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Abstract

The Rare ISotopes INvestigation at GSI project combines the former EUROBALL Ge-Cluster detectors, the

MINIBALL Ge detectors, BaF2-HECTOR detectors, and the fragment separator at GSI for high-resolution in-beam g-
ray spectroscopy measurements with radioactive beams. These secondary beams produced at relativistic energies are

used for Coulomb excitation or secondary fragmentation experiments in order to explore the nuclear structure of the

projectiles or projectile like nuclei by measuring de-excitation photons. The newly designed detector array is described

and the performance characteristics are given. Moreover, particularities of the experimental technique are discussed.

r 2004 Elsevier B.V. All rights reserved.

PACS: 13.40.Hq; 13.40.�f; 25.60.�t; 25.70.Mn; 25.75.�q; 29.30.Kv

Keywords: Radioactive beams; Relativistic heavy-ion beams; Electromagnetic interaction; Fragmentation reaction; Projectile

excitation; g-ray spectroscopy
1. Introduction

The SIS/FRS facility [1] at GSI provides
secondary beams of unstable rare isotopes pro-
duced via fragmentation reactions or fission of
relativistic heavy ions. Many of these unique
radioactive beams have sufficient intensity to
enable in-beam g-ray spectroscopy measurements.
In the first Rare ISotopes INvestigation at GSI
(RISING) experiments such beams are being
exploited at an energy of 100AMeV to perform
relativistic Coulomb excitation of radioactive
projectiles and secondary nuclear reactions such
as nucleon removal and fragmentation. The
RISING set-up is optimised for the investigation
of key subjects of nuclear structure research,
namely:
�
 shell structure of known and predicted doubly
magic nuclei and nuclei in their vicinity far off
stability;
�
 isospin symmetry along the N=Z line and
mixed symmetry states;
�
 deformed shapes and shape coexistence;

�
 collective modes of nuclear excitation and E1
strength distribution.

High resolution g-ray spectroscopy at relativistic
beam energies is an experimental challenge.
Limitations imposed by large Doppler effects and
background caused by atomic processes and
unwanted nuclear interactions have to be
considered. Both the incoming and outgoing
particles of the secondary target have to be
identified in mass and charge and their energy
and direction determined. The design of the
germanium detector array and the heavy-ion
tracking detectors were optimised to achieve
the highest possible efficiency, energy resolution,
and position resolution for heavy ions. In this
paper, the experimental set-up for RISING
experiments at beam energies of � 100AMeV is
described. The performance of the components
and first results of Coulomb excitation and
secondary fragmentation measurements are
presented.
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2. Atomic and nuclear processes at relativistic

energies

2.1. Angular and energy-loss straggling

In relativistic heavy-ion reactions with second-
ary beams, thick targets can be used which
partially compensate for the low beam intensity.
The slowing-down of the fragments in the target
layer contributes to the kinematics and results in
an energy distribution. The distribution is further
enlarged by multiple scattering in the target
introducing angular straggling. Fig. 1 depicts the
angular straggling [2,3] in a gold target for Ni, Sn
and Pb projectiles at 100AMeV as a function of
the target thickness.
While the energy-loss straggling at relativistic

energies is small ðo1%Þ even for relatively thick
targets ð600mg=cm2Þ; the angular straggling shows
a strong dependence on target thickness, which
limits the impact parameter measurement for
peripheral collisions.

2.2. Atomic background radiation

Atomic processes are the main source of back-
ground g radiation in relativistic heavy-ion reac-
tions. The main atomic processes contributing to
0 200 400 600

4

8

12

A
ng

ul
ar

 s
tr

ag
gl

in
g 

(m
ra

d)

Target thickness (mg/cm
2
)

58Ni
119Sn
207Pb

Fig. 1. Angular straggling ðsÞ in a gold target as a function of

the target thickness for Ni (solid line), Sn (long-dashed line) and

Pb projectiles (short-dashed line) at 100AMeV.
this background are [4–6], (i) K and L shell X-rays
from ionised target atoms, (ii) radiative electron
capture (REC) of the target electrons into the
projectile K and/or L shells, (iii) primary brems-
strahlung (PB) from target electrons produced by
the collisions with the projectile, (iv) secondary
bremsstrahlung (SEB) from energetic knock-out
electrons re-scattering in the target and/or the
surrounding material. The atomic cross-sections of
all these processes depend strongly on the atomic
number of the projectile and target. Based on
experimental results, the double-differential
cross-section d2s=dE dO of the four atomic
processes given above can be calculated empiri-
cally [6]. The angle-integrated cross-section ds=dE

is illustrated in Fig. 2 for 132Sn fragments at
different beam energies (left) and on Be, Sn and
Au targets (right).
For small g-ray energies the angle-integrated

cross-section can reach several kb/keV, which is at
least 4 orders of magnitude larger than typical
Coulomb excitation and nuclear reaction cross-
sections. To perform nuclear structure g-ray
spectroscopy (especially Coulomb excitation with
heavy targets) down to 400 keV, the beam energy
has to be limited to 100AMeV. This energy of
100AMeV will be fixed for the following discus-
sion and is a basic quantity for the design of the
Ge-Cluster detector array in RISING.

2.3. Coulomb excitation at 100 A MeV

Coulomb excitation at a relativistic energy of
100AMeV is a powerful spectroscopic method to
study low-lying collective states of exotic nuclei
produced at fast-beam facilities (for review see
Ref. [7] and references therein). It takes advantage
of the large beam velocities and allows the use of
thick secondary targets (in the range of hundreds
of mg/cm2). Contributions to the excitation
process by the nuclear force are excluded by
selecting reactions at an extremely forward scatter-
ing angle, corresponding to a large impact para-
meter.
An important parameter for this measurement is

the grazing angle and the distance of closest
approach D ¼ Rint at the nuclear interaction
radius. For the present discussion we refer to the
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Fig. 2. Angle-integrated cross-section as a function of g-ray energy for the atomic g-ray background from 132Sn on a Au target at

different beam energies (left). The cross-section dependence on different target materials (Be, Sn, Au) for 132Sn fragments at 100AMeV

(right).

