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A search of the pygmy resonance irf®Ni was made using the virtual
photon technique. The experiment was carried out using the adioactive
beam %8Ni at 600 AMeV impinging on a Au target. The %8Ni beam, pro-
duced at GSI with fragmentation of 8Kr at 900 AMeV on a °Be target,
was separated by the Fragment Separator and the gamma-raysrpduced
at the interaction with the Au target were detected with the R ISING set-
up including also the HECTOR array. The measured gamma-ray pectra
show a peak centered at approximately 11 MeV, whose intengjt can be
explained in term of an enhanced strength of the dipole respuse function
(pygmy resonance). A pygmy structure of this type was also pedicted by
di erent models for this unstable neutron rich nucleus.

PACS numbers: 24.30.Cz, 24.10.Pa, 24.60.Dr, 27.60.4j

1. Introduction

Giant resonances are basic building blocks of nuclear striure. Because
they dominate the nuclear response at low excitation energs, investigations
of their main features such as centroid and widths have beeracried out for
many years in experimental nuclear physics. In the case of thsimplest
mode, the giant dipole resonance (GDR) a reasonable knowlgd of its sys-
tematic features has been achieved. However, it is not geraly known its
ne structure which carries unique information on the undedine nature of the
mode and on the decay mechanisms. A very interesting long staing ques-
tion is the nature of the so-called electric pygmy dipole resnance close to the
neutron threshold in medium-to-heavy nuclei. It is predicted to result from
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a neutron excess density vibration relative to theN  Z core. This mecha-
nism interpreted the sizable low-lying E1 strength in very Ight neutron-rich
nuclei. A good understanding of the properties of soft E1 moels (or pygmy)
is important particularly in connection with exotic neutro n rich nuclei. In
fact, this allows to test predictions showing that the structural features of the
GDR changes for extreme neutron-to-proton ratios. Furthemore, the pres-
ence of a resonance of E1 character close to particle threstidnas important
astrophysical implications because it considerably modies the thermal equi-
librium of ( ;n ) and (n; ) reactions in explosive nucleosyntesis scenarios [1].
A powerful tool to study the low lying E1 strength of unstable neutron rich
nuclei is the scattering of high-energy radioactive beamaiinverse kinemat-
ics. At beam energies of several hundred MeV/nucleon, the m@dly varying
electromagnetic eld of a high Z target experienced by the fast moving pro-
jectile, generates dipole transitions with relatively large cross sections up to
excitation energies of the order of 20 MeV and thus opens thegssibility of
studying the dipole response of exotic nuclei. So far, expienental informa-
tion on the E1 response in unstable nuclei is rather limited ad the existing
results are based on neutron breakup measurements [2 4]. Afomplementary
approach is the virtual-photon-scattering method so far ermployed to study
200 up to excitation energy of 7 MeV [5]. Here a report is given ofhe rst
measurement made foP8Ni that uses the virtual-photon-scattering at much
higher energy than that of 2°0 in order to excite with the Coulomb eld the
region well above the nucleon binding energy. An important pint is also
that at this bombarding energy the excitation of vibrations of electric dipole
character is dominating over other excitation modes [6]. Tle unstable nu-
cleus®8Ni represents a good case to search for pygmy structures bejrthis
nucleus located in the middle of the long isotopic Ni chain haing at the
extremes the doubly magic®®Ni and "8Ni. Furthermore, it is experimentally
accessible with the present radioactive beam facilities.nl addition, di erent
theoretical predictions on the pygmy dipole strength are awilable for this
mass region [7 9].

2. The experiment

The experimental method consists in the scattering of a highenergy
radioactive beam on a highZ target and in detecting gamma-rays in coinci-
dence with the scattered particles at angles smaller than tat corresponding
to the grazing collision. A schematic drawing of the experimantal set up is
shown in Fig. 1.

The radioactive 88Ni beam was produced by fragmentation of a primary
86Kr beam delivered by the SIS synchrotron at GSI at 900 MeViu and fo-
cused on a Be target. The®®Ni ions were selected and transported with
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Fig.1. A schematic view of the experimental set-up used forlie experiment. The
di erent gamma detectors are indicated with HECTOR (the BaF , scintillator de-
tectors) MB (the HPGe detectors of the miniball array) and Ge-clusters (the HPGe
of Euroball). The particle detectors before the target (gascounters and scintila-
tors) are used to identify the incident particle while the CATE calorimeter is used
to identify the reaction products.

