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excited 0' energies. The model also fails to ac-
count for the asymmetric population of the ex-
cited 0' state in '"W. It is hoped, however, that
numerical calculations incorporating diff erences
between neutron and proton bosons will be able
to correct these differences while retaining the
other features of the model predictions which
agree so well with the data.

In summary and conclusion, we have presented
a body of data for two-particle transfer reactions
between W nuclei which show some simple sys-
tematic features. The data show some of the
characteristics of both the PR and PV schemes
but are better described by the SU(3) limit of the
IBA model which still leaves the possibility for
improvement when numerical calculations in this
framework are performed. One expectation, in-
dependent of any model, is that there should
exist" a 0' state in '"W at about 1 MeV excita-
tion. This state, were the target stable, should
be strongly populated in the "'W(t, p) reactior, it
might therefore be expected to be seen in n -par-
ticle transfer on '"Hf.
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In-plane angular and energy correlations between & particles and heavy ejectiles have
been measured for the reaction '~N + ' Ni at 148 MeV. The coincidence cross sections
may be parametrized as a product of singles cross sections for the detection of & parti-
cles and heavy ejectiles. The observed correlations indicate that the & particles are
emitted at an early stage, prior to the formation of the deep-inelastic fragments.

One of the most interesting aspects of interac-
tions between complex nuclei is the study of deep-
inelastic reactions. It has been shown experi-
mentally' ' that a large fraction of heavy ejectiles
(HI) coming from deep-inelastic reactions are ac-
companied by n particles. In a recent n-HI cor-
relation measurement for the system "B+' Ni at
116 MeV energy, it was shown that n particles
are emitted in a fast process on a time scale com-
parable to the collision time. ' In the present in-
vestigation, we have extended these measure-
ments to the "N+"Ni system at 148 MeV. It has
been found that the n-HI energy and angular cor-

relations may be parametrized as a pr'oduct of
the singles cross sections for n particles and
heavy ejectiles. This result combined with the
strongly forward peaked angular correlations in-
dicate that the n particles are emitted at an early
stage of the reaction by a direct process prior to
the emission of the deep-inelastic-reaction frag-
ments.

The experiment was performed by bombarding
a "Ni foil of 2.5-mg/cm' thickness with 148-Me V
"N beam from the Variable Energy Cyclotron
at the Atomic Energy Research Establishment
(Harwell, England). The heavy ejectiles (Z =3-8)
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ere detected in a ~-E counter telescope con-
sisting of a 30-pm-thick ~ and a 1.5-mm-thick
E detector. The coincident n particles were de-
tected in a coplanar geometry with a 50-pm-
thick ~ and 1.5-mm-thick E counter telescope.
Details of the experimental set up are given in
Ref. 2.

Coincident cross sections have been measured
for two different HI angles: OH& =13', the classi-
cal grazing angle for "N+ "Ni; and 6IH& =26'.
Coincident a particles were detected in the angu-
lar range —70'& 0„&70', where positive O„cor-
responds to the HI and a counters on opposite
sides of the beam. For some a angles the out-of-
plane correlations were also measured. The co-
incidence cross sections have been corrected for
"random" events which were typically &10% of
"real" events.

For light ejectiles (Z& 6) the impurity contribu-
tion from carbon and oxygen on the Ni target is
estimated to be & 10% for both HI angles. For Z
=6 ejectiles the impurity contributions are -15%
and -

30%%uo at 0H& =13' and 26', respectively. No
corrections for impurities in the Ni target have
been made.

The in-plane energy-integrated angular corre-
lations of n particles with Hl are shown in Fig. 1.
These differential o. multiplicaties are obtained
by dividing the e-HI coincidence cross sections
by the singles deep-inelastic HI cross sections.
The angular correlations observed for 0» =13
and 0H& = 26' are quite similar. For Z & 6 the an-
gular correlations are symmetric about the beam
axis and have a full vridth at half maximum - 40'.
The angle integrated o. multiplicities, corrected
for out-of-plane anisotropy, have been estimated
to be in the range 0.4 to 0.8.

