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Abstract. This work demonstrates the feasibility of in-beam γ-spectroscopy employing radioactive ion
beam species at relativistic energies of E = 210 ∼ 280 A·MeV. Neutron-rich nuclei below 48Ca with
neutron number between the two magic numbers 20 and 28 have been investigated. Using a Pb target, single
step inelastic excitation originating mainly from Coulomb interaction takes place populating preferentially
low-lying low-spin states and enabling the extraction of B(E2) values. On a C target, nucleon removal
reactions are dominating and medium-spin states are populated thus offering spectroscopic information in
neighboring nuclei. Cross sections of inelastic excitation are determined and compared to coupled-channels
calculations. Two new states of the very neutron-rich nucleus 44Ar at 1.78(8) MeV and 2.61(16) MeV are
deduced from γ-transitions.

PACS. 25.60.+v reactions induced by unstable nuclei – 25.75.+r relativistic heavy ion collisions – 23.20.Lv
gamma transitions and level energies – 27.40.+z 39 < A < 58 – 29.30.Kv X- and γ-ray spectroscopy

1 Motivation

In-beam γ-spectroscopy with relativistic (E>200 A·MeV)
radioactive ion beams (RIB) is a rather untouched field
[1,2] which offers new opportunities to study the nuclear
structure of exotic nuclei: Coulomb excitation and few
nucleon removal reactions provide rich spectroscopic in-
formation; thick secondary targets can be used resulting
in large yields counteracting low beam intensities. On the
other hand, one has to cope with large Doppler effects
and huge atomic background. The aim of this work is
to demonstrate the feasibility of this new experimental
method by studying the nuclear structure of neutron-rich
nuclei below 48Ca. The reason to choose this region with
neutron numbers around the two magic numbers 20 and
28 is the observed unexpectedly large deformation of 32Mg
[3], which has triggered new shell model calculations in
this mass region with detailed predictions concerning the
stability of the magic neutron shell closures against defor-
mation.
a e-mail: j.gerl@gsi.de

2 Experiment

The experiment was performed at GSI, Darmstadt. Af-
ter the fragmentation reaction of 50Ti on a 4 g/cm2 9Be
production target at 330 A·MeV, about 50 nuclear species
(in which more than 30 were β-unstable neutron-rich iso-
topes) with charge numbers of 4 ∼ 20, mass-to-charge
ratios of 2.1 ∼ 2.5 and energies of 210 ∼ 280 A·MeV
(β ≡ v/c = 0.58 ∼ 0.64) were selected simultaneously
by the FRagment Separator FRS. This secondary RIB
was transferred to the target area and had an intensity
of around 104 particles per second (pps) for the full beam
which corresponds to an average of about 200 pps for each
nuclear species.

The experimental set-up at the target area is shown in
Fig. 1. Secondary peripheral reactions of the RIB with a
0.94 g/cm2 Pb and a 0.54 g/cm2 C target were employed
to populate excited states. The γ-rays emitted from reac-
tion products were measured by a 4π γ-spectrometer, the
Darmstadt-Heidelberg Crystal Ball (CB) consisting of 153
individual NaI crystals with an intrinsic energy resolution
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Fig. 1. Schematic set-up for the 50Ti experiment at the target area with distances given in cm

of 7% and a full energy efficiency of 56% at 1408 keV
[4,5].

Two plastic scintillators were used to veto the beam
halo: HALO, which is a 10×10 cm2 square with a φ = 8 cm
circular hole and ROLU, which is composed of four plastic
bars forming a rectangular hole which can be adjusted
from 0×0 to 4×4 cm2 by moving the bars along a frame
[6]. During most of the beam time, ROLU was set to 3×3
cm2 opening area which gave the limit of the usable beam
size at the target position.

In order to identify nuclear species in the RIB on an
event by event basis and to distinguish different reaction
channels, charge and mass number Zi and Ai were mea-
sured, with i=1 and 2 corresponding to before and behind
the target, respectively.

