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In the past fteen years, concentrated e orts with a strong K rakovian
avor have focused on developing thick-target  coincidence methods for
exploring the spectroscopy of neutron-rich heavy ion reagbn products that
cannot be reached by fusion evaporation reactions. For a tpical system,
scores of product nuclei are formed with millibarn cross seins or less,
the data analysis tends to be complicated, and isotopic asghments can
sometimes be problematic. However, by taking advantage ofite analyz-
ing power of modern multidetector arrays, it has been possile to extract
important new information about a wide range of poorly studied nuclei on
the neutron-rich side of maximum stability. An eclectic sampling of results
is presented.

PACS numbers: 25.70. z, 25.70.Lm, 23.20. g, 23.20.Lv

1. Introduction

Recent investigations [1,2] have shown that thick target -ray coincidence
measurements can be used to explore the yrast spectroscopyreutron-rich
products of heavy-ion collisions that are not accessible bjusion evaporation
processes. In such reactions, many multinucleon transferrpducts of deep
inelastic processes are formed with fairly small cross séahs, the population
patterns being largely governed by a strong tendency towarsiN=2Z equili-
bration [3] for both target-like and projectile-like species. Consequently, the

-ray data analysis is generally complicated, but it can takeadvantage of
the high analyzing power of multidetector Ge arrays to extrat useful spec-
troscopic information about states of moderately high spinin poorly studied
nuclei, mostly on the neutron-rich side of stability.
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An important feature of this method of study is that mutual ex cita-
tion of the binary reaction products can be directly observe through cross-
coincidences of -rays from both reaction partners. Isotopic assignments fo
previously unknown -ray cascades can thus be established from cross coin-
cidence patterns between the -rays from light and heavy reaction product
partners. Since, however, the primary products of the deepnelastic colli-
sions often are su ciently excited to allow subsequent nuckon evaporation,
the cross coincidence results need to be interpreted methaally, as dis-
cussed for example in Ref. [4]. Fruitful applications of thee methods to
several reaction system of interest are described in the folving sections.
They illustrate the use of the word scavenging in the title, meaning ex-
tracting something of value from discarded material .

2. 92Mo + 9ONi reaction

Some years ago, Brodat al. [1] used the Argonne Notre Dame BGO
facility to study -rays from the reaction ®°Mo + 255 MeV 6°Ni, about 10%
above the Coulomb barrier. This experiment had as its main ofective the
elucidation of high-spin level structures in the fusion e\aporation products
149H0 and 15O, the 3- and 4-proton N = 82 isotones aboveé*6Gd. However,
the excellent  coincidence data acquired were found to include many events
arising from inelastic and transfer reaction products. A thorough analysis
of these data identi ed the product pairs from twelve binary transfer
processes, ranging fromln to 2 transfer. Typically, cross coincidences
between the -rays from both products were observed.

These results illustrated the potential of thick-target  coincidence tech-
niques for examining at high resolution some aspects of iregtic/transfer
processes, such as correlated energy and angular momentunarisfers into
both product nuclei. More important, it was obvious that speci ¢ applica-
tions could include the spectroscopy of neutron-excessiveuclei not reach-
able by fusion evaporation reactions.

3. Seniority isomers in  Z =50 tin nuclei

Our rst spectroscopic application of these techniques cocerned the
yrast level structures of semi-magic tin nuclei. In theA = 116 130 tins, the
h11=> neutron subshell is being lled, and seniorityv = 2 and 3 (h 11=)"
isomers should occur in all these isotopes. At the start of auinvestigations
(h11=2)" v =2 10" isomers were known int61181205n 4t one end, and in
the ssion products 128139Sn at the other, but nothing was known about
10" isomers in the1221241265n jsotopes, which are not reachable by fusion
evaporation. We sought these missing isomers among the procts of deep-
inelastic heavy ion reactions {?2124Sn + 76Ge and 12%124sn + 89Se), and
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identied (hq;)" v = 2 10 states in 122Sn and '2*Sn with half-lives
of 62(3) and 45(5) s, respectively [5]. TheB(E2; 10" ! 8") values in
the evenA tins located the point of half- lling of the h 11—, subshell (where
particles and holes cancel, and th® (E2) becomes zero) very closeth = 73.
In the N = 82 isotones, the hy,-, half-lling occurs just below Z = 71,
a di erence that can be traced to the relative s1-5, d3-», and hy;—, single
particle energies, which are altered by the Coulomb potendl [5].