Analysis of the energy correlations (E» vs E„)
reveals an important feature which is also to a
large extent seen in the "8+"Ni data': The pro-
jected coincidence e energy spectra are indepen-
dent of ejeetile type and have the same shape as
the singles e spectra. Typical coincidence ener-
gy spectra in the center-of=mass frame for heavy
ejectiles (E»') and & particles (E„') are shown
in Fig. 2. The solid curves are singles measure-
ments at the corresponding HI and n angles. The
projected energy spectra for HI in coincidence
with "fast" n's (E„'&22.5 MeV) and slow n's (S
&E„'&22.5 MeV} are also found to be similar in
shape to the corresponding singles HI spectr a.
A similar analysis for e spectra gated by "low"-
and "high"-energy ejeetiles shows a lack of de-
pendence of (E„') on HI energy.
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The apparent independence of E ' and EH&' and
the similarity of the coincidence and singles en-
ergy spectra indicate that the bvo-dimensional
energy correlation cross section may be faetor-
ized in the form

d o(E»& e» y+ny en)
4 Hy 4 ~4E Hy QE ~

d'o(E„„e„)d'o(E. , 8.)
G A Hy 4E H) GQ Ot 6E~

where d'o(E», 9«) and d'o(E, 8 ) correspond to
the singles energy spectra for heavy ejeetiles
and the singles energy spectra for the n parti-
cles at angles 8H~ and 8, respectively, and% is
a constant of proportionality. A comparison be-
tween the calculated' and experimental two-di-
mensional energy correlation plots shows that
they are within statistical error. For Z =6 and
7 at 0» =13' the singles spectra contain a strong
quasielastic component that is absent in the co-
incidence data. For this reason, the coincidence
data for these ejectiles couM not be reproduced

FIG, 1. Differential ~ multiplicities dM„/d~ for dif-
ferent ejectiles (solid and open circles) for the reaction
'4N+ 5 ¹iat 148 MeV. The solid curves are derived
from singles n angular distributions as described in
the text.
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F10. 2. Projected coincidence energy spectra for & particles and different ejecti1es at (Ia) 8H~ = l3, 0~ = 26,
and (b) OH~ = 13', 8~ = 51 . The solid lines indicate the shapes of the singles spectra at the corresponding HI and

n angles.

by use of the singles cross sections. Reasonable
agreement could, however, be obtained by re-
placing the singles d'0» and d'o by the projected
coincidence cross sections.

The factorization of the coincidence cross sec-
tions implies that the differential e multiplicities
are proportional to the singles e angular distribu-
tions. The solid curves in Fig. 1 are obtained
from the experimental distributions do /dQ~
measured in the angular range V &8 &65 and

extrapolated smoothly through O'. The same nor-
malization constant K= 0.5 sr/b has been used
for all the curves. The agreement between the
calculation and data implies that the shape of the
a -HI correlations are largely dictated by the
shape of the singles o angular distributions and

the multiplicities for different ejectiles are rough-
ly independent of Z and 8~.

For a comparison between different models for
o. emission, the energy correlation data have
been analyzed in terms of the three-body kinemat-
ics. Figure 3 shows the spectra of Q„E», and

E23 for toro n angl es . S,.~ is the re 1 ative energy
between the particles i and j in their common
center-of-mass frame, where 1, 2, and 3 refer
to the HI, o, and the recoiling nucleus, respec-

tively. These shapes are reproduced quantitative-
ly by the factorization procedure {solid curves).
The dashed curves for Z = 6 are obtained by re-
placing the singles spectra, by the corresponding
projected spectra for C and e particles in coin-
cidence.

The success of factorization in describing the
energy and angular correlation data implies that
the a particle and HI are formed at different
times so that the probabilities for the detection
of e particle and HI are independent of each other,
Emission of 0. particles from a projectilelike
fragment is therefore ruled out as the dominant
reaction mechanism. Similarly, the observed
variation of the average value {E»)with 9 {Fig.
4) cannot be explained by n emission from a tar-
getlike fragment.

