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Abstr act

We propose to study the properties of neutron-rich nuclei tow&hds via Coulomb
excitation experiments using the REX-ISOLDE facility coupledhviite highly efficient
MINIBALL array. The first Coulomb excitation experiment in theiwity of ®®Ni at REX-
ISOLDE has been successfully performed showing the feasibilispdf experiments. The
analysis is underway and new and reliable information on B{B20 values for'*’%Zn will

be obtained. These results will shed light on the evolution of ceilgcaround the Z=28
Eroton closed shell and the N=40 neutron subshell. We would like to extefddkikedge to
887n as well as t®®'Ni. In addition, we expect to perform multiple step Coulomb
excitation of*"%Zn. Our calculations show that with an energy of 3.1 MeV/nucleon-cross
sections of these reactions are significantly increased.egleest 24 shifts of beam time for
14.76.788%n specific target-ion source developments to improve the productibsedectivity

of the short lived zinc and nickel isotopes and 21 shifts of beanfdinméckel isotopes.

Introduction
The structure of nuclei in the region around neutron-rich nuclei witl2& has been a subject

of considerable studies [1-7, 9-13]. The motivation for these studieesfrom the desire to
investigate neutron-rich nuclei below the N = 50 major shell gaip the eventual goal of



studying doubly magi®Ni, a very neutron-rich doubly magic nucleus that can be studied in a
foreseeable future. While there are many predictions for this usjcle is not definitely
known to what extent and how the single particle levels — and, assaquence, the magic
numbers - move in regions with such a large neutron excess. In adthitodetails of the
structure of nuclei in this region ar@Ni in particular are of interest for astrophysical
calculations since they lie at the beginning of the r-procesq J&ith

Many experiments have been performed in order to extract informatiotiheomuclear
properties of isotopes in the region aro§fidi (subshell closure at N = 40) and the doubly
magic ®Ni nucleus. Mainly decay [5, 7, 9, 14], ground state [1] and lond isemeric states
[3-4, 6, 10, 14] properties have been deduced while data from collestiv@ations are still
scarce [11-13]. In order to further study the structure of nucldi 4@t < N< 50 and in
particular the delicate interplay between single-particle priggseand their interaction with
the underlying core and collective phenomena, a program to measummBaencitation of
neutron-rich Zn and Ni nuclei was started at REX-ISOLDE [21].

After technical developments on the REX-EBIS and TRAP have beeammlished,
radioactive beams of species lying in the vicinity of neutron-?fNi and ®Ni are now
available at the REX-ISOLDE facility with beam energi¢2.2 and 3.1 MeV/nucleon. Thus,
in last October, Coulomb excitation 8%n and’®zZn beams below the Coulomb barrier was
performed for the first time and valuable information on their B(Egs — 2°1) values were
obtained. We propose to continue this program to investigate by Coulorithatiercthe
nuclear structure of neutron-ricA®%Zn and®'Ni. In association with the REX-ISOLDE
facility, we will use the highly efficient Ge MINIBALL rmay for the detection of-rays and
the segmented CD detector system for the detection of scapizrcles.

Status on the recent experiment of Coulomb excitation of "®zn

In order to study the feasibility of Coulomb excitation experimentsenvicinity of ®*Ni, the
first experiment on Coulomb excitation of Zn neutron-rich nuclei wa®pedd last October
at REX-ISOLDE (IS412). Radioactive beams’&n and’®Zn with a maximum intensity at
60 keV of up to 1.810° ions/s were successively accelerated at an energy of 2.2
MeV/nucleon through REX-ISOLDE. They impinged on a 1.7 m@ftrick *2°Sn target. The
scattered charged particles were detected by the CD-detdttercoincidenty-rays from the
Coulomb excitation were detected by the MINIBALL array. Coincigetticley events have
been selected from the partigi¢ime spectrum as shown in figure 1 and figure 2%6n and
®Zn respectively. Figure 1 shows tizeays in coincidence with théZn ions scattered into
the CD detector. A Doppler broadengday transition of 606 keV can be observed,
corresponding to the de-excitation of Coulomb excifg&d beam on 42°Sn target. Similarly,
figure 2 shows thg-rays in coincidence with the Coulomb excif&dn ions scattered into the
CD detector and a Doppler broaderney transition of 599 keV can be observed from the
de-excitation of Coulomb excité@Zn beam on 42°Sn target. Note that these are preliminary
spectra and that Doppler corrections have not yet been applied.

