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1. Introduction

Multinucleon transfer reactions taking place during heavy-ion collisions,
with incident energies close to the barrier, produce dozens of excited nuclei
around the target and the projectile. Characteristic gamma rays from those
products in principle can be measured, but, since the total reaction yield
is spread over many nuclei, the spectra are extremely complicated. Devel-
opment of modern, very efficient Compton suppressed germanium arrays
opened new possibilities for studying discrete y-rays from those heavy ion
reaction products.

So far multinucleon transfer reactions have been studied intensively us-
ing charged particle spectroscopy which yields valuable information on the
reaction kinematics but, on the other hand, suffers from problems in unique
identification of charge and mass of the reaction partners. In an approach,
in which one forgoes particle detection and uses the 4-v coincidence method,
the precise identification of the two reaction partners and their yields be-
comes possible. Here, the emission of known gamma-rays identify the final
nuclei; an especially important feature is that the coincidences between -
rays emitted from the reaction partners may be directly observed yielding
information on mutual excitation of both reaction fragments.

We have "performed several y—y coincidence thick target experiments
which allowed us to extract a detailed information on the total product
yield distribution and the partner—partner correlation in this heavy ion col-
lisions. A brief summary of these reaction related aspects, is given in Section
2. The data were also found to be a source of worthwhile spectroscopic in-
formation on the target-like and the projectile-like neutron-rich reaction
products. This is the main topic of the present lecture and will be discussed
in Section 3.

2. Production yields in heavy ion collisions
from <-ray measurements

2.1. 92 Mo+5% Ni reaction

One of the first studies in which the y—y coincidences from the binary
reaction products were analyzed, was the 92Mo+(255 MeV )®°Ni experiment
[1]. (The #2Mo target of 0.8 mg/cm? thickness with a thick Pb backing to
stop both recoils and beam, was used). The experiment had as a main objec-
tive the elucidation of high-spin level structures in the fusion-evaporation
products 4°Ho and 15Er. The excellent y—y coincidence data acquired
with the Argonne-Notre Dame v-ray facility (which consisted at that time
of eight Compton-suppressed Ge detectors), were found to include many
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events arising from inelastic and transfer reaction products. Twelve trans-
fer processes were identified, ranging from 1n to 2n2p transfer, and involving
excitation to moderately high spins up to I = 12. The quantitative analysis
gave relative cross-sections for various processes involving exchange of par-
ticles between the target and projectile, but no clear correlation between
the yields and the ground state Q-values was apparent. Mutual excitations
of products in the exit channel were observed by detecting v-rays from one
reaction partner in coincidence with gamma transitions from the second
product. For example, in the coincidence spectrum gated on the 2+ —0%
transition in °6 Fe the y-rays from the ?Ru reaction partner appeared. Weak
y-rays from ?>Ru were also there indicating that evaporation of one neu-
tron took place from the primary products, which could have been either
56Fe+%Ru or 5"Fe+?5Ru.

In view of all those experimental findings it was apparent that the
processes involved in population of the observed v-decaying states are not
of pure quasielastic character.

From a broader viewpoint the results of the Mo+Ni study illustrated
the potential of y—y coincidence technique for examining some aspects of
transfer processes in heavy-ion collisions and, in consequence, the Mo+Ni
experiment was followed by a series of similar measurements for several
other systems.

2.2. 196 04154 Fe reaction

In this study the 1.2 mg/cm? 196Cd target (backed with Pb) was bom-
barded with 255 MeV 5%Fe beam from the VICKSI accelerator at HMI
Berlin [2]. In-beam and off-beam 7y-ray coincidence measurements were
performed using the OSIRIS multidetector array. Following the in-beam
experiment the radioactivity collected in the target was measured and its
decay was followed over a period of several months. Very laborious, quan-
titative analysis of all these data gave production yields for more than 200
nuclei, which is shown in Fig. 1.

The largest cross-sections are grouped in the vicinity of target and pro-
Jjectile; this reflects a contribution from the quasielastic processes. One can
note, however, that many nuclei far from the initial masses are still produced
with a significant intensity in the deep-inelastic collisions.