More complete data for the eight semi-magic nuclei fromt°Sn to 126Sn
were obtained in later measurements using®6Xe and 238U beams on'?*Sn
targets [6,7]. (Fig. 1 shows how the relative tin yields shiled towards higher
masses afN=Z of the composite system was increased.) The results for the
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Fig. 1. Relative yields of 10" and 19=2* isomers in tin nuclei for three reaction
systems. Results for the oddA and evenA isomers were normalized by assuming
equal yields for the'22Sn 19/2* and '?*Sn 10" isomers.

odd-A nuclei, in which ( h;1=)" v = 3 27/2 isomers were located, were
found to match up excellently with those for the evenA isotopes (Fig. 2), and
they reinforced earlier conclusions about theh 11—, subshell Illing and about
the di erences between hi-, neutrons and protons. The( hj;-)" v =3
con guration assignments for the 23/2 and 27/2 yrast levels in oddA
Sn nuclei could be made with great con dence because the expmental
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Fig.2. E2 transition amplitudes for ( h 1;=5)" 10" ! 8* and 27/2 | 23=2
transitions in even-A and odd-A tin isotopes.

excitation energies were correctly predicted within a few &V by fractional
parentage calculations which made use of the accurately kmo ground state
masses of tin isotopes. The tinyB(E2; 27/2 | 23=2 ) determined for
12350 less than 0.002 W.u. manifested anew the h 1;-, subshell half-
ling at N = 73. The thousandfold decrease in thiBB (E2) value observed
between'19Sn and'23Sn exhibited in a particularly vivid way how transition
probabilities are in uenced by the subshell occupation nunber n.

4. B0Te + B4Ni experiment at GASP

Thick target coincidence measurements for the systefi®Te+275 MeV
64Ni were performed using the 40 Ge detector GASP array at Legma Natio-
nal Laboratory. Our principal goals were the yrast spectrosopy of neutron-
rich Ni nuclei (especially magic®Ni, with N = 40) and of poorly studied
A > 125 Te nuclei, which were also of some theoretical interest. Inhe
experiments, a 275 MeV®*Ni beam bombarded a 1.2 mg/cnd 13°Te target
backed with 14 mg/cm? 298pPb, which stopped all reaction products. The

coincidences were stored without any multiplicity restridion, and the
beam was pulsed with 200 ns repetition time, so that prompt ad delayed
events could be separated. The nickel nuclei up to and includg ®8Ni were
identi ed among the lighter deep inelastic reaction produds, and the rst
information about yrast excitations in ®8Ni was obtained, as already re-
ported [8]. The high-lying 2* state at 2033keV in %8Ni and the 0.86ms
5 isomer decaying by a slow E3 transition were clear manifestimns of the
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shell model kinship betwen®Ni with Z =28, N = 40 and its alter ego®°zr
with Z =40, N =50. On the heavy mass side, much new information was
also obtained about yrast excitations for the oddA and evenA tellurium
nuclei in the A = 125 131 mass range [4]. For isotopic assignments of pre-
viously unknown -ray cascades, the prompt cross-coincidence observed
between Te and Ni partners were of vital importance. The reslis provided
the rst information about yrast excitations in the odd- A isotopes %' Te,
129Te, and **Te, where low-lying -decaying 11/2 isomers were the high-
est spin states known before. The energy systematics of theld- and evenA
Te isotopes, as discussed in Ref. [4], are displayed in Fig- 3
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Fig.3. (a) Energy systematics of lowest-lying positive paity sequences in oddA
and evenA Te nuclei. (b) Energy systematics of 23/2° yrast states in odd-A Te
nuclei and known 7 states in evenA Te nuclei; the 23/2* energies are expressed
relative to O keV for the low-lying 11/2 isomeric states.

5. Other reaction systems and conclusion

Scavenging seems a patrticularly tting description for an nvestigation,
spearheaded by B. Fornal, in which low multiplicity subsets &  data from
reactions 0f34S, 3¢S, and®’Cl beams on thick16°Gd targets were reexamined.
These high statistics data were originally acquired by the Koo Janssens
team at Argonne NL for studies of discrete superdeformed bais in A 190
Hg and TI nuclei formed in fusion evaporation reactions. The reanalysis of
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Fornal et al. [9] was successful in extracting useful new information atut

a number of poorly known sdf -shell nuclei, including N = 19 33Sj and 34P,
and N = 22 38S and 3°Cl. This development may be seen as a forerunner
of the light nuclei studies that will be discussed later in this session by
R.V.F. Janssens and R. Broda.

Of special note is one early study [2] of deep inelastic products from
the reaction 196Cd + 255 MeV 5*Fe that outstripped in scope and detail other
studies of this type. In this case, in-beam and o-beam  coincidence
measurements were performed, and production yields for merthan 200
nuclei were determined (Fig. 4).

Fig. 4. Production cross sections of binary reaction produts for 247 MeV >*Fe ions
on 1%6Cd (from Ref. [2]).

Further analysis led to conclusions about the average numbyef neutrons
and protons emitted by the primary deep inelastic products. A follow-up
detailed study [10] for the system?°®Pb + 350MeV ®*Ni conrmed and
ampli ed these ndings.

In summary, thick target -ray measurements for multinucleon transfer
products of deep inelastic heavy ion reactions have yieldedaluable infor-
mation about yrast and near-yrast states in neutron-rich nwclei that are
otherwise hard to reach.

Many thanks to Bogdan Fornal for his generous help in the prep@ation
of this talk.
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