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Yields have been measured with discrete Z and A resolution for Fe-like fragments pro-
duced in damped collisions between 8.8 Mev/amu '6Fe iona and 58Fe, 6~Ho, and 2osBi tar-
gets Bo.th the fragment A/Z ratio and the relationship between the variances of the mass
and charge distributions are found to depend upon the degree of energy damping. These
observations are consistent with similar time scales for evolution of the nucleon-exchange
process, A/Z equilibration, and energy dissipation.

There is considerable evidence that the major
part of the energy loss in damped collisions be-
tween complex nuclei is due to dissipation mecha-
nisms occurring on the same time scale as nucle-
on-exchange processes. ' Under this condition,
the variances of the product mass distributions at
any value of the dissipated energy is related to
the number of nucleons exchanged during the in-
teraction time. Most previous measurements in-
volving projectiles heavier than ' Ca have deter-
mined only the charge distributions separately.
However, the relation between the variances 0„',
az', and o„' of the respective neutron, charge,
and mass distributions is of considerable inter-
est since it depends on the degree of correlation'
between neutron and proton exchange. The corre-
lation coefficient p is defined by

0~ =O'z +0'ar +2poz&p

with —1 & p~ 1. In a classical model' for fully
correlated neutron and proton exchange, p = 1 and
v„s = (A/Z)ass'; for uncorrelated exchange, p =0
and o'„' = (A/Z)vs' (where A and Z represent the
combined system).

Another important feature of damped collisions
is the degree of mass-to-charge equilibration of
the fragments as a function of energy damping
and target-projectile mass asymmetry. From
inspection of the potential energy surfaces for re-
actions between heavy complex nuclei, as derived
from the Q«systematics, one in general finds a
gradient toward an equilibrium A/Z ratio which
minimizes the potential energy of the composite

system. Although several experiments have pro-
vided evidence in support of A/Z equilibration, "'
no data presently exist which demonstrate the de-
tailed dependence of this equilibration process on
energy loss. In order to investigate the above
questions, yields of projectilelike fragments
have been measured with discrete A and Z reso-
lution as a function of en'ergy loss for both sym-
metric and asymmetric systems with varying
A/Z ratios.

The measurements were performed with 465-
MeV "Fe ions from the Lawrence Berkeley Lab-
oratory SuperHILAC accelerator. Self-support-
ing targets of monoisotopic "Fe, "'Ho, and '"Bi
with thicknesses of approximately 500 tLg/cm'
were used. The projectilelike fragments were
detected with a time-of-flight 4E-8 telescope
consisting of 1V-p m ~E and 100-p, m E silicon
surface-barrier detectors. Data were taken at
selected angles forward of the grazing angles.
The separation distance between the ~E and E de-
tectors was 100 cm and timing signals were de-
rived from Sherman-Roddick fast-timing elec-
tronics. ' For elastically scattered "Fe ions a
timing resolution of 100 psec and an energy reso-
lution of approximately 3 MeV were obtained, re-
sulting in a mass resolution of = O.V amu. The
&E-E signals provided Z resolution of &0.8
charge units, thus permitting discrete Z and A,

identification for all Fe-like products. In Fig. 1
a two-dimensional plot of experimental yields for
the ' 'Bi+' Fe bombardment is shown.