Furthermore, from the y—y cross-coincidences one concludes that, on
the average, excited products in this reaction emit 2.6 nucleons, of which
1.2 are protons. This leads to the important conclusion, that the secondary
emission does not affect the N/Z ratio of the primary products. Using the
measured yields of all observed isobars, the average N/Z ratio was calculated
for each mass. The obtained dependence of the N/Z ratio clearly shows a
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Fig. 1. Production cross sections of binary reaction products for the 247 MeV 34Fe
on 198Cd,

trend towards charge equilibration with the number of transferred nucleons
and it will be discussed more in Sec. 2.4.

2.3. 12450 4805¢("€ Ge) reaction

A series of experiments, which aimed at the yrast spectroscopy stud-
ies of heavy tin nuclei, was performed at Argonne National Laboratory
[3-7]. Target of 124Sn (backed with Pb) was bombarded with the us pulsed
beams of "®Ge and 8%Se (15% above barrier) from the ATLAS accelerator.
The in-beam and off-beam y—y coincidences were obtained with Argonne-
Notre Dame y-ray facility. A first striking observation was population of the
107 seniority isomers in even-even heavy tins in a very broad mass range
A =116 — 124 with comparable intensity. This finding prompted us to map
the observed distribution of yields with 4 and Z.

Fig. 2 shows yield determinations of even-even products for the 39Se
induced reactions. Also nuclear potential energy contours calculated for
the 1245n4-8%8e dinuclear system are displayed. A visible shift of the ex-
perimental yield distribution towards lighter masses can be attributed to
the neutrons evaporated from the excited reaction products. Analysis of
the yield distribution gave an estimate of the average number of neutrons
evaporated, which then was used to extract the pattern of primary prod-
ucts. This pattern happens to be well correlated with the minimum nuclear
potential energy contours and, as a result, it may be broadly understood in
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Fig. 2. Relative yields determined for even-even products of the reaction 124Sn+344
MeV 8%Se. The nuclear potential energy contours calculated for this dinuclear
system are also shown.

terms of the potential energy minimalization of the dinuclear system formed
in deep-inelastic collisions.

2.4. 298 Pb+%4 Ni reaction

Another thick target y—y coincidence experiment was performed for the
208ph+350MeV ®4Ni system with the OSIRIS array at the HMI Berlin. At
that beam energy (11% above Coulomb barrier) deep-inelastic processes
contribute predominantly to the reaction cross-section. The spectroscopy
of 207Pb [8] and 2°8Pb [9] was an interesting result obtained from that
experiment; in parallel, the reaction aspects were analyzed with partial re-
sults published in [10, 11]. From the analysis of the in-beam and off-beam
coincidence data as well as from the detailed radioactivity measurement,
nearly complete distribution of product yields was obtained for nuclei pro-
duced in the range Z = 22 — 87. This distribution is shown in Fig. 3. Here
again the largest cross sections are found in the neighbourhood of target and
projectile — this is due to quasielastic processes. Production of nuclei far
away from initial masses also takes place with appreciable intensity. The
measured distribution, however, is a distribution of the secondary prod-
ucts, which arise after evaporation of neutrons from the excited primary
products. The completeness of the experimental data in this case allowed
us to make an attempt to reconstruct the distribution of primary frag-
ments. The method is based on the fact that all binary reaction products
for the 298Pb454Ni system are rather neutron-rich and evaporate mostly
neutrons. As a result for each pair of complementary elements produced
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Fig. 3. Distribution of relative product yields for the 2°®Pb4-350 MeV ®4Ni reaction.

Zy, Z3 (Z1 + Z2 = 110) one can establish an average number of missing
neutrons (AN)z, z, = 162 — (N)z, — (N)z,, where (N)z,, (N)z, are the
weighted average neutron numbers for Z; and Z, complementary products,
respectively. Assuming excitation energy division proportional to the prod-
uct masses (Mg, ), (Mz,), the missing neutron number ANz, z, was then
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used for calculating ANz, and ANz, — numbers of neutrons evaporated
from the Z; and Z, products. The primary product distribution was ob-
tained by shifting the Z;, Z; distributions by ANz, and ANz,, respectively,
and repeating this procedure for each product pair Z;, Z;. The weighted
N/Z ratio for each primary product mass could then be extracted.
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Fig. 4. Average N/Z ratio for primary products (see text) for 2°8Pb-+64Ni and
106CGd454Fe systems.