Z1 and Z2 were determined by two ∆E counters (PIN1
and PIN2) which consisted of 0.17 mm thick silicon PIN
diodes of 5×5 cm2 size and close to 100% efficiency.

As the particles were fully ionized, the mass number Ai

can be derived from Zi, velocity βi and magnetic rigidity
(Bρ)i with the relation Bρ = p

Ze ∝ A
Z

β√
1−β2

. As the en-

ergy loss in the thick Pb- and C-target was mainly due to
atomic processes, with an iterative calculation [5], β1 and
β2 were derived from the time of flight between two plastic
scintillators: POS with a diameter of 10 cm and a time res-
olution of ∼100 ps and the TOF-wall with 208×200 cm2

size and 200∼300 ps time resolution. With its 20 scintil-
lator paddles arranged parallel to each other along the
vertical direction, the TOF-wall can also give position in-
formation with a resolution of 10 cm (horizontal) and 2∼3
cm (vertical). With (Bρ)1 = 5.588 Tm and ∆(Bρ)1 ≈ 1%
being the relevant values for the FRS, A1 of each nuclear
species in the RIB was calculated by β1.

A2 identification is more complicated because mo-
mentum changes and momentum spread increases after
the secondary reaction. In order to measure (Bρ)2 event
by event, the dipole magnet ALADIN [7] and two one-
dimensional position sensitive detectors GFI1 and GFI2
were employed. Each of them has an active area of 50×50

cm2 and is composed of ∼500 scintillating fibers [8]. One
end of each fiber is coupled to a position-sensitive pho-
tomultiplier. The position resolution is determined by the
fiber width of 1 mm with an efficiency of 80 ∼ 100%. From
the horizontal positions supplied by GFI1 and GFI2, to-
gether with the tracking detectors before ALADIN, (Bρ)2

and then A2 can be calculated [9].
For the determination of A2 (as mentioned above) and

scattering angle θ, the trajectories of the beam-like parti-
cles in front of and behind the target were measured by
three two-dimensional position sensitive detectors ZST1,
ZST2 and ZST3 which are two-stage multi-wire propor-
tional chambers [10]. ZST1 and ZST2 have a size of 9×9
cm2 while ZST3 has a size of 20×20 cm2. The spatial
resolution of ZST1 in both coordinates was 1.5 mm with
90% efficiency for Z≥ 8. ZST2 had a reduced efficiency of
∼50% for a spatial resolution of 1.5 mm. For ZST3, the
resolution was 3 mm and the efficiency depended strongly
on the charge number Z (e.g. 10% for Z = 8 and 75%
for Z = 18). Because of this, for light particles, instead of
ZST3, position information was derived from GFI1, GFI2
and the TOF-wall.

The neutron detector LAND [11] was employed to
measure neutrons emitted in nucleon removal reactions
and giant resonance decay [12].

Associated with the high beam energy, several exper-
imental particularities must be taken into account. One
is the large Doppler effect (Fig. 2). Gamma-rays emitted
from projectiles which move with a velocity of β ≈ 0.6 are
strongly Doppler shifted. Compared with the γ-energy Eγ
in the rest system which is associated to the projectile, the
γ-energy Elabγ measured in the lab system is almost dou-
bled for γ-rays emitted in forward direction (θγ = 0o) and
only one half for those in backward direction (θγ = 180o)
(Fig. 2a). Here θγ stands for the angle between γ-rays and
the projectile. Because of the very small scattering angle
of the reaction products, θγ is taken as the angle between
γ-rays and the beam direction in order to simplify calcula-
tions. The uncertainty of θγ is given by the opening angle
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Fig. 2. (a) Doppler shift, (b) Doppler broadening for an open-
ing angle of 18o for one γ-detector element (the intrinsic en-
ergy resolution of the CB is marked by the dashed line), (c)
isotropic (dashed line) and 2+ → 0+ (solid line) angular distri-
bution of γ-rays in the rest system and (d) in the lab system
(after Lorentz transformation). The integrated distribution is
normalized to unity. The angular distribution of γ-rays in the
lab system is peaked at forward angles where Doppler broad-
ening is rather severe

