-
els of the diamond detector, its unsegmented rear side,
and the four PiN diodes of the active collimator are inte-

7 Chemical Vapour Deposition.
8 By Diamond Materials [16].

grated by a charge sensitive preamplifier without feedback
resistor. The preamplifier integrates the charge over the
length of one on- or off-beam time window and its output
corresponds to the number of particles in the pulse plus
the charge accumulated due to leaking currents. However,
since the charge collecting properties of poly-crystalline
diamond are not very good, it is impossible to get an ab-
solute measurement of the beam intensity from the charge
collected. At the end of the window an external fast reset
signal is supplied via a photo-MOSFET.

The integrated signals of the beam diagnostics detec-
tors are fed directly into an independent ADC which is
gated by the on- and off-beam windows. The peak sensing
of the ADC thus allows to measure the maximum charge
accumulated in an on- and off-beam window, both of equal
time, so that the charge accumulated in the preamplifiers
due to leaking currents can be subtracted from the on-
beam values.

5.5 Electronics

Each stack of ΔE-E barrel detectors is connected with
one 26-fold flat ribbon cable to the feedthrough. It carries
the signals from the 16 strips, the common signal from the
other end of all 16 strips, and the rear side signal of the
ΔE detector, as well as the front and rear side signals from
the unsegmented E detector. On the outside of the cham-
ber such cables also connect the feedthroughs and adapter
PCBs, which are attached to MPR-169 preamplifiers. The
adapter PCBs route the strip signals to the 25-pin SUB-D
connectors of the MPR-16, filter the high voltage that is
applied to the common side of the strips (which is not read
out), and have two LEMO connectors to connect the ΔE
and E signals to the MSI-89 preamplifier/shapers which
also provide a fast “timing filter” output to externally gen-
erate trigger signals. The preamplified signals of the strips
are amplified and shaped by STM-169 modules.

The negative bias is applied to the segmented front
of the ΔE barrel detectors and the rear of the E barrel
detectors.

32 channel VME ADCs MADC-329 are used for the
digitization of the signals. To optimize the dead time of
the system while keeping the number of ADCs needed
low, the ADCs have been arranged in two independent

9 From Mesytec [17].
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so-called trigger groups of three ADCs each, one for the
top and left detectors, and one for the bottom and right
detectors. The trigger groups are gated by OR-ed triggers
from the rear sides of the corresponding forward ΔE-E
detectors, backward ΔE detectors and triggers of the two
CD quadrants of the same group. The MADCs not only
digitize the analog signals but also create timestamps for
each gate, based on an external clock signal. This clock
signal is also used for the timestamps of the XIA DGF
modules reading the MINIBALL HPGe detectors, thus
allowing to determine particle-γ coincidences.

The signals from the CD detectors are sent to MUX-
16/-329 multiplexers. These multiplexers take 16 input
signals and return for up to two of these the amplified and
shaped signal as well as an analog signal coding the respec-
tive channel/strip number. Up to eight MUX-16 modules
can be connected by one bus, so that only four signals are
generated out of 128 input signals. If more than two input
signals within one module are above the set threshold or
if two modules on the same bus have input signals above
threshold within 30 ns, the event is rejected and a corre-
sponding reject signal is generated and fed into a scaler.

Since the rate in the CD detectors is low, it is expected
that only one particle hits the CD within 30 ns, but this
particle might create signals on up to two (neighboring)
rings and strips due to charge sharing. Signals induced
on neighboring channels by cross-talk are typically below
the triggering threshold of the multiplexers and thus do
no pose any problem. As only one module on the bus is
allowed to have up to two hits at the same time, it is
necessary to use different buses for the front (rings) and
the rear (strips) side of the CD detector. The CD quad-
rants are connected corresponding to the trigger scheme of
T-REX, with the front and rear sides of the CD quadrants
on one bus each, for each the top and left, and the bot-
tom and right quadrant, resulting in four buses, totaling
an output of 16 analog signals for 128 channels.

6 Calibration

The energy calibration of the forward RSSD ΔE detectors
is complicated because of the 12 μm MylarTM foils in front
of them. While a normal mixed-nuclide α-source can still
be used for the energy calibration, the energy loss of the
α-particles in the foils has to be taken into account by
comparing the data with either an energy loss calculation
or a Geant4 simulation (see sect. 7).

