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In a yy-coincidence study of collisions of ' Cd with 247 MeV ' Fe we have quantitatively identified

the product nuclei formed in fusion-evaporation as well as in binary reactions. Individual binary pro-
cesses were sampled through identification of numerous exit partner pairs with the help of yy cross coin-
cidences. The data also provide information on the angular momentum transferred to the product nuclei

and on charge equilibration in the collision process. The results reveal important features of heavy-ion

collisions that are diicult to obtain in measurements using charged particle detection alone.

PACS number(s): 25.70.Gh, 25.70.Jj, 25.70.Lm, 29.30.Kv

The summary of heavy-ion (HI) reaction studies given
in the 1981 review articles of Bromley's monography [1]
displayed the advanced knowledge of the processes which
take place when two heavy nuclei collide with one anoth-
er. However, in this review and in later publications it
has often been pointed out that along with a relatively
good knowledge of fusion and quasielastic processes, the
much more complex class of reactions known as damped,
dissipative or deep inelastic collisions is still far from be-
ing satisfactorily understood. The experimental difBculty
arises from the necessity to use heavy-ion detection
which —in spite of - significant technical progress
achieved —practically excludes the possibility to inspect
individual reaction processes in heavy systems, as the
unique identi5cation of mass and charge of the reaction
partners becomes very diScult.

'On leave from Institute of Nuclear Physics, Cracow, Poland.

In this work we present an alternative approach to
study heavy-ion collisions, namely by measuring the
discrete y radiation emerging from the reaction products.
Such data can provide important supplementary insight
of a difFerent nature on the collision processes.

Until recently the very rich information carried by the
y radiation accompanying the individual reaction process
could not be exploited due to the immense complexity of
the y spectra. This situation changed when anti-
Compton-shielded multidetector arrays became available.
It has been demonstrated that the superior resolving
power of high-quality yy-coincidence data obtained with
such arrays enables us to study excitations of individual
nuclei produced in as complex a process as nuclear fission
[2], and also successful spectroscopic studies of nuclei
produced in damped HI collisions have been reported
[3,4]. Moreover, it has been shown [5] that one can also
observe coincidences between y rays emitted from two
different nuclei, namely the two binary reaction partner
products, which naturally occur simultaneously in the
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exit channel. Such yy cross coincidences provide
straightforward isotopic identification of both outgoing
nuclei. Hereby it is firmly established whether or not nu-
cleons were emitted in the process, and thus the primary
or secondary character of the reaction products is

FIG. 1. Cross sections for direct production of fusion-
evaporation residues in bombardment of ' Cd with 247 MeV
5 Fe beam. The dark area is proportional to the cross section;
the smallest unit represents 0.8 mb.

specified.
In order to explore further the potential application of

this technique in HI-reaction studies we performed yy-
coincidence experiments for the ' Cd+ Fe system. In
the present Rapid Communication we give a condensed
overview of the results; a more complete and quantitative
account of our findings, as well as details of the data
analysis, will be contained in a forthcoming article [6].

The Fe beam energy of 255 MeV, approximately 30
MeV above the Coulomb barrier, was chosen to enable
observation of a wide variety of reaction types covering
the range from inelastic scattering to fusion. The 1.2
mg/cm thick target of 90.8% enriched ' Cd (' Cd
0.4%, "Cd 1.5%), backed by 15 mg/cm Pb, ensured
stopping of virtually all reaction products and the 300 ns
pulsed Fe beam from the VICKSI accelerator at HMI
Berlin allowed the separation of the prompt in-beam
events from those originating from radioactive or isomer-
ic decays which occur between beam bursts. The OSIRIS
multidetector ring was oriented perpendicular to the
beam direction, and a large-volume four-sector neutron
detector was placed in the forward direction at 0'.
Gamma —x-ray and y-neutron coincidences were vital for
the identification of the essentially unknown excitation
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FIG. 2. Production cross sections of binary reaction products for 247 MeV ' Fe on ' Cd. Inelastic scattering cross sections for
target and projectile are not shown.
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spectra in several N &86 nuclei above Er produced in
fusion evaporation. The detailed spectroscopic study of
these species is a separate goal of the present experiment.

