Vol. 42 (2011) ACTA PHYSICA POLONICA B No 34

RELATIVISTIC COULOMB EXCITATION:
FROM RISING TO PreSPEC*

HANS-JURGEN WOLLERSHEIM

GSI Helmholtzzentrum fiir Schwerionenforschung
Planckstrasse 1, 64291 Darmstadt, Germany

(Received February 15, 2011)

The new PreSPEC project will be presented with an advanced parti-
cle (LYCCA) and ~-ray (AGATA) detection system as compared to the
RISING set-up. This contribution focuses on planned Coulomb excita-
tion experiments at relativistic energies. Characteristic parameters are pre-
sented, followed by the experimental conditions for experiments at
100 AMeV and feasibility studies for future measurements.
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1. Introduction

In 2003 the Rare ISotopes INvestigation at GSI project [1]| started which
combines the former EUROBALL Ge-Cluster detectors, the MINIBALL Ge
detectors, BaFo-HECTOR detectors, and the FRagment Separator (FRS)
at GSI for high-resolution in-beam v-ray spectroscopy measurements with
radioactive beams. These secondary beams produced at relativistic energies
were 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. In those experiments the FRS
provided selection, identification and tracking of the incoming particle on the
secondary target. Gold targets of 400 mg/cm? thickness were bombarded at
the final focus for Coulomb excitation experiments. The reaction products
were selected using the calorimeter telescope array CATE [2]| consisting of
an array of 3 x 3 Si-CsI(Tl) AE — FE telescopes. The energy loss in the Si
detectors provided unambiguous Z identification after the secondary target.

* Presented at the Zakopane Conference on Nuclear Physics “Extremes of the Nuclear
Landscape”, August 30—-September 5, 2010, Zakopane, Poland.

(705)



706 H.-J. WOLLERSHEIM

The total energy measurement of the fragments was, however, insufficient
to completely distinguish masses. Position sensitivity of the Si detectors
enabled scattering angle determination.

The v-rays emitted by the reaction products were measured in the
Coulomb excitation experiments with 15 Cluster Ge detectors, containing
7 crystals, positioned in three rings at extreme forward angles of 16°, 33°
and 36°. The full energy efficiency of this arrangement amounts to 2.9% for
1.3 MeV ~-rays emitted at v/c = 0.5. For some experiments up to 8 six-fold
segmented MINIBALL triple Ge detectors were arranged in two rings with
central angles of 45° and 85° relative to the beam line at forward angles. The
position sensitivity of the MINIBALL detectors allowed them to be placed
at a close target distance of 250 mm, while the Cluster detectors sat at larger
distances of 700 mm in order to obtain an energy resolution of ~ 1.2%.

Relativistic Coulomb excitation was used in several experiments in order
to extract absolute B(E2) values of the first excited state in unstable nuclei.
In the isotopes %9Cr and ®2Cr the results confirm the sub-shell closure at
N = 32 [3]. In the '98Sn isotope the obtained B(E?2) value shows an unex-
pected enhancement as compared to neutron-rich tin isotopes [4]. Besides
the observation of the first excited 27 state, relativistic Coulomb excitation
of 136Nd at RISING allowed to populate also the second excited 27 state
and to deduce three B(E2) values of this triaxial nucleus [5]. The obtained
~-ray spectrum clearly demonstrates the high quality which can be achieved
by optimal background reduction and Doppler correction in the analysis.
In a Coulomb excitation experiment at 600 A MeV evidence was found for
the presence of a pygmy resonance in the neutron-rich %Ni nucleus which is
energetically located below the GDR [6].