Fig. 4 shows the N/Z ratio as a function of the product mass for the
106Cd+54Fe and 2°8Pb+-64Ni systems. Almost all points fall into the limits
given by the N/Z of the target and the projectile. In both cases the N/Z
ratio evolves towards that of the composite system, as the mass transfer
increases. Trend is similar in both reactions despite the fact that the Pb+4Ni
system spans a much broader N/Z range than the Cd+Fe combination.

3. Spectroscopic results

Already the overall results of the Mo+Ni study, discussed partially in
Sec. 2.1, indicated that y—y technique might have potential for exploring
the yrast spectroscopy of certain neutron excessive nuclei that are inaccessi-
ble by fusion-evaporation reactions. Indeed, all studied reactions, discussed
in Section 2, yielded new spectroscopic findings. In addition, some of the
existing high quality y—y coincidence data were reanalyzed to get new in-
formation on spectroscopy of the deep-inelastic products.



364 B. FORNAL ET AL.

3.1. Neutron-rich sdf shell nuclet

We have performed detailed analysis of low multiplicity subsets of the
4—y coincidence data for reactions of 34§, 36S and 37Cl beams on thick
160Gd targets, which originally were used for superdeformed band studies
in nuclei of the A ~ 190 region at Argonne National Laboratory {12]. The
favored processes were those involving addition of protons to the ¢°Gd
target (with or without neutron transfer) or removal of neutrons from 16°Gd
thus leading to neutron rich nuclei around 3¢S and 37Cl. In the two neutron
transfer products 38S and 32Cl, yrast states were populated with the highest
intensity. Cascades deexciting known states up to I ~ 6 were observed in
those nuclei. For the 3°Cl nucleus it was possible to locate a new yrast level
at 3520 keV tentatively assigned as 15/2% — the highest member of the
7dy 5(vfr/2)? multiplet, decaying to the (11/2)" level at 2835 keV.

The v-rays deexciting known yrast states up to I ~ 6 in the N = 20
products 34Si, 35P, 36S and 37Cl were also observed in these reactions.

The present studies yielded some information about the spectroscopy
of 338i and 34P, which were very poorly known. The 34P nucleus was a
product of the 2pln transfer in the 37Cl induced reaction. The 429.1 keV
ground transition, known from 34Si 3-decay studies, appeared in coinci-
dence with the 1876 keV 5-ray. Both transitions are placed in the 34P level
scheme shown in Fig. 5. The 429 and 1876 keV lines were observed also in
cross coincidences with v-rays from the partner 162Dy-2p transfer product.
The identification in the 18°Gd+37Cl reaction of 34P y-rays in coincidence
with these of 192Dy implies that a neutron was evaporated from one of the
primary products which could have been either 34P+'%3Dy or 3°P4+162Dy.

In 34P, the 11 ground state and 429 keV 27 state are assigned to the
781 2vd3 /3 configuration. The 2305 keV level located in the present work is
a very good candidate for the next yrast state of the type ws; /50 f7/2 with
I™"=3" or4 .

The simultaneous production of 3P and 42Dy described above for the
160Gd437Cl reaction suggested that in the 3¢S induced reaction one might
similarly observe coincidences between 33Si and 162Dy v-rays. Inspection of
the appropriate vy-ray coincidence spectrum gated on 162Dy lines revealed,
in addition to the 34Si transitions, a single strong 1435 keV y-ray that was
interpreted as a ground state transition in 33Si, deexciting the (7/27) level
— Fig. 5. A second much weaker 1010 keV y-ray is also tentatively placed
in the 33Si scheme.

It is worthwhile to emphasize that all these results, although rather
fragmentary and scattered, concern the sdf shell nuclei, which are very diffi-
cult to produce in any other way, but are extremely important for complete
theoretical shell model calculations.
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Fig. 5. Proposed decay schemes for 3P and 33Si. The arrow widths denote relative
v-ray coincidence intensities observed with gates on transitions in the reaction

partner. Levels located previously in the specified transfer reactions are shown on
the left.