the Fragment Separator FRS. The settings of the FRS were ches to ac-
cept secondary fragments with a magnetic rigidity correspoding to a certain
mass-over-charge ratio and that provided a beam cocktail etaining in large
fraction ®8Niions. The di erent nuclei contained in the secondary beamwere
identi ed uniquely according to their nuclear charge and mas number on
an event-by-event basis. The®Ni ions constitute the most intense com-
ponent (33% of the beam cocktail) impinging on the Au target @ g/cm?
thick). The particle identi cation after the Au target was p erformed using
the calorimeter (CATE) [10] placed at 0 . This calorimeter consisted of
nine thin position sensitive Si detectors placed in front offour 6 cm thick
Csl scintillator detectors, arranged symmetrically with respect to the beam
direction. The opening angle of the calorimeter CATE was 2:0 , which
is much larger than the grazing angle of this reaction. The gazing angle,
corresponding to the maximum angle at which the interactionis strongly
dominated by the Coulomb interaction is in this case equal t00:43 . At
larger angles the contribution of hadronic interaction beomes more impor-
tant and therefore also other multipoles can be excited. Theotal energy
and energy loss correlation of events in the CATE calorimetecorresponding
to %8Ni ions were measured with a FWHM which was found to be approx-
imately 1%. Therefore the present resolution is su cient to discriminate
between di erent masses of the outgoing nuclei. The -ray emission at the
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target location was measured using a speci ¢ con guration dthe RISING
set-up [11]. Gamma rays were detected at di erent angles, al6 , 33 and
36 with the 15 HPGe clusters of the RISING array, at 51 and 88 with
7 HPGe segmented clusters of the Miniball array and aB8 and 142 with
8 BaF, of the HECTOR array [12].

The good timing properties of the BaF, detectors were exploited to dis-
criminate against gamma events originating at di erent locations along the
beam line, using the time of ight measurement. This is illugrated in Figs. 2
and 3. The energy spectra of Bak detectors are therefore characterized by
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Fig. 2. A schematic drawing of a section of the experimental st up illustrating the
di erent sources of gamma rays that are seen by the gamma dettors. With 1
are indicated the events at the target, with 2 the events at the CATE calorimeter,
with 3 the events at the start scintillator detector.
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Fig.3. Comparison of the time spectrum measured with the Bak scintillator

detectors with that measured with HpGe detectors. The di erent components of

the time spectrum of BaF; are indicated with di erent numbers (the same used

in Fig. 2). With 1 are indicated the events at the target, with 2 the events at the

CATE calorimeter, with 3 the events at the start scintillato r detector.
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a much smaller background, particularly at low energy, in conparison with
the HPGe detectors of the RISING set up. Conversely, the latr, having
a much better energy resolution have allowed also to measutbe B (E2) of
the rst 2" state. This is discussed in the following section.

3. The measurement of the low-lying quadrupole states

The study of the low-lying E2 strength distribution in 68Ni and in other
nickel isotopes has been a topic much investigated in recemtears because
the fragmentation of the low-lying quadrupole strength is ®nsitive to the
size of theN =40 gap. The doubly magic character ofNi was suggested
in the early 1980's and tested experimentally with a Coulombexcitation
experiment performed at GANIL using a®€Ni beam at 66 MeV/nucleon [13].
The proton number Z = 28 in the nickel isotopes is magic. In the neutron,
the sizable energy gap atN = 40 separates thepf spherical shell from
the go-».

In the present experiment it was possible to con rm the resuls obtained
in Ref. [13]. In fact, the low energy part of the gamma-ray spetrum mea-
sured with HPGe detectors shows the presence of the peak cesponding to
the transition from the well known rst 2+ state of ®8Ni, as it can be seen
in Fig. 4. The B(E2) strength measured for the transition at 2.033 MeV is
found in this case to be250 100e*fm* in good agreement with the value of
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Fig. 4. Spectrum of gamma-rays measured fof®Ni with the HPGe detectors. The
results of a simulation with GEANT of the response function including the Doppler
broadening e ect are shown with the continuous lines overlyng the peak structures.



540 A. Bracco, O. Wieland

the measurement at 66 MeV/nucleon equal to255 60 e?fm*. In addition,

in the present case there is an indication, although rather wak, of a possible
excitation of the second2” state at 2.743 MeV, state seen in beta-decay [14]
and transfer reaction [15] experiments.

4. The measurement of the pygmy dipole states

The -ray energy spectra for the®’Ni and ®8Ni nuclei measured with
the HPGe Euroball detectors are shown in the lower panels ofif. 5. The
two Ni isotopes are very well separated as illustrated in thaop part of the
same gure and are produced with di erent intensities, being that of %8Ni
the largest.