2. PreSPEC

To fully exploit the exotic beams, lasting problems in detection efficiency
have to be solved. They result from limited radioactive beam intensity,
discrimination of reaction products due to rather thick secondary target, and
high ~v-ray and particle background. The finite thickness of the secondary
target seriously limited the envisaged mass resolution of CATE. A time-
of-flight measurement must be added into the system being a compromise
between flight path, i.e., solid angle coverage, and the time resolution of the
detectors used (At ~ 100 ps). LYCCA (Lund-York—Cologne CAlorimeter)
deals with ions up to A ~ 200 at energies up to 100 A MeV. In its final version
it is a core device for the HISPEC-DESPEC [7] program, which is part of
the NUSTAR [8] Collaboration within FAIR [9]. The main objective of
LYCCA is tracking as well as mass and charge determination of the outgoing
particle from the secondary target. In the PreSPEC campaign all specific
components for particle identification (LYCCA-0) and high-resolution y-ray
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spectroscopy (AGATA [10] demonstrator array) will be incorporated in order
to prepare the HISPEC-DESPEC program. In 2010 PreSPEC will start with
the implementation of LYCCA-0 which will comprise four central LYCCA
modules with polycrystalline CVD diamond detectors and eight surrounding
LYCCA-CATE (CsI) modules. LYCCA-0 is located about 3.1 m behind the
secondary target and covers angles of Af ~ £3.0° which are the relevant
ones in relativistic Coulomb excitation measurements at 100 A MeV.

For the second stage of the PreSPEC fast beam campaign, between 2011
2013, the AGATA demonstrator array will be the main ~-ray detector to
perform in-beam ~-ray spectroscopy experiments at the FRS. The v-ray
tracking system involves measuring the position and energy of every ~-ray
interaction in a detector so that path and sequential energy-loss of a sin-
gle y-ray can be deduced using the Compton-scattering formula. Since the
first interaction in the ~-ray detector is important for the Doppler correc-
tion, AGATA will represent a dramatic advantage in y-ray detection. The
AGATA demonstrator array is an arrangement of ten triple clusters and five
double clusters which has a standard target-detector distance of 23.5 cm
for spherical symmetry. Since v-ray tracking is performed, one obtains the
best performance of the array by a shift from the geometrical center. The
calculations show that the photopeak efficiency of the 17 array is 18% for
v/c = 0.5, with an energy resolution of 0.3%. This represents an increase of
a factor of 6 in efficiency compared with RISING in singles and even higher
for coincidence spectroscopy.

This contribution focuses on planned Coulomb excitation experiments
with the PreSPEC project at the SIS/FRS fragmentation facility. Some
characteristic parameters are presented, followed by the conditions for rela-
tivistic Coulomb excitation and feasibility studies for future experiments.

3. Characteristic parameters of Coulomb excitation

Although quantum-mechanical calculations are performed for heavy-ion
scattering, the understanding of reactions between heavy ions is greatly fa-
cilitated by applying semi-classical concepts to these processes. An approx-
imate condition for classical behavior is given by the Sommerfeld parameter

a . 212262 1.44 x Z1Z2(A1 + AQ)
n=- with a= =
A m00262 931.5 X A1A2 X 62

[fm] (1)

which must be large compared to unity: 7 >>1. Here a is half the distance of
closest approach in a head-on collision (neglecting the nuclear field) and A
is the reduced wavelength at infinite ion separation. In Eq. (1) Z;, A; and
Zs, Ag denote charge and mass numbers of projectile and target nucleus,
respectively. The beam velocity 3 = voo/c is given in units of the velocity of
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light ¢ and my is the reduced mass of target and projectile. The Sommerfeld
parameter 1 at a bombarding energy of 100 A MeV is illustrated in Fig. 1 as
a function of the target charge number Zs for various projectiles.

=)
=3

Sommerfeld Parameter 1

Fig.1. Sommerfeld parameter n at a bombarding energy of 100 A MeV as a function
of the target charge number Z, for various projectiles. The boundary to quantum-
mechanical corrections is determined at lower beam energies and indicated by the
dashed line.