3.2. Neutron-rich Ni isotopes

The 208Pb+-%4Ni experiment, which yielded very extensive data on pro-
duction yields, discussed in Sec. 2.4, was a source of the worthwhile infor-
mation on neutron-rich Ni isotopes [13].

In the closed Z = 28 proton shell Ni nuclei the neutron Fermi level is
located within the p3 /3, f5/; and p;/; orbitals and with increasing neutron
number it moves towards the 99/2 orélta.l. In heavier Ni isotopes this j posi-
tive g9 /5 neutron level is expected to play a crucial role in yrast excitations.

Fig. 6 displays the level schemes of 64:6%:66:87TNj jsotopes which until
now could not be reached in processes suitable for y-spectroscopy. They
include all excitations observed in the present work. In 4Ni only five and
in ®®Ni only three low lying y-transitions have been observed previously.
Particularly interesting are the Vgg /2 8% and vg, /2 fs‘/; 7~ high spin states
revealed earlier by the (a, 2p) study in both, 4Ni and ®6Ni nuclei. Their
exact energies and y-decay are now established.

Considering the two transitions connecting the 7~ and the gq /2P1/2 ©

yrast states, we tentatively assign the gq /; f5712 6 to the intermediate state.

In the 66Nl it becomes isomeric reflecting the forbidden character of the
M1 f5 /2 = P1/2 transition.

The level schemes for odd ®*Ni and 8"Ni nuclei represent excitations
observed in 1n and 3n transfer. Of special interest is the identification of
the 1017 keV gg/; 25 ns isomer in the ®*Ni product.
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Fig. 6. Level schemes of the ®*65:66.67Nj nuclei deduced from the 2°®Pb+%4Ni y—
coincidence experiment.

In the ®"Ni nucleus the 1/2~ g.s. and 694 keV 5/2~ states were known
from the radioactive decay data. For the observed long lived isomer de-
caying via 313-694 keV cascade, the intensity and systematics expectations
strongly suggest a vgg/, nature. We were able to give only the lower limit
0.3us on its half-life; the value deduced from the corresponding transitions
in 63Ni and 5Ni is about 10us.
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3.3. Seniority isomers in heavy tins

The neutron hyy/; subshell is being filled in the A = 116 — 130 tin
isotopes. From previous works the (vh; /2)" 10 isomers were known in

116,118,1209n at one end, and in the fission products 128:1308n at the other.
Missing was information on the 122:124,126Gy, jsotopes — these nuclei cannot
be made by fusion-evaporation.

In the experiment mentioned in Sec. 2.3, in which the 124Sn target was
bombarded with "®Ge and #°Se beams, we managed to identify the 10%
isomers in ?22Sn and 124Sn (but not }26Sn) among the products of heavy
ion collisions [3, 4]. The cascades 107 — 8+ — 7~ were clearly seen and
the half-lives of the 10" states were measured yielding 62us and 45us in
1229 and 124Sp, respectively. These results almost completed a series of
B(E?2) determinations for (vhy;/,)™ states in even A 116~1305n isotopes.

In odd tins with A = 119, 121 and 123, which were found to be produced
in present reaction, new 7-cascades deexciting microsecond 19/2% isomers

have been identified [5, 6]. These states are of the (vhZ, /251 /2) 19/ 2% char-

acter and decay only by configuration forbidden M2 transitions to the 15/2~
states. The identification of the 15/2~ — 11/2~ transitions in 11%121,123g
was a significant step towards further studies of (vhy;/3)™ v = 3 yrast states
in those nuclei. For example, by setting coincidence gates on these lowest
transitions, y-ray cascades 175-513-1105 keV in 11°Sn and 176-471-1030
keV in 1218n could be firmly established as 27/2~ — 23/27 — 19/27 —
15/27 transitions between (vh;;/;)™ v = 3 states in these two nuclei.