The strongly forward-peaked angular correla-
tions and the independence of o. energy with g
and 8~ suggests that the majority of n particles
are emitted at an early stage in a fast direct
process. However, the factorization of cross
sections indicates that the reaction may be as-
surned to proceed in two stages. First the e par-
ticle is emitted in the forward direction by a
process similar to a knockout mechanism. The
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FIG. 4. Variation of (E») with g~ at OHt = 26'. Data
points for different ejectiles have been shifted 10 MeV
upwards with respect to each other. The solid curves
are calculated from singles cross sections with the
factorization proc edure.

projectile-target combination, after losing the e
particle, forms a dinuclear complex that ex-
changes mass and energy between its constituents
and finally breaks up producing the deep-inelas-
tic-reaction fragments. Because of the statisti-
cal nature of these exchanges, the fragments re-
tain no memory of the energy and the direction of
the n particle emitted and the cross section may
be written as a product of the probabilities for

separately detecting the e particle and the ejec-
tile.

It must be stressed that although the above
process implies a time ordering of events, the
break up of the dinuclear complex is also a fast
process as the energies of the heavy ejectiles
are well above the Coulomb barrier. Since the cy

multiplicities are close to unity, a major frac-
tion of the ejectiles observed in singles are formed
by such a three-body process.

In conclusion, the observed energy and angular
correlations for a large range of 0 and Z have
been reproduced by a simple parametrization of
the data in terms of singles cross sections. The
proposed reaction model in which the.n particle
is emitted in the first stage of the reaction can
account for the narrow angular correlations and
the factorization of cross section. Such a model,
if proven correct, would have an important im-
plication for the energy-dissipation mechanism
in deep-inelastic reactions.
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In the calculated correlations, the contributions from
the kinematically forbidden region ($3 & 0, where Q3
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culating the spectra shown in Fig. 3.
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The intensities and angular correlations of yrast transitions measured in coincidence
with light fragments from 96-MeV O+ Ti reactions are used to determine amount and
alignment of the angular momentum transferred to the heavy fragment as a function of
the reaction Q value. It is found that fluctuations of the spin axis about the scattering
normal are small at the most probable Q value of —82 MeV but increase strongly with
increasing inelasticity.

The angular momentum transfer in deep-inelas-
tic heavy-ion collisions is presently much stud-
ied by measuring the multiplicity I& of the de-
excitation y rays' ' or the anisotropy of particle
emission from the excited fragments. '' A short-
coming of the former method is its indifference
to the separate contributions from the light and
the heavy fragment and, for fragment masses A
& 70, the rather weak dependence of I

&
on the

initial fragment spin. ' On the other hand, the
fragment spin determined by the anisotropy of
light-particle emission' or sequential fission'
depends on assumptions about the spin orienta-
tion. Therefore, a complementary Inethod ap-
pears desirable. In this Letter we use the popu-
lation pattern of the heavy-fra, gment yrast states
observed in a high-resolution y-spectroscopic
study of the 96-MeV "0+"Ti reaction to deter-
mine the angular momentum transfer.

In contrast to the approximate isotropy of the
energy-integrated y radiation noted in some re-
cent studies' ' of deep-inelastic reactions, con-
siderable out-of-plane anisotropies have been
observed for y rays from the decay of first and
second excited states of "0+"Al and "0+"Ni
reaction products. "' However, these studies

did not yield quantitative conclusions about the
dealigned component of the initial fragment spin
because of the large effect of the preceding sta-
tistical particle and y decay at low spin' ' which
may reduce the anisotropy of the observed final
decay drastically even in the case of a complete
initial spin alignment. In contrast, the anisotro-
py of a stretched cascade starting at high spin
reflects the initial spin alignment. In the exam-
ple of the "Cr ground-state band, presented in
this Letter, it is possible to follow the fluctua-
tions in the direction of the spin of the primary
fragment as a function of the reaction Q value.

We have bombarded "Ti targets of 2-mg/cm'
thickness with a 96-MeV "0beam from the Mu-
nich Mp tandem accelerator. Light fragments
were detected at 35 using a ~-E telescope con-
sisting of an axial field ionization chamber and
a 9-cm' surface-barrier Si detector subtending
a solid angle of 30 msr. Element numbers Z
were clearly resolved. The coincident y radia-
tion was measured with a 120-cm' Ge(Li) crystal
positioned 8 cm from the target at 45', 90', and
180 with respect to the mean recoil direction in
the in-plane geometry, and normal to the reac-
tion plane in the out-of-plane geometry.
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