Following the in-beam experiment the radioactivity
collected in the target was measured and its decay was
followed over a period of four months. These data pro-
vided accurate production yields of many long-lived
products. Quantitative analysis of the off-beam coin-
cidence data gave relative yields for short-lived radioac-
tive products including T»z)20 ns isomeric decays.
More laborious analysis of the prompt in-beam coin-
cidence data established the direct production of nearly
200 nuclei. For most of them, sequences of several coin-
cident, predominantly yrast y-transitions known from
previous studies, could be identified. Some of these in-
beam coincidence results were also used to estimate the
production yields of stable nuclei and of those with un-
favorable radioactive decays. For evaluation of the ra-
dioactivity spectra the y-ray tables of Reus and West-
meier [7] were of crucial significance; interpretation of
the in-beam spectra was largely based on the latest Nu-
clear Data Sheets compilations. A summary of the pro-
duction yields resulting from these analyses is graphically
displayed in Figs. 1 and 2; numerical values will be given
in [6]. The principal significance of our data is primarily
the determination of the relative yields for all reaction

products. In the figures we give them in millibarns,
which is based on earlier absolute cross-section measure-
ments for the ' t.u and ' Hf a-decaying fusion-
evaporation products performed for the same ' W com-
pound nucleus formed at similar excitation and angular
momentum at the SHIP recoil separator of GSI [8].
These results are, however, only accurate to within a fac-
tor of 2. The fusion evaporation cross sections are shown
in Fig. l. Among the 15 observed evaporation channels,
3p, 3', and 4p evaporation are the strongest and, as ex-
pected for the very neutron-deficient ' W compound nu-
cleus, charged particle evaporation strongly dominates.
Here we only mention that calculations as described in
Ref. [8] reproduce our measured fusion-evaporation cross
sections except for alpha evaporation which is underes-
timated by a factor 2 to 3. Consideration of all measured
yields leads to the conclusion that fusion evaporation ac-
counts for close to I/O of the total reaction cross section
(see below). As expected, we observed no reaction prod-
ucts of the elements from Ho down to Te.

The predominant part of the ' Cd+ Fe collisions
leads to various binary reactions, producing isotopes in
the range from Sb to V. Figure 2 displays the cross sec-
tions for all binary exit products that are identified in the
collisions. This result probably represents the most corn-
pletely identified distribution of products arising in col-
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FICs. 3. Binary reaction partners established from yy cross coincidences between discrete transitions in the respective light and
heavy fragments. The figure shows that in most cases one to four nucleons are lost, and consequently the primary reaction products
remain unspecified. Only the 11 data points on the A &+ A& =160 line represent coincidences between fully defined primary prod-
ucts. For circular symbols placed precisely on the respective (A &, Az) position the isotopic assignment for light and heavy fragment
as given on the two axes is correct. Heavy-fragment assignment is correct also for of-center circular symbols, but in these cases the
light-fragment Z value has to be raised or lowered by one unit depending on whether the point is shifted (left upwards or (right)
downwards. Square symbols indicate an analogous change of the heavy-fragment Z value. The associated light-fragment isotopic as-
signment in these cases is obtained from the nucleons lost in the collision.
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lisions of two heavy nuclei and illustrates the excellent
resolving power of y-ray coincidence arrays. The group-
ing of the largest cross sections in the vicinity of target
and projectile reflects the contribution from quasielastic
processes and their yields are similar to the strongest
fusion-evaporation channels. We note, however, that
many nuclei even far remote from the initial masses are
still produced with more than one-tenth of those most in-
tense exit channels.

It is important to note that most of the binary products
are of secondary character due to particle evaporation
from the primary ones. As mentioned above, this point
can be clarified by the analysis of yy cross coincidences.
From in-beam coincidence spectra with gates set on
specific transitions the population of known states in a
given nucleus could be determined. In those spectra one
can also recognize the y lines from reaction partner nu-
clei produced in binary reactions. Usually several
different partner nuclei were observed, as expected for
data which are integrated over the kinetic energy loss.
The correlation between light and heavy reaction prod-
ucts established from the observed yy cross coincidences
is summarized in Fig. 3. The points in the figure mark
all cases, independent of the detected coincidence intensi-
ty, where the data allowed to conclude firmly the simul-
taneous appearance of two specific final products. The
location of points on the A, +A2 lines indicates how
many neutrons or protons were lost, most likely eva-
porated from the excited primary products. Although
the results of Fig. 3 represent only a fraction of the
binary processes occuring in the collisions, the nearly 100
cases explicitly established from the data should quite ac-
curately sample the average properties of the reaction.