The maximum intensities that could be delivered by the ISOLO#arator were 1810°
ions/s for’“Zn and 3.%10’ ions/s for’®Zn. However, due to both a punctual electronics
problem and too high instantaneous count rates in the CD detector, threénexpevas
realised at reduced intensities of abowl@ accelerated ions/s on th&Sn target for both
"“7Zn and’®Zn. At these intensities, we rafzn for 30 hours and®zn for 31 hours. During
part of beam time laser on and laser off spectra were acdachutaorder to disentangle the
contribution of surface ionised Ga and other isobaric contaminantsxpéetea final result
with a 15 % total uncertainty.



Note that a Coulomb excitation measurement®df (T.2=46.5 h) could not be performed
because of its very long half-life. But, apart from this, thm, @as phrased in the initial
proposal [21]: “... to perform a first set of experiments which allbw to test the feasibility

of Coulomb excitation experiments using REX-ISOLDE and the MINIBAletectors in this

region as well as to get new and reliable experimental dataon.”(*’Zn) has been met
with the first experimental campaign. Therefore we feel confideat the next step in this
experimental campaign to investigate the nuclear structure ipahisf the nuclear chart, as
outlined below, can be undertaken.
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Physics case for thisaddendum
Ni isotopes

Because of its peculiar behavioffi\i has been the object of many studies for the past years.
This interest arose 20 years ago [1,2] from the first observaif the 2 state at an
unexpectedly high energy (2.033 MeV) compared to the neighbouring Ni nueeeas the
second O state was observed at a lower energy of 1.77 MeV. Thesectdristics (high
energy of the 2state and Dstate below) were interpreted as the signature of a “quagtina
nucleus.

Since then, many experimental observations have tested the suppaseity roa®Ni [3-7,
9-10]. The most recent experimental work concerned the measuremt@ g@iadrupole
transition probability B(E2) of the first excited state obtainedifCoulomb excitation oFNi

at relativistic energies [12]. This work showed that, even thauglB{E2) value is incredibly
low — indication that would reinforce the hypothesis on the magic deara®Ni, such a
behaviour could be explained by the specificity of the orbitals invqlpggfs;2 p1/2 Qor2) and
by the scattering of a neutron pair across the N = 40 subshell.

More recent theoretical calculations [16] indicate that onlhaetivn of the B(E2) strength is
contained in the 4},_"921+ transition while most of it is collected in excited statesund 5
MeV in which proton excitations contribute a lot.

It is interesting to note that this special charactef®if is washed out when adding or
removing protons as e.g. evidenced in the Idwegcitation energies and the large B(E2)
values in the Zn isotopic chain. In addition, the first excitedtate in°Ni has been recently
identified showing the continuous lowering of thesgates beyond the N=40 shell [14]. Also,
from the combination of beta decay studies, laser spectroscopy sstadi@ mass
measurements (performed at ISOLDE and LISOL), peculiaritiethe structure of°Cu
became clear showing th&Ni does not fully behave like a core nucleus [17-18].

Zn isotopes

Apart from the interest in the nickel isotopic chain, its closgenh-even neighbours, the zinc
isotopes, present many interesting features. At REX-ISOLBBave the unique opportunity
to study via Coulomb excitation the very neutron-rich Zn nuclei uffzo and everfZn
which is lying at the neutron shell closure N=50. These measuremgirghow the evolution
of collectivity towards the closed N=50 neutron shell. Figure 3 HI&ws the energy
systematics of the even-even Zn isotopes ffdm (N=30) to'®Zn (N=48). Beyond'°Zn
(N=40) a drop in the excitation energy of the first excitedtate is visible while it rises again
towards N=50. The aim of the proposed experiment will be to deterthenguadrupole
transition matrix elements as they should reflect the degreelleictivity present in these
states. Note also that the energy of thetate in’®Zn is still under discussion as none of the
two experiments that have identifigdays in"®Zn could firmly assign the order of thé-2"-

0" cascade [18-19]. The present proposal will definitely be able te #uilv problem.

Recently at GANIL an intermediate energy Coulomb excitation @xeet of ““Zn and’°Ni
has been performed [24]. It will be very interesting to compareesults obtained with beam
energies below the Coulomb barrier (and thus with “safe energigsi’fhose results.

In conclusion, further experimental investigations both of the nickeébpsc chain and of
neighbouring nuclei with Coulomb excitation is needed as it will hefprtber understand
the interplay between single and collective excitations in therregound®Ni. In addition,



Coulomb excitation of isotopes as neutron-rici®a and®’zn (the latter being semi-magic)
will provide crucial information on the evolution of magicity in i@t with large neutron
excess.
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With this addendum to the I1S412 proposal we aim at:

« Determining with an improved accuracy the B(E2>@") for "*’Zn. The previous
experiment proved the feasibility of Coulomb excitation of radioadtimebeams in the
vicinity of °®Ni. However, due to the used reduced intensities of the incidentshefaen
uncertainties on the B(E2) values obtained from this measuremiémowieach values
better than 15 %.