Fig. 3. The grazing angle WgrðlabÞ is displayed as a function of

the projectile mass number for scattering on a 197Au target. The

solid line corresponds to projectiles in the valley of stability.
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definition of Rint following Wilcke et al. [8]:

Rint ¼ Cp þ Ct þ 4:49�
Cp þ Ct

6:35
ðfmÞ

C ¼ Rð1� 1=R2Þ

R ¼ 1:28A1=3 � 0:76þ 0:8A�1=3

with the nuclear radius R for a homogeneous
(sharp) mass distribution, the nuclear radius C for
a diffuse Fermi mass distribution and the mass
number, A, for the projectile, p, and target
nucleus, t, respectively. For the beam-target
combination 84Kr+197Au the nuclear interaction
radius is Rint ¼ 14:2 fm:
For small deflections ðsin y ’ tan y ’ yÞ and

including relativistic effects we obtain for the
scattering angle W in the laboratory frame [9]

W ’
2ZpZte

2

m0c2gb
2b

¼
2:88ZpZt½931:5þ T lab


Ap½T
2
lab þ 1863T lab


1

b
ðradÞ

where T lab is the laboratory beam energy in
AMeV, b the impact parameter in fm, m0 the rest
mass of the projectile, g the Lorentz contraction
factor, and b the beam velocity in units of velocity
of light. Since the scattering for T lab ¼ 100AMeV
is confined to rather small angles, the projectile
moves on a straight-line trajectory and the impact
parameter b can be replaced by the distance of
closest approach D. In this way we can calculate
the grazing angle Wgrðb ¼ RintÞ which is the largest
scattering angle in a Coulomb excitation experi-
ment at relativistic energies.
In Fig. 3 the grazing angle Wgr is displayed as a

function of the projectile mass number for
scattering on a 197Au target. For all projectile –
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target combinations an angular range of
about 31 (52mrad) is important for Coulomb
excitation.
Fig. 4. Schematic layout of the RISING set-up at the FRS. The

beam diagnostic elements consist of two multiwire detectors

(MW1 and MW2), an ionisation chamber (MUSIC) and two

scintillation detectors (SCI1 and SCI2). The g rays are

measured with BaF2-HECTOR and Ge-Cluster detectors. The

ions emerging from the reaction target are identified with the

CATE array.
2.4. Fragmentation reactions at the secondary

target

Fragmentation reactions at the secondary target
are powerful tools for producing exotic nuclear
isotopes in excited states see e.g. Refs. [10–12].
Contrary to Coulomb excitation, states with
higher spin transfer are populated. The latter can
be described with the abrasion–ablation model
using the Monte Carlo code ABRABLA [13], or
by a simple analytical formula [14]. The average
angular momentum calculated with both models is
in qualitative agreement with the experimentally
observed value.
Besides being an excellent tool for investigating

radioactive fragments up to medium spin 4 – 10 _;
fragmentation reactions provide a selective trigger,
in particular suppressing the huge background
from atomic processes.
If the fragmentation cross-section for the

isotope of interest is large compared to the
competing cross-sections of other channels, this
channel could be used directly. However, in most
cases the fraction of the isotope in question is too
small to be selectable within all isotopes produced.
Moreover, even if the selectivity was sufficient, the
g-ray rate limitation would demand a rather low
primary beam intensity and, hence, low yield of
the reaction channel of interest. Therefore, an
intermediate fragment is produced and selected by
the FRS, which is directed to the secondary
target to yield, in a secondary fragmentation
step, the isotope of interest. The intermediate
fragment is chosen with respect to its available
intensity on one hand and the subsequent
production cross-section and relative abundance
in the produced isotope cocktail on the other
hand. Another criterion is that the population
of higher spin states requires more massive
fragmentation processes. This optimisation is done
by the above-mentioned EPAX calculations
[15,16].
3. Rare isotope beam production, selection, and

identification

3.1. Primary beam and target

At SIS/FRS secondary beams of radioactive
nuclei are produced by fragmentation of a stable
primary beam or fission of a 238U beam on a 9Be
or 208Pb target (with typical thicknesses of
1–4 g=cm2) placed at the entrance of the fragment
separator (FRS) (see Fig. 4). Typically, the
primary beam energy ranges from 400 to
1000AMeV for good optical transmission and
minimum atomic charge state distribution (i.e. one
charge state dominating). The present maximum
beam intensity from the SIS synchrotron is
� 109=s for medium heavy nuclei (e.g. 129Xe) and
� 2� 108=s for 238U. The intensity of particular
secondary beam species can be calculated from the
luminosity and the production cross-section. For
fragmentation reactions the production cross-
sections and momentum distributions of the
reaction products are rather well known
[15,17,18]. The cross-sections are taken from the
EPAX parametrisation [15,16], while experimental
data are available for nuclear and electromagnetic
fission yields [19–25].

3.2. Secondary beam selection

The FRS [1] is a zero-degree magnetic spectro-
meter and consists of four dipole stages and an
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aluminium degrader at the intermediate focal
plane, which provides high-energy, spatially sepa-
rated isotopically pure exotic beams of all elements
up to uranium. The nuclei of interest are selected
via their magnetic rigidity, Br; and energy loss,
DE; in the degrader, the so-called Br–DE–Br
method [1]. A specific property of the RISING
experiments is the use of rather low beam energies
ð� 100AMeVÞ at the secondary target, which
deteriorates the beam quality and transmission
through the FRS due to large angular and energy
loss straggling in the target and degrader. To
simulate the experimental set-up and estimate the
properties of the secondary beam with respect to
luminosity, separation quality, implantation pro-
files, and transmission, the simulation programmes
MOCADI [26] and LISE++ [27] were used. An
example, calculated with MOCADI code, illus-
trates a radioactive beam quality dependence on
its energy. A 56Cr fragment impinging with
313AMeV on the secondary target has 32%
transmission through the FRS, a relative energy
resolution, DE=E; of 3.4%, and the horizontal
Fig. 5. Comparison of the calculations performed with the

LISE++ code (top) with the experimental data (bottom) for

the 56Cr setting at a count rate of 104=s at SCI1. Plotting the

intensity distribution of the atomic number Z versus A/Q gives

an identification of the different ions.
beam size amounts to 2.1 cm (FWHM). By
slowing down to 136A MeV, the transmission is
reduced to 19%, the relative energy resolution
yields DE=E ¼ 5:0%; and the horizontal beam size
increases to 3.5 cm (FWHM). A comparison
between simulation and measurement is shown in
Fig. 5. The basic ion identification is given by
plotting the atomic number Z versus A/Q (as the
majority of light ions are fully stripped of electrons
at � 100AMeV; the measured Q represents Z of
the ions). However, the ion identification proce-
dure depends on the selected region of the nuclear
chart. To get an optimum identification a more
sophisticated analysis of correlations among the
measured parameters such as TOF, energy loss
and beam position is usually applied.