of a γ-detector. For an opening angle of ∆θγ = 18o (given
by the size of the individual CB-crystals), the correspond-
ing spread of Eγ can be up to 20% at θγ ≈ 55o (Fig. 2b).
To estimate the effect of the solid angle transformation on
the measured intensity distribution, two extreme angular
distributions of γ-rays in the rest system are considered
in Fig. 2c. The dashed line represents a simple isotropic
distribution, while the solid line displays a γ-ray angu-
lar distribution of a 2+ → 0+ transition after Coulomb
excitation populating the magnetic sub-state m = 0 Af-
ter Lorentz transformation, both distributions in the lab
system are rather similar in the angular range accessible
experimentally. Therefore the angular distribution in the
rest system needs not to be accounted for when cross sec-
tions are determined from γ-intensities. From Fig. 2b and
Fig. 2d, an average Doppler broadening of 15% is esti-
mated as compared to the intrinsic energy resolution of
the CB of 7%.

Another particularity is the very large atomic back-
ground due to radiative electron capture as well as primary
and secondary Bremsstrahlung, which depends strongly
on the beam energy and the nuclear charges of projectile
and target [14,15]. The calculated energy distribution of
the atomic background for a relativistic RIB on a Pb and
C target is shown in Fig. 3 [16]. The cross section for Pb
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Fig. 3. The calculated energy distribution of the atomic back-
ground from 43Ar ions of 222 A·MeV impinging on a Pb (solid
line) and C target (dashed line). The 500 keV detection thresh-
old used in the experiment is marked

is two orders of magnitude larger than for C because of
its higher nuclear charge. In both cases, the cross sections
are huge at low energies but decrease steeply as the energy
increases and then drop at around 540 keV corresponding
to the maximum electron knock-on energy available for
secondary Bremsstrahlung (Emax = 2 β2

1−β2mec
2). The in-

tegrated cross section of the atomic background is at least
three orders of magnitude larger than typical Coulomb ex-
citation cross sections. To suppress part of the low ener-
getic atomic background, a 2 mm thick lead absorber was
placed between target and the CB. Moreover, a threshold
around 500 keV was chosen for the CB trigger. In addition,
by requiring a minimal scattering angle θ or a neutron,
events due to only atomic processes are suppressed.

Different nuclear reaction channels open at different
impact parameter b, respectively scattering angle θ ∝ 1

b
[12]. At θ ≈ 0o, there is only elastic scattering. As θ is
increased to 1 ∼ 2o, Coulomb and nuclear excitation co-
exist. Increasing θ further so that the two colliding nu-
clei get into touch, few nucleon removal and fragmenta-
tion reactions take place with mass and charge change
which can be identified by the A2, Z2 measurement. As
an example, the cross sections for the excitation to the 2+

1
state of 28Mg using a Pb or C target were calculated by
the coupled-channels calculation code CCNUC [17]. The
known B(E2)↑= 338.4 e2fm4 value [18] was used to cal-
culate the Coulomb excitation. For the nuclear excitation,
the optical potential was obtained in t−ρρ-approximation
[19] at the present beam energy, using a nucleon-nucleon
cross section of σNN = 29.5 mb and a real-to-imaginary
ratio of the forward (θ = 0o) nucleon-nucleon scattering
amplitude of αNN = 0.6. The nuclear deformation pa-
rameter βN2 was assumed to be equal to the charge de-
formation parameter βC2 , which was calculated from the
known B(E2)↑ value. The results are shown in Fig. 4 and
Table 1. For the C target, the contribution from Coulomb
excitation is negligibly small. For the Pb target, with an
integration range of 0 < θ < θmax (see Fig. 4 for the def-
inition of θmax) the total cross section is dominated by
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Table 1. The cross sections (in mb) integrated from Fig. 4.
Here σC is the cross section for pure Coulomb excitation, σN
nuclear excitation and σC+N the coherent sum

reaction, 28Mg+Pb 28Mg+Pb 28Mg+C
range of θ (0,θmax) (0,+∞) (0,+∞)