The condition 1 >1 ensures that one may form a wavepacket contain-
ing several waves and still having a size which is small compared to the
dimensions of the classical trajectory. Such a wavepacket will move along a
hyperbolic orbit exactly like a classical particle. For not too light projectile
fragments scattered on a gold target n is still >1, and the semi-classical
description is appropriate.

In the semi-classical approach the projectile travels on well-defined orbits
and the distance of closest approach D(6.y,) or the impact parameter b(0cy, )
can be calculated from the measured scattering angle 6.,

x [1 +sin~! <962m>} : (2)

« ctg <92m> . (3)

QI 2



Relativistic Coulomb Excitation: From RISING to PreSPEC 709

v = (1 — $%)71/2 is the relativistic Lorentz factor which is typically
not much larger than one. From both expressions it is easy to calculate
the following relation between the impact parameter b and the distance of
closest approach D

b:\/m_wﬁp. ()
v

For large bombarding energies the impact parameter b becomes identi-
cal with the distance of closest approach D. Figure 2 illustrates the ratio
b/ Rint for a distance of closest approach D given by the nuclear interaction
radius Rjy as a function of the laboratory energy FEj.,/A;. For the sys-
tem 2%%Pb4-'%4Dy Coulomb excitation at bombarding energies greater than
100 AMeV characterized by straight-line trajectories with impact parame-
ters b larger than the sum of the radii of the colliding ions. For the present
case the nuclear interaction radius is Rjy, = 15.5 fm.
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Fig.2. Ratio of the impact parameter b and the nuclear interaction radius Rjn
versus the bombarding energy Ej,/A; for the system 2°8Pb+164Dy.

Another basic parameter in Coulomb excitation is the ratio of the colli-
sion time Teo) (Oem) = P sin™(fem/2) to the nuclear excitation time Ty =
I/ AFEexc, the so-called adiabaticity parameter &

g(ecm) = X > (5)
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where A Fey is the excitation energy. For £ <1 the process is sudden, and
the excitation is possible; for £ >1 the system follows adiabatically the
time varying field and the excitation probability tends to zero. The value
& = 1 is the limit for the observation of Coulomb excitation and can be
used for calculating the maximum energy transfer for a one step process.
Figure 3 shows the maximum energy transfer for the system 2®Pb+164Dy
as a function of the bombarding energy. In sub-barrier collisions the possible
excitation energies are limited below 1-2 MeV. A possible way to overcome
this limitation, and to excite high-lying states, is to use higher projectile
energies.
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Fig. 3. Maximum energy transfer for single step excitation for Coulomb excitation
of the system 2°8Pb+1%4Dy as a function of the bombarding energy. The Coulomb
barrier in the laboratory frame is indicated by the dashed line.

In the sudden approximation, one can treat the excitation of a rotational
band and calculate the maximum angular momentum transfer by

2
SR (Oem) (6)

Almax = Shvsoa?

with

J20(fem) = sin® (9;“> + tan? <9C2m> X [1 — % X tan <9;m>} , (7)

where Qg is the intrinsic quadrupole moment. For the system 2°8Pb+164Dy
with Q9 = 7.5 b the maximum angular momentum transfer is plotted in
figure 4 as a function of the bombarding energy. One finds the largest
angular momentum transfer for energies close to the Coulomb barrier.
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Fig.4. Maximum angular momentum transfer for Coulomb excitation of the sys-
tem 208Pb+4-164Dy as a function of the bombarding energy. The Coulomb barrier
in the laboratory frame is indicated by the dashed line.

In conclusion, single step excitation dominates for bombarding energies
around and above 100 A MeV and states with energy up to 10-20 MeV can
be readily excited.