Since the data represent the yields of residual

1979 The American Physical Society 191



VOI.UME 43, NUMBER 3 PHYSICAL REVIEW LETTERS 16 JUr.v 1979

~ ~

r 0 0 0
eeeer ~ ~ ~ ~ 0

~ ~ 0 ~
~ 0 ~ ~ ~ 0

1

~ ~
~ ~ ~ ~

~ ~ ~ 0
0 ~0

~ reo
0

~ ore r ~ ~ f ~ ~ ~ ~ ~ ~

0 110 0

0 ~
~ ~ ~ ~ ~ ~ ~ ~
~ ~ ~ ~ ~ ~ ~ 0 ~
~ ~ ~ ~ ~ so ~
~ ~ ~ 11

~ ~
0 ~ 0 ~ \

~ ~ ~ ~ ~ ~ 0

~ ~ ~ ~
~ ~ I

~ 0
~ ~ ~

~ ~ ~ ~
~ 1 ~ ~ ~

~0 ~ 0 es@0000
~ Is&o ~ 0 000 $0SI00

~ ~ OOS ~ ~ 00 I SO+M&IS
~ ISO&II&0' ' ~&SS~
~ SSSSIO0011&
~ 0~OSS&0011&SO QOS1
~ 000S&~00 Oe&SW ~
~ Issoe re is 0 ~ ooeoes

~ 0IOO ~ ~ 100IIsesss

~ 0 ~ ~ 0
' ~ reer ~ ~
r eo 0 0
000 oor&0

~oeSeeorI 0 F 000
I ~ 0&IO 0 0
\ ~ror ~ 0~

0 ~ 0
0&ser 0 0

I oooo 00&los&or&sos
~~0SSSe
Io IIIIS&sISOSSSOSOI
IS 0&SOS 0 00Sees&re&1000 0 000&

~ 0 00
~ 0 ~ 0
r& &00I
Soo& ri0S&roa
~SO re
~&~OS
0 0 0 SO&os&or 0

e
1 ~ ros
1 ~ 0
~ rr
~ r
100
~ r

~ reeesrosr
~ &00 0&0 0
I~ 0&0&e 0&
~ 0Ir re 0 0 00
~ 0SS ore
~ 0 oo se
0 0 '0 re

0

rr ~ 0'0 ~ ~ 00& 0 ' ~ 0
I or os&0 ~ 0 ~ 1 ~ ~ ~ I

101re&ore I' I 0 0
I 0 roose 1 10 00

0 sero r 0 I ~

I 00000000 0 0 ~ 0
~ I

I rees 0 '' ~ ~ ~ ~ ' ~

~ 00
~ ~ re

~ ~

~ ~ ~ ~
e ~ ~ ~

~ ~ ~
0 0 ~ 0 ~

~ ~ ~ Io
~ ~ ~ ~ ~ 0 ~ 01
~ ~ ~ ~ ~ ~ ~ 1

~ ~ 0 ~ ~ ~ ~ ~ ~ Ire ~ ~ ~ ~
~ ~ ~ ~ ~ ~

~ 00
~ OO

~ ~ 00
~ 0 ~ ~
~ ~ OO

~ ~ ~

~ ~

~ ~ ~
~ oso ~ '

~ OI
~SI~ ~OSSI ~ 1

~Sos ~
~ 0 ~ ~ ~
~ ro ~

~ ~ ~
~ ~
~ I
~ 0
0 ~

~ ~ ~
~ ~

~»
~ ~ ~
0 ~ 0
~ ~ ~
~ ~ ~
~ ~ ~

~ ~
0 ~ ~

~ 00 ~
~OI000 OS
~0 ~II~ 00

~ ~ ~
~ ~ ~ ~

~ ~ ~
~ \ ~ \
~ 0IO
0 ~ Oo
~SI0
~ OS0
~ ~ ~I
~ ate

1 0 &&0 OIIo el I ~ ~IISII~ 0 los ~ ~ Ores
~IIII ~ I I ~ &ISO&I& io OOOSOO

lssSSSS&so I&%%III oorsrsse
r&SggSOI1 OsslggEO iessesseIO

1 ~ SRSS&l IIOOSSSS0S1 ios oosoes
I ~0SSSSSSSIIOQISSSSO i ~ &SISISSS
I IOISSSSSSI I~0SIIISIO lsr ~ Is&00
' ~ &S&I&III iso&ISIS&ol 1 or oso \ e
~I Is&So 0 OS&I 0 00 \