σC+N 49.5 65.3 8.5
σC 51.3 56.6 1.1
σN 1.6 16.4 8.5

Coulomb excitation whereas for 0 < θ < ∞ the nuclear
excitation amounts to about 25%. Therefore, if a scatter-
ing angle θ < θmax is required, nuclear contribution can be
avoided and the cross section measured can be used to de-
rive B(E2) values. However, at these high beam energies,
the deflection angles are generally quite small and there-
fore the separation of Coulomb and nuclear excitation may
be limited by the angular resolution of the position detec-
tors. As the resolution in the present experiment was not
sufficient, the contribution from nuclear excitation had to
be estimated from the calculations of CCNUC which was
checked to be reliable by a comparison with the cross sec-
tion measured with the C target (see Table 2).

3 Beam “cocktail” and reaction products

The charge and mass distribution of the RIB delivered by
the FRS in the selected A1/Z1 region is shown in Fig. 5.
The spectrum on the top-left displays the Z1 distribution
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showing a resolution of δZ1 ≈ 0.5. The two spectra on
the bottom-right are the A1 distributions of Mg and Ar
(Z1 =12 and 18) showing a resolution of δA1 ≈ 0.3 and
0.5 respectively. The efficiency to determine (Z1, A1) was
∼80%.

Using relativistic RIB, atomic processes, Coulomb ex-
citation, nuclear excitation and nuclear reactions may oc-
cur. The probabilities for the former two processes are
proportional to ∼ Z2

t and are thus much stronger for a Pb
target (Zt = 82, At = 208) than for a C target (Zt = 6,
At = 12), while nuclear processes, being proportional to
∼ (A1/3

1 + A
1/3
t )2, take place in both targets with more

comparable probabilities (Zt and At denote the nuclear
charge and mass of the target).

Figure 6 shows the Z2 distribution for incoming Mg
isotopes (Z1 =12). For Z2 = 5 ∼ 11 corresponding to
proton removal reactions, the relative intensities are sim-
ilar for both targets, whereas the intensity for Z2 = 12 is
nearly twice as high with the Pb- than with the C-target
because of the much stronger Coulomb excitation with the
Pb target.

To demonstrate the much larger probability of
Coulomb excitation by Pb, the A2 distributions of the
Mg-isotopes after reactions of 28Mg with a Pb and a C
target are plotted in Fig. 7. The strong A2 = 28 peak
observed with the Pb-target is due to both Coulomb exci-
tation and inelastic nuclear scattering(top). For a C target
the Coulomb excitation is very small, therefore the relative
intensity observed at A2 = 28 is smaller (bottom). As the
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nuclear processes in Pb and C cause a similar A2 distribu-
tion, the Coulomb excitation contribution to the A2 =28
peak observed with the Pb target can be estimated by sub-
tracting a properly scaled A2 distribution obtained with a
C target. The ratio of the Coulomb excitation and nuclear
processes strength in Pb is roughly derived as 2 : 1, which
is consistent with the coupled-channels calculations given
in Table 1.

The fragmentation products of the RIB with a C target
are shown in Fig. 8, taking incoming 28Mg and 43Ar as
examples. As a reference the two top spectra show the A2

distribution of the beam obtained with the beam trigger
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Fragment distributions after the reaction of 28Mg (left) and
43Ar (right) of 238 and 222 A·MeV with the C target. The
A2 resolution of the beam in the top spectra is used to fit the
fragment distributions. There is no condition on the CB

gating only on atomic events. The resolution of A2 for
heavy nuclei like Ar was 0.8 mass units with an efficiency
of 30%; for lighter nuclei like Mg, A2 could be derived
with a resolution of 0.8 mass units and an efficiency of
55%. The extracted experimental cross sections of these
fragments are in good agreement with calculations using
the empirical code EPAX [20,21].