Half-lives for the 27/2~ isomers in 119:121Gn were determined from the
12491+ 80Ge data [7] and are shown in Fig. 7.
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Fig. 7. Isomeric decay schemes for 1'®Sn, ?1Sn and !23Sn. Widths of transitions
are proportional to the observed intensities.
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In the follow-up experiment we extended the ATLAS investigations by
studying the system 124Sn4655 MeV 13Xe. We expected on the basis of
N/Z equilibration considerations that the 136X e beam would favor produc-
tion of neutron-rich nuclei more than the 79Ge and 8°Se beams. Indeed, the
overall experimental yield distribution in the Z = 50 region was definitely
shifted towards higher neutron numbers. Very important in the present
situation were the high quality prompt and delayed y-ray coincidence data
obtained for 123Sn. In coincidence with the 1107 keV 15/2~ — 11/2~ 1236
transition, y-cascades crossing the microsecond intermediate isomers as well
as prompt 7-rays, established a very complete 23Sn level scheme up to a
34us isomeric level at 2713 keV — Fig. 7.

This isomer and the level at 2543 keV are, without doubt, the (vhy;/3)"
v = 3 27/2~ and 23/2 states. Very low value of the B(E2, 27/27 —
23/2~, 1238n) equals to 0.06efm? (less than 2 x 1072 W.u.) reflects the
half-filling of the vhy,/; subshell at N = 73, and is a striking illustration of
the impact of subshell occupation on transition probabilities.

For the isomeric transitions between (vhyy/;)" states in the tin iso-
topes the dependence of the E2 transition probability is proportional to the
(6 —n)? where n is the vhy, /2 subshell occupation number. It is convenient
to plot the E2 transition amplitude (or square roots of the measured B(E2)
values) versus A, knowing that the E2 matrix element must have opposite
signs in the bottom and top halves of the vh,; /; subshell. All the E2 ampli-

tudes determined for the Sn isotopes are displayed in Fig. 8 (the «/B(E2)
values for the odd-A nuclei were multiplied by a constant to compensate
for geometrical factor entering the » = 2 and v = 3 B(E2) equations). The
results for the odd- A nuclei match very nicely with those for the even-4 tin
isotopes reinforcing conclusions about the vh;;/; subshell filling.
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Fig. 8. E2 transitions amplitudes for (vhi/y)" 10t — 8% and 27/27 — 23/27

transitions in even-A and odd-A Sn isotopes (values for the odd- A nuclei have been
multiplied by a factor 0.514 to put them on the same, as even-A ones, scale).
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3.4. Neutron subshell closure in the %8 Ni

The $8Ni nucleus with the N = 40 neutron number and closed proton
shell is expected to exhibit a double shell closure features as it is for the
90Zr nucleus with N = 50 and Z = 40. Lying on the neutron-rich side of
the stability line it could not be accessed by fusion-evaporation reactions.
In fact, the only known excitation in 8Ni, a 0% state at 1.77 MeV, was
located using the 7°Zn(4C,16Q) two-proton transfer reaction.

In the experiment 2°8Pb+464Ni, which yielded new spectroscopic find-
ings on 94:85:66.67Nj nuclei (Sec. 3.3) the production of 68Ni was clearly
indicated but no vy-ray could be identified with this isotope because of the
insufficient statistics. To improve the experimental conditions we performed
at the INFN Legnaro a similar measurement for the 139Te +64Ni system
using the much more powerful GASP multidetector array. The 275 MeV
84Ni beam was used on a 1.2 mg/cm? 13%Te target on a 14 mg/cm? 2°8Pb
backing.

The 8Ni level spectrum, like that of ®°Zr, should exhibit a long-lived
5~ isomer as well as a significant increase of the 21 excitation energy with
respect to the lighter Ni isotopes. Examination of the expected energy
region of the off-beam y—y coincidence data, revealed two coincident 814 keV
and 2033 keV transitions — very good candidates for the 5~ — 2% — 0%
yrast cascade in ®8Ni. Both transitions appeared in the 2°8Pb and 13%Te
target experiments with intensities consistent with the production yields of
the ®8Ni isotope.