4. Conditions for Coulomb excitation

The basic assumption of a Coulomb excitation is that the charge distri-
butions of projectile and target nucleus do not overlap at any time during
the collision. At beam energies above the Coulomb barrier, the distance of
closest approach, at which the nuclei still interact only electromagnetically,
exceeds the sum of the nuclear radii by several fm. Figure 5 shows the mea-
sured inelastic cross-section divided by a theoretically calculated one wversus
the distance of closest approach for 69Gd+296:298Ph [11] at energies close
to the Coulomb barrier and for 28Pb+136Xe [12] at 700 AMeV (Fig. 6).
From both figures it is obvious, that at decreasing radial separation between
the two ions, a drastic onset of the nuclear interaction with respect to the
pure electromagnetic scattering occurs which is reflected in a drastic reduc-
tion of the inelastic cross-section. Moreover, since the data for the system
160G Ad+296:208Ph obtained for various bombarding energies as well as from
two different projectiles seem to follow a common trend, it appears that the
nuclear absorption basically depends on the distance of closest approach.
From both experimental data-sets measured at low and high bombarding
energies one can determine a ‘safe’ distance, at which a 1% deviation from
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Fig.5. Probability for populating the 8* level divided by a calculated probability
versus the distance of closest approach D for the '69Gd+206:298pP] systems at 8
different bombarding energies. The full line shows the results of a coupled channel
calculation. The arrow marks the distance, D = Ry, for grazing collisions.
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Fig.6. Differential cross-section for the excitation of the one-phonon giant dipole
resonance in 36Xe divided by a calculated cross-section wersus the distance of
closest approach D (Eq. 8) for the 28Pb+136Xe system at 700 A MeV.

Coulomb excitation was observed. One needs a minimum distance between
the two nuclear surfaces of at least 5 fm in order to assure pure electromag-
netic interaction. The depicted curves represent an optical model calculation
with the real and imaginary potential depths, the radius and the diffuseness
parameters varied to fit the combined data.
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For Coulomb trajectories in high-energy collisions, the extremely small
scattering angles v, of the ion in the laboratory frame are related to D as

27, Z€? y 1 2.88x Z1Z X [931.5 + Ejap] y 1
mic2f2y T D Ay x [E2, + 1863 x Bl D

Dab = [rad] ) (8)

where Ej,1, is the laboratory beam energy in A MeV and mq is the rest
mass of the projectile. This approximation is valid for beam energies at
~ 100 AMeV as shown in the appendix. In this way we can calculate the
grazing angle Vg (D = Riy) for Ejp = 100 AMeV which is the largest
scattering angle in a Coulomb excitation experiment at relativistic energies.
For all projectiles scattered on a '®7Au target an angular range of about 3°

(52 mrad) has to be covered by LYCCA-0.

5. Feasibility studies for future PreSPEC experiments

The experimental technique of relativistic Coulomb excitation was devel-
oped to take advantage of these higher beam energies and to obtain nuclear
structure information even with low secondary-beam intensities but with
very thick secondary targets. Typical RISING experiments were performed
with projectile fragments of 103 ions/s on a gold target of 0.4 g/cm? (~ 102!
nuclei/cm?). In the case of the 2% excitation in **Cr the lowest inelastic
cross-section of 90 mb was measured which yield an excitation probability
of 1074

For the PreSPEC fast beam campaign with the higher photopeak effi-
ciency of the AGATA demonstrator array, Coulomb excitation experiments
on isomeric beams can also be performed. In fragmentation reactions angu-
lar momentum is transferred to the nuclei of interest (isomer-to-ground state
ratio: 10-20%), which allows, after the separation in the fragment separator
FRS, the investigation of higher-lying states beyond the yrast trap.