By comparing Fig. 7 (bottom) and Fig. 8 (left-2nd.-
top) one may notice that a condition of Eγ > 1000 keV
has no influence on the relative intensities of the 25−27Mg
fragments after the reaction of 28Mg with the C target.
This indicates that the fragmentation products are excited
to states with energies higher than 1 MeV.

4 Gamma-spectroscopy

By gating on (Z1, A1) and (Z2, A2), individual in-beam
γ-spectroscopy of more than 30 nuclear species in the RIB
could be performed. The weakest channels like 42Ar where
discrete γ-lines were identified had an intensity of only
∼80 particles per second in the RIB [5]. As examples, γ-
spectra from inelastic excitation of Mg-isotopes (Z1 =12,
A1 =27, 28) with the Pb and C target, from the one neu-
tron removal reaction of 43Ar with the Pb target, as well
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as from the one proton and one neutron removal reaction
of 46K with the C target will be discussed.

4.1 Inelastic excitation

Gamma-spectra from inelastic excitation of 27,28Mg with
the conditions (1) γ-multiplicity Mγ =1, (2) no signal from
the neutron detector LAND, (3) Z2 = Z1 and (4) A2 = A1,
are shown in Fig. 9, corrected event by event by the CB
efficiency. No selection of the scattering angle θ was made,
i.e. 0 ≤ θ ≥ 30mrad. Gamma-lines corresponding to the
first excited states of 27Mg (5/2+

1 at 1698 keV and 5/2+
2 at

1940 keV) and 28Mg (2+
1 at 1473 keV) can be seen. The

overall γ-resolution obtained is 20%. The two γ-lines of
27Mg cannot be resolved. The atomic background is severe
in the γ-spectra from the excitation with the Pb target
while negligibly small with the C target. From the peak
intensities in these spectra, the experimental cross sections
can be derived. The uncertainties of the cross sections are
mainly due to statistics.

Comparing the experimental cross sections with
coupled-channels calculations (Table 2) employing the
CCNUC code [17] and known B(E2) values, good agree-
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Table 2. Cross sections σccI and σexpI for excitation of state
|I〉 obtained by coupled-channels calculations [17] and derived
from experimental data

reaction state |I〉 σccI (mb) σexpI (mb)

27Mg+Pb 5/2+
1 (1698) of 27Mg 22.1 43.4± 9.1

27Mg+C 5/2+
1 (1698) of 27Mg 2.2 5.4± 1.5

28Mg+Pb 2+
1 (1473) of 28Mg 65.3 51.5±11.3

28Mg+C 2+
1 (1473) of 28Mg 8.5 8.1± 1.9

ment for 28Mg (2+) can be seen. The reason for the dis-
crepancy in the odd nucleus 27Mg is not well understood.

4.2 Nucleon removal reactions

In addition to inelastic excitation where single step pro-
cesses are dominant and low-lying low-spin states are
populated, nucleon removal reactions result in higher-
spin states so that richer spectroscopic information can
be obtained. Compared to inelastic excitation, the γ-
multiplicity Mγ distribution of nucleon removal reactions
is shifted to higher values as the reaction becomes more
violent.

Gating on Z1 = 18, A1 = 43 and Z2 = 18, A2 = 42,
the γ-spectra of the known nucleus 42Ar after the one neu-
tron removal reaction 43Ar+Pb→42Ar∗+1n are displayed
in Fig.10. By requiring Mγ =1-4, a peak around 1200 keV
which is related to γ-transitions in 42Ar shows up (Fig.10:
top). Because of the limited A2 resolution and the much
higher intensity of A2=43, the cut on A2=42 is contam-
inated by a A2=43 component. If a neutron detected by
LAND is required in addition to A2=42, this component is
suppressed and the spectrum quality is improved (Fig.10:
bottom).