The isotopic identification was performed using the y—y cross-coinci-
dences of the superior quality GASP data for the 139Te+%4Ni system. The
results are presented in Fig. 9. When a gate was set on a strong transition
of a specific Ni product, the coincidence spectrum showed, in addition to
other 7y-rays of that Ni nucleus, also known y-rays from various Te partner
nuclei produced simultaneously in the exit channel. Approximate yields of
the Te products could be estimated from the coincident v-ray intensities.

Starting from the top of Fig. 9, the tellurium isotope yields in coin-
cidence with the 64Ni 1346 keV v-ray show that 4Ni appears in the exit
channel accompanied by tellurium partners with A = 126 — 130, produced
in processes involving 04 neutron evaporation. For heavier Ni isotopes the
pattern of tellurium reaction partners shifts towards lighter mass with sharp
cut-off at the high mass corresponding to the A = 194 total mass of the sys-
tem. For ®8Ni (at the bottom) the events giving rise to cross-coincidences
were only those, in which prompt population of the presumed 2033 27 state
takes place. Nevertheless, the excellent statistics of the GASP data allowed
us to observe prompt coincidences between the 2033 keV line and transition
of the Te isotopes with A = 126 — 122-products of a transfer of at least
four neutrons to the %4Ni projectile and subsequent evaporation of zero to
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Fig. 9. Yields of Te partner isotopes from intensities of 4 cross coincidences with
the indicated « lines of Ni products. The vertical lines mark the limits defined by
the A = 194 total mass of the system.

four neutrons from the primary products. The above results establishes
the assignment of the 2033 keV transition to the °®Ni and the ordering
813-2033 keV in the isomeric decay cascade assigned in analogy to ?°Zr as
5~ — 21t — 01 cascade.

<+
X >
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3 o "xe
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T T
750 1000 1250 1500 1750 2000
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Fig. 10. Part of the off-beam single v-spectrum, taken in the time range enhancing
the ®8Ni isomer decay (radioactivity background subtracted).-

In order to confirm this assignment we performed a separate experiment
to measure the half-life of the isomer again with the GASP array and using
the same reaction. The beam was pulsed in the range of micro- and millisec-
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onds. The y—y coincidences as well as singles from all detectors were stored
as a function of time. For the main run used for the half-life determination
the beam pulsing conditions 3 ms-on and 10 ms-off were used. The off-beam
spectrum enhancing the 5~ — 27 — 07 ®8Nj isomeric cascade is shown in
Fig. 10. Both transitions 814 and 2033 keV showed the same intensity and
the same decay. The weighted average gave the half-life of Ty ;; = 0.86(5)ms
[14].

The prompt coincidence spectrum taken with the 2033 keV gate, showed
the 1114 keV line in both, the 2°8Pb and 39Te target experiments; it is
much weaker than the 814 keV isomeric transition but clearly belong to the
nucleus. It establishes another state in ®3Ni above the 5~ isomer, From
considerations based on systematics we assign tentatively this state as the
47 excitation, although the 3~ assignment is also possible.

5 4 MeV
- ue..‘
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44 ,+ 392 hrya
4 4057 376 328
T e, 356 .. 354
. 387
A3 T 4t gmy_ 3147
] :. . 08665 ms | 2847
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Fig. 11. Systematics of selected states in even Ni isotopes. The ®8Ni results are
outlined.

In Fig. 11 the systematics of the lowest excited states in even nickel
isotopes is displayed together with the new findings in %8 Ni.

Our results indicate a significant subshell closure at the N = 40 neutron
number. Future experiments are now planned aiming at search for higher
lying states in %8Ni and at identification of excitations in the 7ONi isotope.



372 B. FORNAL ET AL.
4. Conclusions

In summary, the thick target measurements of y-rays from the binary
heavy ion reaction products proof to be a powerful method for studying
yrast states in some neutron-rich nuclei, which are inaccessible otherwise.
The results illustrate also that the y—y coincidence technique can be used
to examine at high resolution some aspects of multinucleon transfer pro-
cesses, such as the mass flow between projectile and target or energy and
angular momentum transfer into product nuclei. These studies will benefit
considerably from the enhanced sensitivity of the new, large y-ray detector
arrays, which are coming into operation at the laboratories, where a broad
variety of heavy-ion beams is available.
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