The calibration of the E detectors has to be done in a
different way, since these are situated behind the ΔE de-
tectors and there is no practical way to calibrate them di-
rectly with an α-source. However, data taken with a 152Eu
or 60Co γ-ray source to perform an efficiency and energy
calibration of the surrounding MINIBALL γ-detector ar-
ray can also be used to calibrate the E detectors. Some of
the recorded events are a γ-ray that is Compton scattered
in one of the E detectors and the Compton scattered γ-ray
is then detected with its full energy in the MINIBALL ar-
ray. These events can be used to calibrate the E detectors
by gating on the anti-correlation between the (calibrated)
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Fig. 8. The γ-ray energy detected with the MINIBALL array
versus the energy in the E detectors for a 152Eu source. One
can clearly see the anti-correlation of the 1408 keV line, indi-
cated with the black line. The spectrum also shows a trigger
threshold of 350 keV for the E detectors.

energy of the MINIBALL array and E detectors as shown
in fig. 8. A linear fit to this spectrum allows a very pre-
cise calibration of the silicon detectors with respect to the
HPGe detectors, especially at low energies. Since this cali-
bration is done with the electrons from the Compton scat-
tering there are some uncertainties for the measurement
of protons, deuterons, and tritons due to the different en-
ergy ranges (400 keV to 1200 keV for the electrons, 0MeV
to 25MeV for protons, deuterons and tritons), different
energy-losses in dead-layers, and the different ionization
densities.

Figure 8 also shows that a trigger threshold of 350 keV
was achieved for the E detectors (energy full scale range
of 15MeV) whereas the threshold for the ΔE barrel detec-
tors is normally around 500 keV (energy full scale range
of 6MeV).

To extend the calibration of the E detectors to higher
energies, especially for the forward detectors where the
energy deposited can be up to 25MeV for tritons, the
(pre-)calibrated ΔE-E spectra themselves can be used to
calibrate the E detectors.

7 Simulation

This section describes the basic features of a Geant4 [18]
Monte-Carlo simulation which is based on a MINIBALL
simulation package [19]. The simulation is used to com-
pare different design options for the T-REX setup, to de-
termine the efficiency of the various cuts necessary in the
analysis of the experimental data, to study the contribu-
tion of different factors to the observed excitation energy
resolution (see table 2), and to support proposals for new
experiments with T-REX.

The simulation includes the full T-REX setup and
MINIBALL as shown in fig. 9.

An event generator was implemented that generates
the ejectiles, recoils, and γ-rays of transfer reactions ac-
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Table 2. Contributions from different features to the excita-
tion energy resolution determined by Geant4 simulations. The
contributions depend on the beam used, the values reported
are for the d(22Ne, p)23Ne/d(30Mg, p)31Mg reaction, both at
2.85 MeV u−1. The 12 μm thick MylarTM foils in front of the
forward barrel detectors contribute only on the order of 1 keV
to the final resolution.

Feature Amount

Excitation energy

resolution (FWHM) [keV]

Forward Backward

Detector res. 100 keV 93 / 76 130 / –

Beam spot size 5 mm 120 / 81 40 / –

Target thickness
1 mg cm−2 597 / 497 489 / –

100 μg cm−2 86 / 29 28 / –

ϑlab res. 2◦ to 6◦ 357 / 315 129 / –

Total res.
1 mg cm−2 680 / 619 399 / –

100 μg cm−2 137 / 111 150 / –

cording to the user defined angular distributions and/or
α-, β-, and γ-sources.

The data output format of the simulation is the same
as the output of the calibration program, so that the out-
put of the simulation can be used as input for the particle
identification, energy loss calculations, and the reconstruc-
tion of the ejectiles to verify the analysis and determine
as mentioned above the efficiency of cuts applied in this
stage.

8 Excitation energy resolution

The total excitation energy resolution is influenced by
multiple contributions: the intrinsic energy resolution of
the detectors, the target thickness, the thickness of the
screening foils, the beam spot size, and the ϑlab resolu-
tion. The effect that each contribution has on the total
excitation energy resolution was determined by compar-
ing the excitation energy resolution of a simulation with all
contributions set to zero with that of a simulation where
only one of the contributions is non-zero (bottom-up ap-
proach). Since the different contributions are not indepen-
dent the square root of the sum of squares of the effects
can be larger than the total excitation energy resolution
of the simulation.

Table 2 shows the results of the simulations for the
d(22Ne, p)23Ne and the d(30Mg, p)31Mg reactions at
2.85MeV u−1. For the d(22Ne, p)23Ne reaction results are
shown both for the forward and backward detectors, while
for the d(30Mg, p)31Mg reaction only results for the for-
ward detectors are shown as the energy of the protons is
too low in backward direction. All simulations assume a
transfer reaction into the ground state of 23Ne and 31Mg,
respectively, with an isotropic angular distribution of the
protons in the cm system. The simulations show that the
12μm thick MylarTM foils in front of the forward barrel
detectors contribute only in the order of a few keV to the
final resolution.

Fig. 9. (Color online) The Geant4 simulation of the T-REX
setup from 2008, showing a single transfer event with positive
particles in blue, γ-rays in green, and electrons (from ioniza-
tion processes in the backward barrel detector) in red. The left
side of the MINIBALL array, vacuum chamber, and particle
detectors is cut away for visualization purposes.