A key to obtain the most neutron-rich nuclides with
still reasonable statistics was found by investigating pro-
ton removal reaction channels. For example, to study the
very neutron-rich nucleus 44Ar, the one proton and one
neutron removal reaction from 46K turned out to be supe-
rior to the one neutron removal reaction from 45Ar because
of their quite different intensities in the RIB (Fig.5). In ad-
dition, after proton removal reactions, the A2 contamina-
tion from A2=A1 is not so severe (Fig.8) and it is therefore
unnecessary to require neutron coincidence which would
decrease the statistics further.

With the conditions Z1 = 19, A1 = 46 and Z2 = 18,
A2 = 44, the one proton and one neutron removal reaction
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46K+C→44Ar∗+1n+1p is investigated (Fig.11). From the
sum energy Esum vs. Mγ spectrum (a), one can see strong
distributions at Mγ = 1, Esum = 1.1 MeV and 1.8 MeV
which indicate the first two excited states of 44Ar and a
structure at Mγ = 2, Esum = 2.6 MeV which could be
associated with a higher lying state.

The level scheme can be further confirmed by a γ-
γ-matrix and single γ-spectra. In the γ-γ-matrix with
Mγ =2 (c: top), a strong distribution at ∼ 1.1 MeV vs.
1.5 MeV can be seen. By setting an energy window around
1.5 MeV to one γ and projecting the other, a peak at 1.11
MeV shows up clearly (c: bottom), indicating a γ-cascade
2.61 MeV → 1.11 MeV → 0 in 44Ar. In the single γ-
spectra associated with different Mγ (d), with Mγ = 1,
only transitions from the first two excited states to the
ground state can be seen; with Mγ = 2, the transition
from 2.61 to 1.11 MeV appears together with the transi-
tion from 1.11 MeV to the ground state.

As displayed in (b), the deduced level scheme of 44Ar
agrees well with the theoretical calculation in the frame-
work of the shell model [22,23]. The calculation implies
that the N = 28 closure persists even if a large neutron
excess exists. The first excited state which was previously
observed at MSU [24] could be confirmed, the other two
states are new. The agreement with theory suggests a ten-

tative assignment of the 1.78 MeV state to be the second
2+ state and the 2.61 MeV state to be the first 4+ state
in 44Ar.

5 Summary and outlook

The feasibility of a new experimental method − in-beam
γ-spectroscopy with relativistic radioactive ion beams −
has been demonstrated by studying the nuclear structure
of the neutron-rich nuclei below 48Ca with neutron num-
ber between the two magic numbers 20 and 28. Despite
large Doppler broadening and huge atomic background,
discrete γ-transitions could be observed in more than 30
nuclear species simultaneously, down to a beam intensity
of only ∼80 particles per second.

Coulomb excitation experiments performed with
intermediate-energetic RIB (below 50 A·MeV) at RIKEN
[3] and MSU [1,24–26] gain from the much lower atomic
background and larger scattering angle, enabling a bet-
ter separation of Coulomb excitation from nuclear inelas-
tic contributions. However, employing secondary fragmen-
tation reactions to study higher excited states of exotic
nuclei is superior at relativistic energies because of the
thicker usable target and larger cross sections. Moreover,
only at relativistic energies heavy ions are predominantly
fully stripped, which is necessary for a proper selection of
the reaction channels.

Since the experiment was performed, the available pri-
mary beam intensity at GSI has been improved by one to
two orders of magnitude. Moreover, the advent of seg-
mented Ge-detectors provides a γ-energy resolution of
about 2% due to improved Doppler correction capabilities.
Therefore the described method offers new opportunities
to study exotic nuclei far from stability in the future.

This work was partly supported by BMBF and GSI.
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