« Measuring the B(E2, "24") values of these isotopes, thus providing complementary
information on their structure, in particular on the character oétoéation.

« Firmly identifying the 2 state of'®®%n and measuring the corresponding B(E2>2")
of these isotopes.

« Measuring the B(E2,"®2") values of®'Ni.

Available information on the nuclei of interest as well as esessions is summarised in table

1. Information ort®Ni is taken from reference 12. Information on the energies ofxtited
states of *"®"%n is taken from references 19, 22 and 23. The unknown B(E2) values for the
Zn isotopes were obtained by using the ANTOINE shell model codelvataffective proton

and neutron charges=€l.9¢e, ¢=0.9e and using the {pfs; py2 Jo2) shell model space with

*Ni as a core [25].



E(2), | B(E2, 02", | o, barn| E(4"), keV | B(E2, Z - 4"), | o, barn
keV efm* E*fm*
®Nj _ sn | 2033 255 6.9 16 - -
Ni - g | 1264 410 3.116 - -
“7n - g 606 1770 1.16 1418 718 1.440Q
®zn _ 295 599 1605 1.11 1296 680 1.914d
B7n - ¥on 730 1155 0.84 - -

Table 1: Energy of E(3 levels, B(E2, 0-2") values for®*'Ni, "*’®"%Zn and E(4), B(E2,
2" _.4") values for "*"%Zn with corresponding values for the cross section at an energy of
E=3.1 MeV/u and using ¥%n target.

Experimental conditions
Coulomb excitation

The Coulomb excitation cross-sections have been calculated usirgdth&©OSIA following
the prescriptions given in [20]. The evolution of cross sections doildtnb excitation as a
function of the target material is shown in figure 3 f6r“Zn both at 2.2 and 3.1
MeV/nucleon. As mentioned in the proposal P-158 [21], even though Ni sedraghe best
target, it does not fulfil the safe distance condition for alttecing angles at a beam energy
of 3.1 MeV/u. On the contrary, a Sn target is well suitednabst all scattering angles.

B(EZ2; 0 -» 2')
“Zn: o E =22 MeViu
10 preeny + E=30MeViu | I I R perrrreren A0
L | ™Zn: @ E =22 MeViu ]
- E=3.0 MeViu

o, barn

Z target

Figure 4: Total Coulomb excitation {0~ 2) cross sections fof""Zn depending on the
charge of the target.



The cross sections for Coulomb excitation of the fifstxited states iff*"®’%Zn and®®"Ni
as well as multiple-step Coulomb excitationdfZZn 4" states are shown in table 2. They are
integrated over the safe angles covered by the CD detectortifotangets.

Differential cross-sections
Beam | Target| Safe angle (in mb/srx mg/cnf)

0">2* 2'>4"
o N 24.4° 39 0.31
12950 47 .4° 184.3 2.2
767 15;‘Ni 23.5° 44 0.45
°Sn 45.4° 177.3 3.1

®Zn 12950 43.6° 134.4 -

8Nj 12950 49.2° 1.1 -

ONi 12950 46.8° 0.5 -

Table 2: Coulomb excitation cross-sections of different isotopes andtivassntegrated
over the safe angles in the laboratory systent®st and*?°Sn targets

Experimental set-up, count rates and requested beamtime

We would like to measure Coulomb excitation of neutron-rich Zn isotopes mwduc
ISOLDE from the proton bombardment of a Uranium Carbide target ansednising a
resonance ionisation laser ion source. A laser shutter as svallGe detector at the beam
dump will be used in order to disentangle contamination from isobar@espd hey-rays
from the Coulomb excitation will be detected by the MINIBALL graonsisting of 24 six-
fold segmented Ge-detectors. The coincident scattered chargetepasill be detected by
the CD-detector, a highly segmented double-sided silicon striptdet®¥¢e assume gray
efficiency of 10 % at 1 MeV. The Ge-detector segmentationaldlw Doppler correction of
they-ray spectra. The calculation of the angular distribution of thexd@ingy-rays based on
[19] shows that the emission is practically isotropic: the catiked function W8y.zn) is in
diapason 0.8 < V¥X.z,) < 1.2 for all angles. We assume that the primary ISOLDE will be
reduced by a factor of 1/100 due to the transmission efficiency throahlSOLDE. The
number of expected events in the photopeak is summarised in table 2 fog&nt 12°Sn
target assuming an energy loss of 18 MeV/(mgjdmthe target.

We typically need 1Dcounts in the photopeak for an accurate determination of the B(E2)
value. Therefore we request for this addendum a total of 45 shittgash time using a
Uranium Carbide target.