Fig. 5. In the upper panel the composition of the beam impinghg on the Au target

as selected with the fragment separator is shown. Thé=Q versusZ plot of the ions

used as a secondary beam is given and the arrow indicates t¥€Ni nuclei. In the

bottom panels two gamma-ray spectra measured with the Eurobll HPGe cluster
detectors are shown. The spectrum of the left panel correspas to the selection
of 8’Ni as ingoing and outgoing particles and similarly the one onthe right panel

corresponds to the selection of®Ni. The continuous lines superimposed to the
peak structures in ®’Ni and ®©Ni are GEANT simulations of the response of the
detection system for monochromatic lines with E =9;11 MeV, respectively.
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To verify if the structures after the part of the spectrum wit h exponential
shape are due to projectile emission, GEANT [17] simulatios of the detector
response at 9 and 11 MeV were made. These simulations are showith
the continuous lines in the lower panels of Fig. 5. At di ererce with the
88Ni nucleus, in the case of’Ni the peaked structure is at an energy 2 MeV
lower, re ecting the fact that also the neutron binding energy is 2 MeV
lower, and is distributed over a wider energy interval. Simiar structures
were measured with the Bak detectors. Since the Bal scintillators are
characterized by a better timing (see Figs. 2 and 3) it was pasble for these
detectors to make a better rejection of the background, impdant point for
the extraction of the value of the E1 strength. In addition, in the case of
the BaF, detectors it was possible to reproduce the exponential parof the
spectrum with statistical model calculations (see Ref. [1§. This exponential
part was then subtracted from the spectrum in order to extrad¢ the cross
section for the gamma-decay from the pygmy.

In Fig. 6 (right panel) the cross section for the gamma decay fo8Ni
at E > 7 MeV measured with the BaF, detectors is shown. The mea-
sured cross section is compared with predictions obtained aking di erent
assumptions for the E1 strength function. In particular, the ingredients of

Fig.6. In the left panel the ®8Ni photoabsorption strength is shown with a fully
drawn line (scale on the left). The resulting di erential cr oss section after ap-
plying the equivalent photon method is shown with a dotted line (scale on the
right). A dashed line (scale on the left) shows the e ect of ircluding additionally
the branching ratio. In the right panel the measured cross setion with the BaF »
detectors is shown with circles (the statistical contribution was subtracted). The
corresponding predictions (folded with the detector respase function) are shown
with lines. The long-dashed line shows the prediction when nly a PDR strength is
considered, the short-dashed line corresponds to the stamdd GDR strength with-
out a pygmy component, and the full drawn-line is the sum of the two calculations.
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the calculations are shown in the left panel of Fig. 6. In thispanel an electric
dipole response function with a small peak at 11 MeV with 5% othe energy
weighted sum rule (EWSR) strength is shown. The correspondig function
when modi ed by the virtual photon number is shown with the dotted line.
The additional and very important e ect of the gamma branching ratio R
is displayed with dashed line curve. This latter contribution depends on the
nuclear level density. For the present calculation the adofed level density
is based on Shell Model Monte Carlo calculations ([18]). Usp this level
density the total gamma branching ratio is found to vary from 0.4% to 4%
going from the region of the GDR to the region of the pygmy respance. For
the proper comparison of the calculation to the data the detetor response
function was folded. A more detailed description of these daulations is in
reference [16].

There is a remarkable agreement of the calculated cross semt with the
data (without any normalization factor) both in size and shape when one
assumes an electric dipole strength function with 5% of EWSRstrength
at 11 MeV (the correspondingB (E1) value being 1:2 €’fm?). Presently two
di erent predictions are available for the pygmy resonancean Ni isotopes, one
based on relativistic random phase approximation ([7]) andhe other based
on quasi particle relativistic random phase [8] both prediting at 9 10 MeV
a pygmy structure with a EWSR strength of 4% and 10%, respectiely. The
present data can be tted with 9% of the EWSR strength if one uses as level
density a simple extrapolation from stable nuclei ( 5 times larger than the
one used in Fig. 6).

5. Conclusions

The rst experimental search of the pygmy resonance in the netron
rich 88Ni nucleus using the the virtual photon scattering techniqwe is here
presented. The RISING set up and a beam at 600 MeV/nucleon iminging
on a Au target were employed. Evidence is found for the presem of a
pygmy component in the E1 response energetically located v the GDR
and centered at 11 MeV with 5% of the EWSR strength. This result is
in rather good agreement with theoretical predictions and povides a relevant
information which could be related to neutron skin and nuclear symmetry
energy ([2]). An analysis to extract the neutron skin is plamed.

In the near future measurements of the pygmy in the’®Ne nucleus are
planned with an improved RISING set-up.

The present result opens interesting future perspectivef investigations
of nuclear structure with relativistic beams using more inense radioactive
beams and better performing instrumentation for gamma-raydetection such
as AGATA and GRETA. In fact, it will be important for the under standing
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of the neutron skin in nuclei far from stability to measure mae in detall

and more systematically the structure of the electric dipoé response in an
energy interval larger than that of the present experiment. This requires
higher energy resolution and e ciency for the gamma detectos and also
more intense beams of nuclei further away from stability astose which will

become available at FAIR.
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