The following results were obtained with the program DWEIKO (Dis-
torted Wave EIKOnal Approximation) 13| which calculates the elastic and
inelastic scattering in nuclear collisions at intermediate and high energies.
A coupled-channels method is used for Coulomb and nuclear excitations of
FE1,E2, E3, M1, and M2 multipolarities, respectively. Eikonal wave func-
tions are used for the scattering, since both required conditions are valid at
Epp > 50 AMeV: (a) forward scattering, i.e. ¥ <1 radian, and (b) small
energy transfer from the bombarding energy to the internal degrees of free-
dom of the projectile or target. For a given secondary beam and target, the
probability of exciting a particular state I™ at a given energy A Fey in the
projectile depends strongly on the incident beam energy. Figure 7 illustrates
this dependence of the Coulomb excitation cross-section on the beam energy
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for a 136Xe beam incident onto a secondary lead target. It shows the exci-
tation of the first excited 27 and 3~ states and the giant resonance states
in Pb using the following reduced transition probabilities: B(E1) =8 W.u.,
B(E2) =9 W.u. and B(E3) = 34 W.u.. As one can see, beam energies
below 100 A MeV are best suited for studying low-lying states, while energies
above 300 A MeV are ideal for studying giant resonances. It is also apparent,
that the quadrupole excitation to the 27 state at 4.086 MeV dominates over
the octupole excitation to the 3= state at 2.614 MeV, which has a larger
collective strength. For the excitation of the collective octupole state one

obtains a cross-section of 29 mb which can be investigated with the new
PreSPEC set-up.
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Fig.7. Coulomb excitation cross-sections for the first excited 2 and 3~ states
and the giant dipole resonance (GDR) for a *6Xe beam incident on a lead target

versus the beam energy. The calculation assumes a minimum impact parameter of
16 fm.

The cross-sections for magnetic excitation are very much smaller than for
electric excitations at beam energies well below the Coulomb barrier; thus,
even in cases where the v-ray decay takes place by a mixed M1+ E2 transi-
tion, the excitation will almost always be of rather pure E2 type. Magnetic
dipole excitations are reduced by a factor of (v/c)? with respect to electric
ones, apart from difference in nuclear matrix elements. Coulomb excita-
tion experiments at relativistic energies are promising reactions to measure
large M1 transitions as shown in figure 8 for the system 2°®Pb+%Br with
a strength of B(M1;1/27 — 3/27) ~ 0.58u%. Such a PreSPEC experi-
ment can be performed with a 8°Br beam of 10° ions/s, which requires new
developments for the fragment identification before the secondary target.

The past decade has seen a rapid growth in the interest in properties of
nuclei far from stability. Relativistic Coulomb excitation has been a very
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Fig.8. Coulomb excitation cross-sections for M1 and E2 transitions for a 8Br
beam incident on a lead target versus the beam energy. The calculation assumes a
B(M1;1/27 — 3/27) ~ 0.58u3%, B(E2;5/27 — 3/27) = 1.8 W.u. and a minimum
impact parameter of 14.2 fm.

successful tool to extract precious information on electromagnetic properties
of nuclear transitions with relevance to nuclear structure as well as nuclear
astrophysics. The new PreSPEC set-up with LYCCA-0 and the AGATA
demonstrator array will improve the sensitivity of these measurements by
more than an order of magnitude.

Appendix

The scattering angle in the center of mass 6.y, is related to the one in
the laboratory ¥, by

sin(fem)

tan(t,y) = ,
iab) = e eos(om) + p % 9(pr )]

9)

where, p = A1 /A
Elab [A MeV ]
= =2t

10
- (10)

where my is the nucleon mass, and

L+px(1+e) o — L+e +p
L+e+p o (1+p)2 +2per

g(p7€1) = (11)

Yem 18 the relativistic Lorentz factor of the motion of the center of mass
system with respect to the laboratory. For the system 2®Pb+!36Xe with
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a nuclear interaction radius of D = Ry, = 15.1 fm (Oem given by Eq. (2)
the scattering angle in the laboratory is calculated for a beam energy of
100 A MeV and 700 A MeV and compared in the table below with the results
of the approximation (Eq. (8)).

TABLE I

208ph4136Xe; D = Ripe = 15.1 fm | Yap(exact, Eq. (9))  dyap(approx., Eq. (8))

Epap = 100 AMeV 1.862° 1.866°
Elap, = 700 AMeV 0.272° 0.323°
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