3.3. Description of beam detectors, their location

and performance

Various types of detectors were used to perform
an A and Z identification of the secondary beam
ions, including position tracking (see Fig. 4).
Two position-sensitive plastic scintillators (SCI1

and SCI2) were placed at the intermediate and
close to the final focal planes providing time of
flight (TOF) and position information. The loca-
tion of the scintillator SCI2 was �1512mm (up-
stream) from the target. The scintillation detectors
with a thickness of 0.5mm and a diameter of
250mm have a typical intrinsic time resolution of
about 100 ps (FWHM) [1]. Two Multi-Wire
proportional chambers (MW1 and MW2) at
�3251 and �2429mm; respectively, provide the
beam position and tracking information. The MW
detectors have an active area of 200� 200mm2

and operate with a mixture of Argon–CO2 gas at
the atmospheric pressure. Therefore thin Capton
windows could be used. The readout of the wires
representing the x and y planes is performed by the
delay-line technique. The position resolution of the
MW detectors is below 1mm [28]. The TOF and
Br were used to determine the mass-to-charge
ratio (A/Q).
The atomic number Z of the secondary beam

nuclei is deduced by measuring their energy loss in
a MUltiple Sampling Ionisation Chamber (MU-
SIC) [29] positioned at �2801mm in front of the
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target. The MUSIC consists of eight anode strips
covering an active area of 200� 80mm2: The
counting gas is CF4 at the atmospheric pressure.
Since the number of electrons generated in the gas
are proportional to the square of the charge of the
penetrating ion, the signal gives a measure of the
atomic number Z of this ion. In addition, the TOF
was used to obtain a velocity correction for the Z

determination.
Since the secondary beam nuclei are slowed

down in the FRS and the subsequent tracking
detectors to about 100AMeV before reaching the
secondary target, the fragment identification is
worse. While e.g. TOF resolution of 270 ps and a
mass resolution of DA ¼ 0:27 (FWHM) could be
reached during the calibration of the FRS with a
stable 86Kr at 419AMeV, these numbers were
increased significantly for the secondary nuclear
beams. In addition, the TOF and the mass
resolution are intensity dependent, such that for
the 56Cr beam a TOF resolution of 2.2 and 3.7 ns
(FWHM) could be achieved at the counting rate of
104 and 106=s; respectively. The corresponding
values of mass resolution are 0.59 and 0.89
(FWHM), respectively. For a unique mass identi-
fication the latter value therefore determines the
count rate limit of SCI1. The identification of the
atomic number Z was performed with the MUSIC
detector. For the primary 86Kr beam a Z resolu-
tion of DZ ¼ 0:27 (FWHM), while for the 56Cr
beam DZ ¼ 0:24 and 0.43 was obtained for the
above-mentioned low and high count rates at
SCI1, respectively.
4. Reaction channel determination with the

CAlorimeter TElescope CATE

Following the reaction on a secondary target at
the final FRS focal plane, the scattered particles
and breakup products need to be identified in
terms of A and Z, and the scattering angle has to
be measured. The standard Br-TOF method for
mass determination was not applicable for RIS-
ING, since the available space in the experimental
area was not sufficient for placing a big magnet.
Moreover, the broad charge state distribution of
the heavy ions behind the secondary target would
impede the mass determination. Therefore, a
position-sensitive DE–E calorimeter was chosen.
The required particle detector should be as
efficient as possible and needs to accept the full
available secondary beam intensity as it covers
zero degree angle. Different beam particle detector
designs have been used in the past and the latest
generation devices are DE–E telescope systems.
Energy loss is measured with thin position-
sensitive Si detectors, whereas the residual-energy
detectors are usually made of CsI(Tl) scintillators
[30].
For the RISING project the CAlorimeter

TElescope (CATE) array was designed [31] and
consists of 3� 3 modular DE–E telescopes cover-
ing the relevant opening angle of 58 mrad (see
Section 2.3) at +1426mm from the target and
mounted in vacuum. Two types of transmission
ðDEÞ Si detectors were produced by the company
EURISYS and CANBERRA (model: IPP 2D
50� 50-300-SPE and PF-50� 50-300EB, respec-
tively). The detectors are position sensitive, which
can be exploited for the impact parameter
measurements in Coulomb excitation. The geome-
trical size and the active area of each 300mm thick
Si detector was 54� 54 and 50� 50mm2; respec-
tively, resulting in a geometrical efficiency of 92%.
The central detector is positioned 3mm behind the
plane of the other eight Si detectors.
The energy deposition in the detector array was

measured with the back contact, while a resistive
layer (sheet resistance 2 kO) on the front side of
each detector module served as a charge divider to
the four corner contacts. The position of an
incident ion was determined comparing relative
heights of the four signals following a simple
geometrical algorithm. Each corner contact is
terminated by a 1 kO resistor to reduce non-
linearities in the position determination as de-
scribed, e.g. in Ref. [32]. The detector signals are
integrated by charge-sensitive preamplifiers (mod-
el: CSTA2 made by the Institute of Nuclear
Physics, Technical University, Darmstadt [33]).
The Si detector prototype energy resolution,
obtained with stopped a particles, was 80 keV
for the 5.48 MeV 241Am line. Additional tests with
heavy ions of about 5AMeV energy revealed a
position resolution of o7mm (FWHM) [34,35].
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The CsI(Tl) detectors provided by the company
SCIONIX (model: V502P25/18-E2-Cs-X SSX848)
were mounted 40mm behind the Si array. Each
detector has a flat front face of 54� 54mm2 size, a
thickness of 10–20mm and a trapezoidal back
shape. The thickness of detectors is sufficient to
stop heavy ions with ZX7 at 100AMeV and with
ZX28 at 400AMeV. This covers all possible
secondary reaction products expected from the
proposed RISING experiments. The detectors
were mounted in an aluminium frame of 4mm
thickness between each two neighbours thus
yielding the same geometrical efficiency of 92%
as for the Si array. The scintillation light of each
crystal is collected by a photo diode of 18�
18mm2 size mounted on the trapezoidal back side
of the crystal. The signal of the PIN diode was
amplified by integrated preamplifiers [36] and
yields the residual energy of the fragments after
passing through the Si detectors.
Several detector tests using relativistic heavy

ions were performed to optimise the final design of
the DE–E telescopes [35]. A 124Sn beam of
450AMeV gave values of DE corresponding to
the resolution of DZ ¼ 0:7 (FWHM) for the Si
detector. For the same detector a 5mm (FWHM)
position resolution was found in the measurement
of the 400 AMeV 238U beam. The CsI(Tl) test
detector revealed an energy resolution of 1.0% for
a 132Xe beam. Considering the energy spread of
the detected beam nuclei and applying a position-
Fig. 6. Two-dimensional DE–Eres spectra from two RISING exper