9 Performance

Stable 22Ne beam impinging on a deuterated poly-ethyl-
ene target of 1mg cm−2 has been used before each T-REX
campaign to test the whole experimental setup and the
data analysis, provide additional data for the energy cali-
bration of the silicon detectors, and to improve the deter-
mination of the ϑlab angles of the MINIBALL detectors
using the doppler shift of γ-rays emitted by the 23Ne ejec-
tiles. This data also provides an insight into the perfor-
mance of T-REX.

Figure 10 shows the angular distribution of elastically
scattered deuterons. The data was normalized using the
luminosity obtained by comparison with a DWBA calcu-
lation using optical model parameters that were fitted to
reproduce the observed angular distribution. Also shown
in the same figure is a DWBA calculation using a set
of global optical model parameters taken from [20]. The
global parameter set does not reproduce the observed an-
gular distribution very well, which might be attributed to
the fact that these parameters (like all global parameter
sets) were fitted to transfer data taken at higher beam en-
ergies than the 2.85MeV u−1 used in this experiment (for
details, see [13]).

Figure 11 shows the background subtracted excitation
energy spectrum of the d(22Ne, p)23Ne reaction with cuts
on 1017 keV γ-rays (solid black). The γ-rays are emitted in
the depopulation of the 1/2+ level at 1017 keV as shown
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Fig. 10. (Color online) Angular distribution of elastically scat-
tered deuterons from the d(22Ne, d)22Ne reaction with the
luminosity determined by a DWBA calculation with optical
model parameters fitted to reproduce the data (shown in blue).
Shown in black is a DWBA calculation using a global optical
model parameter set from [20].
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Fig. 11. (Color online) Background subtracted excitation en-
ergy spectrum of the d(22Ne, p)23Ne reaction with cuts on the
1017 keV (black) and the 2204 keV (dashed blue) γ-ray. The
spectra are corrected for the γ-efficiency and the branching,
showing that most of the strength at 3.3 MeV stems from the
3221 keV state. The inset shows the partial level scheme of
23Ne.

in the inset of fig. 11. This level is populated not only
directly by the 22Ne reaction but also fed by a higher-lying
states around 3.3MeV. Figure 11 also shows the observed
excitation energy spectrum when cutting on 2204 keV γ-
rays (dashed blue) showing that most of the strength at
3.3MeV stems from a 3/2− state at 3221 keV.

The observed excitation energy resolution for the levels
at 1017 keV and 3221 keV is 917 keV and 1064 keV, respec-
tively. This excitation energy resolution is larger than that
of the simulation, indicating that the effects of some of the
contributions were underestimated in the simulation.

 0.1

 1

 10

 100

 0  20  40  60  80  100  120  140  160  180

dσ
/d
Ω

 [m
b/

sr
]

ϑcm [o]

coinc. 1017 keV γ-ray
DWBA 2s1/2+

Fig. 12. Angular distribution of protons from the
1017 keV state populated in the d(22Ne, p)23Ne reaction at
2.85 MeV u−1. Shown is the data scaled with the luminosity ob-
tained from the elastically scattered deuterons and the DWBA
calculation based on optical model parameters that were fitted
to the elastic scattering data.

Figure 12 shows the typical angular distribution mea-
sured with T-REX for the d(22Ne, p)23Ne reaction popu-
lating the 1/2+ level at 1017 keV. Cuts have been applied
on both the energy of coincident γ-rays and the recon-
structed excitation energy of the 23Ne nucleus. The data
is shown together with a DWBA calculation for an orbital
momentum transfer Δl = 0, using the optical model pa-
rameters that were fitted to the elastically scattered pro-
tons and deuterons. No corrections for particle-γ correla-
tions have been applied.

10 Summary and outlook

The T-REX setup provides a versatile tool for experiments
using transfer reactions in inverse kinematics to study the
radioactive nuclei provided by the REX-ISOLDE facility.
T-REX can also be used for Coulomb excitation experi-
ments, but that is not discussed in this paper. It has been
installed at the REX-ISOLDE facility and has been used
in several radioactive beam transfer experiments.

The experimental campaign using T-REX will con-
tinue for several years and will benefit from the ongoing
improvements to the setup.

Furthermore the T-REX setup will gain from the up-
coming improvements to the ISOLDE facility in the frame-
work of the HIE-ISOLDE project. The HIE-ISOLDE pro-
ject will replace the existing REX accelerator by a su-
perconducting linear accelerator that will provide beam
energies of up to 5.5MeV u−1 in the first stage and up
to 10MeV u−1 in the second stage [21]. T-REX will ben-
efit in multiple ways from the higher beam energy: it will
greatly increase the range of radioactive beams accessi-
ble for transfer experiments toward higher masses, it will
result in more pronounced angular distributions for all
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masses, and it will also allow the use of other reactions
such as (3He,d) or (3He, α). HIE-ISOLDE will also allow
the possibility of installing a 0◦ mass spectrometer which
would identify the ejectiles and thus provide much cleaner
spectra.
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