One notices that only 11 points in Fig. 3—those on the
A, + A2=160 line —represent the detection of the pri-
mary reaction products, as they all occur in a narrow
mass transfer region around the ' Cd target and Fe
projectile nuclei. But also here processes with subsequent
nucleon emission are quite frequent. For reactions with
larger mass transfer, when the heavy fragment mass is
below A =98, the points scatter around the
A, + A2 =157, 158 lines, in similar manner over the en-
tire mass range down to symmetric partition. From these
data one concludes that in this region on the average 2.6
nucleons are emitted, of which 1.2 are protons. The ex-
perimental finding that in the studied system neutron and
proton evaporation are equally probable leads to the im-
portant conclusion that the secondary emission on the
average does not affect the N/Z ratio attained by the pri-
mary products. Thus by inspection of the measured yield
distribution one can directly obtain the mass and charge
transfer taking place between the colliding nuclei.

The integral results related to mass, charge, and angu-
lar momentum transfer are displayed in Fig. 4. The
upper panel shows the mass distribution, i.e., the projec-
tion of the individual yields in Fig. 2 on the mass axis.
The regions where the difFerent types of reactions are ex-
pected to occur are indicated. For target and projectile
mass inelastic scattering cross sections are excluded. Due
to the very strong Coulomb excitation these values are
singularities and are marked in the figure by arrows,
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FIG. 4. Production yields, N/Z ratios, and population of 6+
and 8+ levels relative to 4+ as a function of mass.

while the open points given below represent the cross sec-
tion for the isobars only. The results of this figure were
used to extract the integral cross section for the binary
reactions compared above with the fusion-evaporation
cross section. We obtain it as the cross-section sum of
the heavy fragments from mass 79 upwards since here the
experimental results are of better quality than for the
light fragments.

The average N/Z shown below was calculated for each
mass using the measured yields of all observed isobars,
and as discussed above the results equally refer to the pri-
mary reaction products. As a function of mass the points
give the most probable ratio of neutrons and protons in
the binary reaction exit channel products, which contains
essential information on the charge equilibration taking
place during contact of the two colliding ions. All points
lie within the limiting lines given by the N/Z ratios of
the ' Cd target and Fe beam nuclei, which confirms
that together with the direction of the mass flow from the
heavy to the light collision partner one observes a tenden-
cy towards charge equilibration involving enhanced pro-
ton transfer in the opposite direction. However, it is evi-
dent that complete charge equilibration, i.e., the com-
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pound nucleus N/Z value, is obtained only in the region
of symmetric parton, apparently corresponding to fission
following compound nucleus formation. Outside this re-
gion the data seem to indicate that only partial, but a
nearly constant, degree of charge equilibration was
reached. One may argue that it is enough to transfer one
proton from Fe to get the observed N/Z change, but it
should be kept in mind how the points were obtained.
Each of them contains several processes, and on both the
heavy and the light product side one observes in a broad
mass range a similarly constant shift of the most probable
N/Z, which corresponds roughly to half of the shift to-
wards complete charge equilibration. This observation is
surprising in view of earlier knowledge [9] and recent re-
sults [10],which suggest charge equilibration to be a con-
tinuous process strongly correlated with energy loss and
thus also with mass transfer. However, in our experi-
ment where both target and projectile were the most
neutron-deficient isotopes the conditions to study this
effect were not optimal. Much greater mismatch of beam
and target N/Z should be chosen in a future study of
charge equilibration.

The two lowest panels of Fig. 4 display results indicat-
ing general features of angular momentum transfer.
Selecting the 2+~0+ ground state transition gates in
even-even nuclei throughout the full mass spectrum, the

population of 6+ and 8+ states relative to 4+ population
was determined. In a qualitative way these ratios reflect
the amount of angular momentum transferred to the final
product. These results clearly show that the highest spin
population occurs for heavy fragments produced in
damped collisions, while fusion-fission products as well as
nuclei emerging from quasielastic processes are populated
at much lower spin values. For selected nuclei much
more detailed features of the population could be extract-
ed from the data; such results will be discussed later [6].

In summary, we have investigated the ' Cd + Fe
system at a collision energy 30 MeV above the Coulomb
barrier by y-spectroscopic techniques. A comprehensive
analysis of in-beam yy-coincidence and radioactivity
data provides the production cross sections for the indivi-
dual fusion-evaporation and binary reaction products, the
correlation of heavy and light fragments in binary reac-
tions, and the main features of the angular momentum
transfer to individual product nuclei. It is thus shown
that such studies can provide unique, exclusive informa-
tion concerning aspects of mass, energy, charge, and an-
gular momentum transfer in heavy-ion collisions.

We are indebted to H. Folger for preparing excellent
targets, and we acknowledge a productive discussion with
H. Freiesleben.
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