(right) reaction. The insets show the extracted element distribution.
dependent energy correction, an intrinsic energy
resolution of DE=Eres � 0:5% is deduced. The
latter correction accounts for the position depen-
dence of the scintillation light production and
collection in the detectors.
The CATE array with its nine DE–Eres tele-

scopes was used in the first RISING experiments
at � 100AMeV: Results from a fragmentation
reaction and a Coulomb excitation experiment are
displayed in Fig. 6. The two-dimensional DE–Eres

plots of one telescope for 9Be(55Ni,xn,yp) and
197Au(112Sn,xn,yp) channels demonstrate the ex-
cellent Z resolution. The data were taken under
the condition of a particle–g coincidence. With this
requirement one should note that for 55Ni on 9Be
all reaction channels are almost equally populated,
while for 112Sn on 197Au the inelastic (Coulomb
excitation) channel dominates. The extracted Z

resolution was 0.7 (FWHM) for the reaction with
55Ni and 0.8 (FWHM) for the 112Sn (a product of
124Xe fragmentation) induced reactions. For the
mass identification, which is the subject of a
forthcoming paper [31], the combined DE þ E

information is used to extract from the total
kinetic energy the mass number, thereby assuming
the same velocity for all reaction products with a
given charge.
In the RISING experiments, the accuracy of the

position determination, measured with the Si
detectors, is limited by the angular spread of the
ions after the secondary target. It amounts at least
iments exploring 9Be(55Ni,xn,yp) (left) and 197Au(112Sn,xn,yp)
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to 7mrad (FWHM)(see Fig. 1) corresponding to a
circle of 20mm diameter at the CATE position.
This is large compared to the intrinsic position
resolution. Beam intensities of several thousand
ions per second could be accepted for the DE–E

telescopes without deteriorating the detection
characteristics. After an accumulated dose of
4109 heavy ions on the central Si detector, the
leakage current increased from originally 100 nA
to 2mA: Although the detector resolution did not
deteriorate significantly, the detector was replaced
at that stage.
5. High-resolution g-ray detection with
Ge-detectors

5.1. Doppler effect at relativistic energies

In the following section we will summarise the
relevant formulas [37,38] for the Doppler effect,
which are important for the design of the g-
detection array, since the photons from the excited
projectiles are emitted in flight. Due to the large
beam velocity of bX0:4 at an energy around
100AMeV, the observed g-ray energies, Eg; are
Fig. 7. The ratio of the photon energy Eg measured in the laboratory f

versus the laboratory angle Wg for bombarding energies of 6, 100 and
strongly Doppler shifted relative to the de-excita-
tion g-ray energy, Eg0; for the projectile at rest
according to the following formula:

Eg

Eg0
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b2

q
1� b cos Wg

with

b ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðT lab=ApÞ

2
þ 1863ðT lab=ApÞ

q
931:5þ T lab=Ap

:

Fig. 7 shows the Doppler shift for beam energies
of 100 and 200AMeV compared with an energy
close to the Coulomb barrier, 6AMeV. The
quantity Wg denotes the angle between the g ray
and the projectile fragment in the laboratory
frame. The small scattering angles of the fast
moving projectile fragments (Wp3
), means we can
take the angle Wg as the g-ray detection angle with
respect to the beam axis in order to simplify the
calculation. This approximation will be taken in
the following discussion. At Wg ¼ 0
 the g-ray
energy can reach Eg � 1:6Eg0; while at Wg ¼ 180


Eg � 0:6Eg0 for 100AMeV beam energy.
To find the optimal positions for the g-detectors,

we also have to take the Lorentz boost of the g
rame, to the photon energy Eg0 in the rest frame of the projectile

200AMeV.
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rays into consideration. Since in both laboratory
and rest frame the z-axis is the beam direction, we
obtain the following relations between the g-ray
emission angle and the solid angle:

frest
g ¼ jlab

g

cos yrestg ¼
cos Wg � b
1� b cos Wg

dOrest

dO
¼

Eg

Eg0

� �2

¼
1� b2

ð1� b cos WgÞ
2
:

One should note that the relation between the solid
angles is given by the square of the Doppler shift
(see Fig. 7). This leads to a g-ray intensity
distribution which is peaked at forward angles
and, hence, increases the g-detection efficiency at
small angles.
To correct for the Doppler shift, i.e. to get the g-

transition energy Eg0 from the detected Eg; b and
Wg must be determined precisely. The velocity, b;
can usually be derived with an accuracy of better
than 1% (TOF measurement), but the accuracy of
Wg is worse in most cases because of the opening
angle of standard g-ray detectors. The Doppler
broadening due to the opening angle is given by

DEg0

Eg0
¼

b sin Wg
1� b cos Wg

DWg
Fig. 8. The expected g-ray energy resolution DEg0=Eg0 as a function of

For the Doppler broadening an opening angle of DWg ¼ 3
 (left) and

respectively.
where the opening angle can be estimated by

DWg ¼ 0:622 arctan
d

R þ 30
:

Here d(mm) denotes the diameter of the Ge
crystal, R(mm) the distance to the target, 30 mm
is the assumed interaction depth in a Ge
crystal and the factor 0.622 which was deter-
mined empirically allows the calculation of the
FWHM value. For the case of d ¼ 59mm (for
crystals of a Cluster detector), R ¼ 700mm we
obtain an opening angle of DWg ¼ 2:9
 or 50mrad
and an energy resolution DEg0=Eg0 ¼ 1% (for
b ¼ 0:43) at a detection angle of Wg ¼ 15
: Fig. 8
(left) shows the Doppler broadening for an
opening angle of DWg ¼ 3
 versus the laboratory
angle Wg:
For very short-lived states in the pico-second

range the expected g-ray energy resolution
DEg0=Eg0 depends also on the projectile velocity
b: Since rather thick targets are used, the
projectiles may decay within the target during the
slowing down process. Therefore, the velocity of
the projectile at the time of g-ray emission is not
known precisely. The relevant formula for the
Doppler broadening is given below

DEg0

Eg0
¼

b� cos Wg
ð1� b2Þð1� b cos WgÞ

Db:
the laboratory angle Wg for a bombarding energy of 100AMeV.

a spread in the beam velocity of Db ¼ 6% is assumed (right),
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Fig. 8(right) shows an example of the Doppler
broadening for a spread in the beam velocity of
Db ¼ 6% versus the laboratory angle Wg:
In typical Coulomb excitation experiments, Au

targets with a thickness of 400mg/cm2 are used. If
we consider a fragment beam (100AMeV) and a
mean lifetime for a state of t ¼ 0:5 ps; approxi-
mately 70% of the excited projectiles will decay
within the target. The uncertainty in the beam
velocity is Db ¼ 6% which effects the g-ray energy
resolution especially at forward and backward
angles. Therefore, we have to consider effects on
the g-ray line shape due to energy losses of the
excited nuclei in the target. For the example
mentioned above, the mean lifetime t ¼ 0:5 ps will
not prevent the observation of the g-ray transition,
since � 30% of the g-ray intensity remains in the
sharp component of the g-peak (DEg0=Eg0 ¼ 1%).
5.2. Cluster array for experiments at relativistic

energies

The g-ray detectors used in the RISING
experiment are the Cluster Ge detectors from the
EUROBALL spectrometer [39] and the segmented
Ge detectors from the MINIBALL spectrometer
[40].
Fig. 9. A photograph of the set-up of the first phase of