The first 24 shifts will be dedicated to the study of neutron-rioh &otopes up t8°Zn. The

first 5 shifts will be used to set up and calibrate the ac®le(3 shifts) and the detectors (2
shifts). A calibration run of a stabféZn beam can be used in order to fully take into account
the kinematics and other effects needed to understand the unfoldingR{ERevalues. A
maximum of 2 shifts are in principle needed to measure the B(E®svaf the 2 and 4
states of “Zn. A number of 6 shifts are then required to measure the B(E&svaf the 2

and 4 states of ®Zn with a reasonable accuracy. The measurement of the B(E®) ofathe

2" state of’®Zn will take 8 shifts. Finally, we request 3 shifts in ordetetst the measurement
of 2%Zn Coulomb excitation.



For the study of®Ni, we request an additional beam time of 21 shifts. Despitevacbunt
rate, a measurement 3INi B(E2, 0°>2") value below the Coulomb barrier is essential in
order to confirm the result obtained at relativistic energy [12].

Primary Beam Weighted | Weighted Events in the
ISOLDE energy at |  0o+_.0+ O4+ .0+ photopeak Number of
yield the entrance  (barn) (barn) (counts/hour) shifts
(atoms/s) | of the target 2'.0" | 4 .2F
(MeV/u)

“zZn | 1.3x10° 3.1 1.16 1.4 16 5416 65 2
°Zn | 3.2x10 3.1 1.11 1.916 | 1283 22 6
®zZn |  1x10° 3.1 0.84 - 30 - 8
®zZn | 1x10° 3.1 3 (test)
®Ni 8x10° 3.1 6.9 10 - 210" - 21
Ni 2x10* 3.1 3110 - 2.310° - -

Table 3: Brief summary of the expected yields, weighted cra$srse@counting rates and
shifts required for the nuclei that will be investigated using a 2 nfghick *2°Sn target. The
cross-sections are weighted over the target assuming a beam energfy189gleV/(mg/ch)

in the target.

Request for target developments

In order to extend these studies to even more neutron-rich nickel aridatojes we request
a special target development program to increase the productamihthe purity of th¥zn
and®?Zn beams as well as for the®®Ni beams. This issue has been discussed with the target-
ion source group and several options can be studied [26]. We would |#eguest a specific
target-ion source test beam time that will be devoted to pleisific question.

Refer ences

[1] M. Bernas et al., Phys. Rev. C 24 (1981) 756

[2] M. Bernas et al., Phys. Letters B 113 (1982) 279

[3] R. Broda et al., Phys. Rev. Lett. 74 (1995) 868

[4] R. Grzywacz et al., Phys. Rev. Lett. 81 (1998) 766

[5] W.F. Mueller et al., Phys. Rev. Lett. 83 (1999) 3612

[6] T. Ishii et al., Phys. Rev. Lett. 81 (2000) 39

[7] W. F. Mueller et al., Phys. Rev. C 61 (2000) 054308

[8] A.M. Oros-Peusquens and P.F. Mantica, Nucl. Phys. A 669 (2000) 81

[9] S. Franchoo et al., Phys. Rev. C 64 (2001) 054308



[10] T. Ishii et al., Eur. Phys. J. A 13 (2002) 15

[11] A.N. Wilson et al., Eur. Phys. J. A 9 (2000) 183

[12] O. Sorlin et al., Phys. Rev. Lett. 88 (2002) 092501
[13] S. Leenhardt et al. Submitted to Eur. Phys. Journal A
[14] M. Sawicka et al., Phys. Rev. C 68 (2003) 044304
[15] K. Langanke et al., Phys. Rev. Lett. 90 (2003) 241102
[16] K. Langanke et al., Phys. Rev. C 67 (2003) 044314
[17] L. Weissman et al., Phys. Rev. C 65 (2002) 024315
[18] J. Van Roosbroeck et al., Phys. Rev. Lett. to be published
[19] J.-M. Daugas et al., Phys. Lett. B 476 (2000) 213

[20] K. Alder et al., Rev. Mod. Phys. 28 (1956) 432

[21] P. Mayet et al., Proposal to the INTC, CERN-2002-17
[22] J. A. Winger et al., Phys. Rev. C 39 (1989) 1976

[23] J. A. Winger et al., Phys. Rev. C 42 (1990) 954

[24] O. Sorlin et al., Coulomb excitation éfNi and ®Fe, Experiment E283c, GANIL,
September 2002

[25] N. Smirnova, private communication, ANTOINE shell model code,Caurier, F.
Nowacki, Acta Phys. Pol. 30 (1999) 705

[26] U. Koster, M. Lindroos and J. Lettry, private communication