RISING. The beam comes from the right. BaF2-HECTOR

array, target chamber with one BaF2 and one VEGA monitor

detectors placed perpendicular to the beam axis, and the Ge-

Cluster array are shown on the right, middle, and left,

respectively.
In the first phase of the project the array was
made up of 15 Cluster detectors. The photograph
of the set-up is shown in Fig. 9. Each Cluster
detector comprises seven closely packed tapered
hexagonal Ge crystals [41] housed in a common
cryostat. Each Ge crystal is encapsulated in a
permanently sealed Al can. Due to the possibility
to add back the energies measured in neighbouring
crystals after Compton scattering a high full-
energy efficiency is maintained up to g-ray energies
of several MeV [42]. Therefore, Cluster detectors
are ideally suited for the fast beam RISING
experiments where g-ray energies are strongly
Doppler shifted to higher energies.
For experiments with beam energies around

100AMeV the Ge detectors have to be positioned
at forward angles in order to maximise the
effective solid angle affected by the Lorentz boost,
and to minimise the Doppler broadening effect
(see previous section). For optimum packing the
crystals are arranged in three rings around the
beam pipe, with the axis of the central detectors in
each ring positioned at 151, 331, and 361.
A design goal for the array was to obtain about

1% energy resolution for a g transition, emitted
from a nucleus moving at b ¼ 0:43: This criterion
defines the distance to the target.
Due to the Lorentz boost the main efficiency

contribution comes from the detectors closest to
the beam line in the forward direction. Using the
formula given in Section 5.1, the efficiency and
resolution of the detectors was estimated based on
the known performance of the detectors at 445mm
(regular distance in EUROBALL spectrometer),
using standard g-ray sources (b ¼ 0). At 15
 a
distance of 700mm to the target was obtained. The
mechanical constraint of the 16 cm diameter beam
pipe defined this to be the most forward angle
possible. In addition, due to the complexity of the
downstream CATE detector, the distance of this
first ring from the target could not be changed.
The resolution of the detectors in the 2nd and

3rd rings at a distance of 700mm, at b ¼ 0:43;
would be significantly worse. Therefore, the array
was designed such that these detectors could be
positioned at a variable distance from the target
(700–1400mm). This various detector configura-
tions to be chosen depending on the relative
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Table 1

Detectors and their positions in the RISING g-ray spectrometer

Ring Detector type Number Angle (deg) Distance (mm)

1 Cluster 5 15.9 700

2 Cluster 5 33.0 700–1400

3 Cluster 5 36.0 700–1400

4 MINIBALL 4 51.3 180–500

MINIBALL 1 51.3 227–500

5 MINIBALL 2 86.0 180–500

MINIBALL 1 86.0 232–500

The angles quoted for the Cluster detectors are between the

beam direction and the axis of the central crystal, and for the

MINIBALL detectors between the beam and the central axis of

the triple cryostat.

Table 2

Estimated performance of an array with Ge detectors at the

closest position and at a position optimised for energy

resolution considering the highest background from atomic

radiation

Ring Distance

(mm)

Energy

resolution (%)

Efficiency (%)

1 700 1.00 1.00

2 700 1.82 0.91

3 700 1.93 0.89

Total Cluster 1.56 2.81

4 180 0.70 2.75

227 0.57 0.46

5 180 0.68 1.01

232 0.56 0.32

Total

MINIBALL

0.67 4.55

Total array 1.01 7.35

1 700 1.00 1.00

2 1295 1.01 0.28

3 1372 1.01 0.24

Total Cluster 1.00 1.52

4 400 0.36 0.82

5 400 0.37 0.36

Total

MINIBALL

0.36 1.18

Total array 0.73 2.70

The given efficiencies include the Lorentz boost.
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importance of efficiency to energy resolution to
achieve the physics goals of a particular experi-
ment. A summary of the detectors and their
positions is given in Table 1.
To allow access to the target position, main-

tenance of the spectrometer and the option of
running non-RISING experiments with the detec-
tors still in the experimental area, the array splits
perpendicular to the beam direction, moving 1.4m
on one side and 3.2m on the other side.
In the second phase, the existing three rings of

Cluster detectors are maintained and the MINI-
BALL detectors [40] are added in two rings with
the axis of centre of the triple cryostats at 51:3


and 86:0
: Each ring can consist of up to five
detectors, although only a total of eight detectors
will be available. Again a range of target to
detector distances is permitted. These detectors are
a further development of those used in the Cluster
detectors. Each MINIBALL detector comprises
three encapsulated Ge crystals, the same size as the
Cluster capsules, mounted in one cryostat. Each of
these capsules is electronically segmented six ways
on its outer surface. The signals from each segment
are read out independently and passed to a digital
electronics system. The digital electronics is then
used to determine the energy, time of interaction
and, by complex pulse shape analysis, the position
of interaction in the crystal. Information on the
position of the main interaction in the crystal,
supposed to be the first interaction, is extremely
useful in these fast beam experiments since the
correspondingly improved Doppler correction
allows the detector to be placed significantly closer
to the target. This increases the efficiency while
maintaining good resolution. If a position resolu-
tion determination of 5mm is assumed, a mini-
mum distance smaller than the beam pipe diameter
(130mm) for a detector angle of 90
 is derived for
1% energy resolution at b ¼ 0:43:
However, the minimum distance is determined

by the mechanical constraints of the beam pipe
and target chamber (relaxing the position resolu-
tion requirement). There is an additional con-
straint imposed by the isolated hit probability and
the intense atomic background. As discussed in
Section 2.2 the dominant background from
bremsstrahlung scales with the charge of projectile
and target. For the worst case, corresponding to a
238U beam incident on a 208Pb target, the closest
Ge detectors may be placed 400 mm distance from
the target.
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Table 2 shows the calculated performance of
RISING assuming a 1.3MeV g ray emitted from a
nucleus moving at b ¼ 0:43: In these calculations
the velocity spread in the target and the recoil cone
were ignored. The total energy resolution is a
weighted average of the energy resolution scaled
by the efficiency.
All experiments so far were performed with the

Cluster detectors in their closest position
(700mm). To reduce the contribution from the
atomic background radiation, each Cluster detec-
tor was surrounded on the side by the lead shield
of 2mm thickness, and had in the front side a
combination of Pb, Sn and Al absorbers of 5mm
thickness. The efficiency was determined experi-
mentally with standard g-ray sources. A compar-
ison with corresponding simulation calculations
revealed a very good agreement. Multiplying with
the appropriate Lorentz factor results in 3%
efficiency at 100AMeV for 1.3MeV g ray. The
preliminary energy resolution ranging from 1.2%
to 1.5% is in agreement with the calculated value.
Fig. 10. Simulated HECTOR array efficiency as a function of

g-ray energy in the centre of mass frame.
6. High-energy g-ray detection with the HECTOR
array

In order to have the possibility of measuring low
and high energy g rays with comparable efficiency,
eight large-volume BaF2 scintillators (part of the
HECTOR array) are placed in the RISING set-up.
These detectors have a good time resolution and
high detection efficiency, complementing the Ge-
Cluster detectors. The sub-nanosecond time reso-
lution means that one can use the time information
to identify sources of various background compo-
nents. In addition, these detectors can be used to
measure low-energy transitions when they corre-
spond to well separated lines in the spectra
resulting in an increase of the overall efficiency
of the g-ray detection system.

6.1. HECTOR array for experiments at relativistic

energies

The HECTOR array consists of eight large
scintillating crystals of BaF2, 145mm in diameter
and 175mm in length [43,44]. The crystals are
tapered for half of the length in a hexagonal shape
and have a cylindrical shape for the second half.
Each crystal is coupled to a single fast photo-
multiplier tube (EMI 9823QA, 125mm in dia-
meter) with a quartz window, selected for its
stability in terms of counting rate and connected to
an active voltage divider. Each BaF2 detector
works at an operating voltage set between �1500
and �1800V to maximise the linearity of its
response with respect of the incident energy. For
the same purpose, the energy signal is taken from
the 10th dynode of the photo-multiplier. Due to
the very fast scintillation light of BaF2 material,
each detector has a sub-nanosecond intrinsic time
resolution. The energy resolution is of the order of
10% for the 1173 and 1332 keV lines of 60Co.
The gain fluctuations of each detector are

monitored by a LED system that produces three
light pulses of different intensity corresponding to
three different energies detected in the crystal,
spread over the range of interest of the experiment.
The light pulses can be triggered either internally
or externally by a NIM signal [45]. The internal
radiation arising from radium contaminations in
BaF2 crystals is used to monitor the performance
of the detectors.
In the RISING set-up, the BaF2-HECTOR

detectors are placed at 350 mm from the target
at a backward angle of 142
: It is also possible to
place two detectors at 90
 without interfering with
the Ge-Cluster detectors or with MINIBALL Ge
detectors. This geometry represents a compromise
to get the maximum solid angle, with a minimum
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Fig. 12. Time spectra gated by the energy deposited in the

MUSIC chamber (see inset), one gate corresponds to the low-Z

fragments (open circles) and the other gate to the Z of the

primary Kr beam (solid line).

H.J. Wollersheim et al. / Nuclear Instruments and Methods in Physics Research A 537 (2005) 637–657650
Doppler broadening effect. To reduce the con-
tribution from the atomic background radiation,
each crystal is surrounded on the side by a lead
shield of 6 mm thickness, and has on the front side
selectable Pb-absorbers of 1, 3 or 6mm thickness.
The performance of the BaF2-HECTOR detec-

tors in the RISING set-up and for the measure-
ment of g rays from relativistic beams has been
simulated using the GEANT 3.21 programme [46].
Fig. 10 shows the absolute full-energy peak
efficiency for the BaF2 detectors placed at
350mm at 142
 or 90
 and assuming a source
velocity of b ¼ 0:2 and 0.43.

6.2. Background investigation in the commissioning

phase

In addition to the primary role of measuring
high-energy g rays emitted from the giant dipole
resonance, the eight BaF2 detectors have been
shown to be very useful for the investigation of
sources of disturbing background radiation in the
RISING experiments.
Fig. 11 shows the time spectra measured with

the 142
 BaF2-detector as obtained with a 84Kr
beam at 113AMeV on an Au target and for an
empty target frame. The spectra show a rather
large contribution from background radiation (the
broad distribution peaked at �5 ns). From the
value of the centroid position of the broad
Fig. 11. Time spectra measured with a BaF2 detector with

respect to start signals from the plastic scintillator SCI2, using

the relativistic 84Kr beam and an Au-target (solid line), or an

empty target frame (open circles).
structure it is deduced that this background
radiation is originating from decays occurring at
a distance of 1–4m upstream from the target. The
prompt radiation from the target gives rise to the
narrow peak at t ¼ 0:
Fig. 12 shows two time spectra gated by

different values of the energy deposited in the
MUSIC detector. The spectrum gated on the low-
Z fragments has a shape very similar to that
measured with the target frame only (see Fig. 12)
and therefore it contains predominantly the back-
ground contribution. In contrast, the spectrum
gated by the Z value of the 84Kr beam clearly
shows the prompt peak associated with events
from the target. The background radiation, pre-
ceding the prompt peak from the target, still
remains indicating that it is related to fragmenta-
tion reactions occurring behind the MUSIC
chamber. In addition, different components of
the radiation detected by the BaF2 detector are
seen. Delayed radiation and neutrons emitted from
the target (7–12 ns after the prompt peak) and the
g radiation from reactions induced by the Kr beam
hitting the CATE detector (17 ns after the prompt
radiation), can be identified. Following this
observation, a Pb absorber wall has been built to
reduce the upstream background which cannot be
separated by time conditions in the Ge detectors
due to their limited time resolution.
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7. Data acquisition and control system

As described in previous sections, RISING is a
combination of three independent detector sys-
tems, the EUROBALL Ge-Cluster detectors, the
HECTOR array and the FRS detectors including
the CATE array. Each of these systems has an
individual data acquisition systems (DAQ) produ-
cing independent events. To assemble them in
common events, a time-stamping technique for
event synchronisation, was developed in the
framework of the GSI standard DAQ system,
MBS [47]. Each sub-system is equipped with a
newly developed VME time stamping module,
TITRIS [48]. It produces a single-hit 48-bit time
stamp with the least significant bit being 20 ns. As
the hardware set-up is identical in all branches one
TITRIS module is arbitrarily chosen to be a
master, while all the others are slaves. All of them
are connected in a line via a synchronisation bus,
the length of which can exceed 100m. The master
module sends regularly synchronisation pulses to
all slave modules and in this way keeps all modules
Fig. 13. Block diagram of the RIS
on the same time base. Within this procedure, the
signal cable delay of the calibration pulses is
automatically taken into account by the slave
modules. Tests and in-beam measurements re-
vealed a precision better than 20 ns (RMS) for the
complete timing system. Within the TITRIS
module, the special daisy-chain readout is avail-
able, which is mandatory for the EUROBALL
VXI system. The design of the time stamping
system allows for the integration of up to 16
TITRIS modules in a system. Thanks to this new
approach it is possible to keep most of the original
components of the RISING sub-systems in opera-
tion. They still run independently and are fully
operational DAQ systems with individual trigger
sources and produce their local dead time for the
readout. In addition, it is also possible to feed
identical triggers into all sub-system and to
combine their local dead times, as it was done
for the RISING set-up. Upon receipt of each
accepted trigger, the digitisers are read out and the
event data are sent via a TCP socket to an event
builder. The time-stamping module gets a signal
ING data acquisition system.
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from the Master Trigger Output signal for each
accepted trigger. The time difference of the time
stamps from the same trigger amounts to about
3ms and is caused by various signal delay times of
the VXI trigger card and the Master Trigger
Output of the VME trigger module. This constant
time offset must be taken into account for the time
matching of events from different sub-systems. A
schematic diagram of the RISING DAQ system is
presented in Fig. 13.
The Cluster detector signals are processed and

digitised by the VXI Ge-Cluster cards providing 4
and 20MeV energy ranges and g-ray time with
respect to the VXI trigger. The cards are read out
by the VXI Readout Engine (VRE) and then sent
via the DT32 bus (10MHz, 32-bit differential
ECL) to a VME processor [49]. Up to this stage
the procedure is identical to previous EURO-
BALL experiments [50]. The VXI modules and
DAQ are controlled by the MIDAS software
package [51]. On the VME processor a new
programme developed for RISING sends event
data in large data blocks via TCP sockets to an
MBS event-builder PC. This event-builder
receives the data, converts it into the MBS data
format and provides it for further processing like
data logging, online monitoring and most impor-
tantly as a data source for the RISING master
event-builder described below. The DAQ system
for FRS/CATE and HECTOR are structurally
identical MBS systems. A VME crate contains a
RIO3 readout processor, the GSI trigger module,
the TITRIS time stamping module and digitisers,
QDC, ADC, TDC, scaler and pattern unit. The
energy and time signals from the BaF2 detectors
were collected for the HECTOR DAQ. For the
fast component, a dedicated signal shaping and
stretching module was developed to adopt the
timing signal to the Ge branch. In order to set up
and calibrate the BaF2 array, a special data
acquisition system, based on K-Max 7.2 [52] was
employed.
The collecting and sorting of the data from

all sub-systems is made by the RISING master
event-builder running with an independent MBS
system. For this purpose a new MBS programme
has been developed. It has to fulfil three main
tasks:
(1)
 Connect (and disconnect) rapidly to the sub-
systems data output stream via TCP sockets.
This allows for easy partitioning of the DAQ
system, i.e. during set up phases.
(2)
 Sort all events from the connected systems
according to their time stamps in ascending
order into a single data output stream.
(3)
 Format all events into output buffers for data
logging and online monitoring purposes.
It is the task of the data analysis, not the DAQ
system, to select from the time-sorted event stream
those which have to be combined into a real
‘‘physics’’ events. This allows the flexibility of
using different criteria to compose events from
identical data sets.
The basic trigger signal is derived from the SCI2

(see Section 3) providing a fast NIM signal, useful
in defining local triggers and establishing the time
reference. Two kinds of physics triggers are
implemented with the help of the SCI2 signal:
(1)
 SCI2 and at least one g ray in any Cluster
detector in coincidence form a physics trigger,
which is fed simultaneously to the Cluster
detector—and the FRS/CATE DAQ system.
(2)
 SCI2 in coincidence with at least a single g ray
in the HECTOR array. This trigger initiates
the readout of FRS/CATE and HECTOR.
In addition, a g-ray singles trigger for calibra-
tion and control purposes is foreseen. A second
type of a trigger is associated with generation of
control LED pulses used to monitor the stability
of the detector gains.
The on-line analysis of the combined RISING

data was performed using the GO4 package
developed at GSI [53]. An object-oriented pro-
gramme picked up a portion of the data output
stream from the MBS master event builder.
Subsequently, it produced raw histograms and
allowed for merging time sorted sub-events into
complete physical events. Various conditions on
the histograms could be set and combined in an
unrestricted way using a graphical user interface
[54], which also facilitated visualisation of the
histograms. Among other plots, two-dimensional
synchronisation matrices of control signals origi-
nating from different MBS branches were dis-
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Table 3

Summary of experimental details of the first RISING measurements including the nucleus of interest, primary and secondary beams,

secondary targets, excitation methods and g-ray transitions of interest

Nucleus of interest 84Kr 56Cr 53Ni 108Sn

Primary beam (AMeV) 84Kr 86Kr 58Ni 124Xe

(SIS energy) 165 419 600 700

Secondary beam (AMeV) — 56Cr 55Ni 108Sn

(energy at target) 113 136 171 142

Secondary target 197Au 197Au 9Be 197Au

Thickness (g/cm2) 0.4 1.0 0.7 0.4

Experimental method Coul. ex. Coul. ex. Two-step. frag. Coul. ex.

g ray of interest (keV) 882 1006 Unknown 1206

Ipi ! Ipf 2þ ! 0þ 2þ ! 0þ 2þ ! 0þ

H.J. Wollersheim et al. / Nuclear Instruments and Methods in Physics Research A 537 (2005) 637–657 653
played. Calibrated and Doppler-corrected g-ray
spectra, gated by the tracking detectors, were
available on-line.
8. First experiments and data analysis

Four experiments have been performed with the
RISING set-up so far. Table 3 summarises
experimental details of the measurements includ-
ing the nucleus of interest, primary and secondary
beams, secondary target, experimental method and
the g-ray transition of interest. In all cases g rays
depopulating excited states were measured by
the Ge-Cluster and BaF2-HECTOR arrays.
Preliminary results of the still on-going data
analysis will be presented to illustrate the perfor-
mance of the set-up.
In the first experiment, a primary beam of 84Kr

was impinging on a 197Au target mounted in the
final focal plane of the FRS in order to investigate
the feasibility of Coulomb excitation measure-
ments under the best beam conditions by measur-
ing the 2þ ! 0þ g transition in 84Kr and to study
the particle–g angular correlation at relativistic
energies. Two relativistic Coulomb excitation
experiments with secondary beams were per-
formed to measure B(E2) values of transi-
tions, depopulating the first 2þ state in radioactive
neutron-rich 56Cr and neutron-deficient 108Sn. In
the case of 108Sn, a thinner 197Au target and
higher energy of the secondary beam than in the
case of 56Cr were chosen because of the
expected short lifetime (� 0:4 ps) of the first 2þ

state of 108Sn. Thus, the fraction of g rays from
decays in the target, causing large Doppler-shift
uncertainties, as discussed in Section 5.1, is
reduced.
A two-step fragmentation method was applied

to identify the first excited states in 53Ni. The goal
of the measurement was to study the mirror
symmetry between 53Ni and 53Mn. A secondary
beam of 55Ni was produced by fragmentation of a
58Ni primary beam on a Be target, and was
impinging on a secondary beryllium target
mounted at the final focal plane of the FRS. The
reaction fragments were detected by CATE using
the DE–E correlation.
Data analysis was performed by software based

on GO4 [53] and ROOT [55], developed for off-
line analysis. The examples shown below are the
first results of the RISING experiments on 84Kr,
56Cr and 53Ni.
The selected particles, reaching the secondary

target were identified in terms of A=Q and Z by
TOF and MUSIC, respectively, as described in
Section 3. Out-going particles after the target were
identified and selected by CATE using DE–E

correlations. Since the mass analysis of CATE is
still in progress, only different elements can be
selected at present. g rays within a time range of
�25 ns were selected with a further requirement of
multiplicity Mg ¼ 1 for EgX500 keV (in the
laboratory frame). In- and out-going particles
were tracked by the two Multi-Wire chambers
before the target and by CATE behind the target.
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Fig. 15. Doppler-corrected g-ray spectrum of 56Cr Coulomb

excitation at 136AMeV on a 1:0 g=cm2 gold target.
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The vertex on the target, the scattering angle
between an in- and an out-going particle and the
angle between an out-going particle and a g ray
were calculated event-by-event. A range of scatter-
ing angles was selected in order to enhance the
Coulomb excitation events. The calculated angle
between an out-going particle and a g ray was used
for Doppler correction. A velocity factor, bt;
behind the target, which is used for Doppler
correction, was calculated event-by-event by using
the TOF measurement with the two plastic
scintillators together with the calculated energy
loss in the target.
Since in the 84Kr experiment the primary beam

directly impinged on a gold target, selection of the
in-coming projectile was not necessary and a fixed
b ¼ 0:396 was used for the Doppler correction.
Out-going particles with Z ¼ 36 were selected by
CATE. A conservatively chosen range of scatter-
ing angles between 0:7
 and 1:5
 was demanded.
Fig. 14(b) shows a Doppler-corrected g-ray
spectrum under the above conditions. The
Fig. 14. Gamma-ray spectra for 113AMeV 84Kr projectile

Coulomb excitation on a 0:4 g=cm2 thick Au target, (a) without

and (b) with Doppler correction. The 2þ ! 0þ transition at

882 keV is marked.
882 keV (2þ ! 0þ) transition of 84Kr is clearly
visible. No background subtraction was applied.
The FWHM and the significance of the peak are
1.5% and 8s; respectively. For comparison, the
same spectrum without Doppler correction is
displayed in Fig. 14(a). Here, the g-ray intensity
corresponding to the (2þ ! 0þ) transition is
distributed between 1100 and 1400 keV leaving
no indication of a peak.
For the analysis of the 56Cr data similar method

was applied. Out-going particles with Z ¼ 24 and
a scattering angle between 0:5
 and 3:5
 were
selected by CATE to enhance Coulomb excitation
events. The velocity, bt; was determined event-by-
event with the TOF measurements and corrected
for energy loss in the target. In Fig. 15, the
Doppler-corrected g-ray spectrum under the above
conditions is shown. The 2þ1 ! 0þ transition at
1006 keV is clearly observed.
For the 53Ni data only very preliminary results

of the analysis performed during the experiment
are currently available. As no information on
tracking and TOF was used for the event
reconstruction, the angle of Ge-detectors with
respect to the target centre was used for the
Doppler-correction with a fixed bt ¼ 0:45: The
selection of scattering angles was not done. In Fig.
16, Doppler-corrected g-ray spectra are shown for
different element selection by CATE, (a) Co, (b)
Fe, and (c) Cr. For these spectra only 10% of the
data were analysed. In Fig. 16(a), the known g-
transitions (2þ ! 1þ) at 509 keV and (1þ ! 0þ)
at 937 keV in 54Co are indicated. In Fig. 16(b), the
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(2þ ! 0þ) 849 keV transition of 52Fe is shown,
and in Fig. 16(c) the (2þ ! 0þ) and (4þ ! 2þ)
transitions of 50Cr at 783 and 1098 keV, respec-
tively, are present, demonstrating that fragmenta-
tion reactions populate states with spins beyond
2_: Additional peak structures in all three spectra
are due to the decay of higher lying states of the
selected isotopes and transitions in other isotopes
since no mass selection was applied. The g-ray
energies in Fig.16 are slightly shifted as compared
to the literature values and the peaks are broader
than expected. This results from the absence of
tracking and b measurement in the on-line
analysis. The event-by-event analysis which is
now in progress will significantly improve the final
result.
9. Summary and conclusion

The RISING set-up allows for high-resolution
g-ray spectroscopy experiments employing
beams of short-lived isotopes at 100AMeV energy
from the SIS/FRS facility at GSI. It comprises
heavy-ion tracking detectors for incoming
beam nuclei impinging on a secondary target, the
CATE detector for outgoing heavy ions and the
EUROBALL Ge-Cluster detector and BaF2-
HECTOR detector arrays for g-ray detection. A
new data acquisition system with independent sub-
systems linked by time stamps was employed for
the first time at GSI to connect three data
branches.
The set of particle detectors is capable of

uniquely determining the mass and charge of each
beam nucleus with the necessary precision. In
addition, they allow the measurement of the
velocity and direction of the fast-moving nucleus,
information necessary to perform the Doppler
correction of the measured g-ray energy. The first
phase of the Cluster array has a full-energy
efficiency of 3% with 1.2–1.5% energy resolution
at 100AMeV. The novel position-sensitive DE–E

calorimeter, CATE, enables an accurate scattering
angle determination, limited only by target angu-
lar straggling. The charge identification is unique
and a mass identification with a resolution of
DA=AX0:5% is expected, depending on further
ongoing complex analysis steps. The excellent time
resolution of the HECTOR array has been used to
identify background sources, which were reduced
during commissioning.
The first Coulomb excitation and secondary

fragmentation experiments with RISING demon-
strated that the set-up fulfils all requirements and
provides a new powerful instrument for high-
resolution in-beam g spectroscopy at relativistic
energies.
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[15] K. Sümmerer, B. Blank, Phys. Rev. C 61 (2000) 034607

and references therein.
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