~ ~
~ ~

~ ~ ~
~ ~
~ ~

~ ~

~ ~
~ ~ ~

~ ~ ~

0 ~ ~

~ ~ ~
~ ~ 0

~ ~ ~ ~ ~ ~ 0 ~ ~
' ~ ~ ~ ~ Iso ~ ~
~ 0ISS&~ ~ ~ I

~ I 00SIIIO ~ 0
~ ~ ~ 1 SSSSSSOI~ 1

~ ~ ~ I ~ SISS&Is~
~ ' ~ ~ ~ SISS0 ~oo ~ ~sore ~

~ ~ ~ 0 os ~

~ ~ ~ ~ ~ ~ ~ ~ 0 ~ ~ 1 ~ ~ ~ ~ SSO ~ ~
~ ~ ~ ~ IIIO ~ 0 ~ 000SIS'~I~
~ ~ 1 ~ 0SSSIII ~ 1 ~ IISSSS0 ~ 1I~ ~ ISSSSSSO1iIIO ~ ISIS&
0 ~ 1 ~IIHSII ~1 less&EEI\'
0I 1 ~ 0SISOIII ~II0SIIII
~ 1 ~ ~I0ISSO ~ 1 1I ~ 0IISO0 ~
~ 0 '1 ~ ~ OSIS ~ I ~ ' ~ ~ ~ ~ SIO ~ \
~ ~ 0 ~ ~ 0 ~I ~ 0 ~ I ~ ~ ~ 0 ~ ~ ~
\ ~ 10 ~ 0SI~ ~ Iol ~ ~ ~ ~ ~ 00
0 ~ ~ 0 ~ I&II&0 ~ ~ ~ \\ ~ 0
0 ~ I ~ 0 0 ~ ~ ~ 0 ~ 0 ~ ~
0 ~ I I ~ 00 ~ ~ ~ ~ 1 ~ ~ ~ ~ 0 ~
~ 011 ~ ~ ~ ~ ~ \ ~ ~ 1 ~ ~ 0 ~
~ ~ I ~ 0 ~ ~ ~ ~ ~ ~ ~ 0 ~
~ ~ I 0 ~ 0 ~ ~ ~ ~ ~ ~

~0 ~ ~ ~ ~ ~ ~

~ 0&IIII 10 ~ 00000 ~0 10 ~ ~ ~ 0&1 ~

' ~ 0 ~ 00~Oss I ~ 0 ~ 0~ ~ ~ ~ ~ 0 ~
IoSOI&00 ~ 0» ~ ~ oe ~00 ~ 0 I 0 ~

~ 0~0~res&1 I 0
le&ores&IS 0 ~
I 0
0 ~ ~ ~ 0
0 ~ ~ ~ ~ 0

I ~ ~ ~
I ~ ~ ~ ~ '

~ 0 0
I ~ ~

~ ~ 0

~ ~ 0&00
10 0 er
0 0 0Se ~ 0

~ 0 res r \
I ~ 0 ~ ~ or
I 0 0
~ 0 0 ~ ~

iire

0

0

0

~ ~ 0 ~

~ ~

~ ~ ~ ~ ~

~ ~ ~
~ 0 ~ ~ ~ ~

~ ~ ~ ~ ~
~ ~

~ ' ~

l

46 48 50 52 54

FIG. 1. Plot of charge vs mass for the Bi+Fe reaction at 60 ~E&~, ~160 MeV. The sizes of the points corre-
spond to counts on a quadratic scale. The region of currently known particle-stable nuclei falls between the limits
indicated by the intensified solid lines.

Fe-like fragments after deexcitation, it is neces-
sary to correct for particle evaporation in order
to obtain primary yields. The available excita-
tion energy is assumed to be shared between the
two primary products according to their mass
ratio. Neutron multiplicity and energy measure-
ments support this assumption for Ho+ Fe sys-
tem. ' Using nucleon binding energies from the
compilation of Wapstra and Bos~ and treating the
energy spectra of the emitted particles as de-
scribed in Ref. 7, the measured yields and ener-
gies were transformed by an iterative, event-by-
event procedure into primary fragment yields and
center-of-mass energies. These calculations in-
dicate that neutron evaporation predominates over
charged-particle emission for the Ho+ Fe and Bi
+Fe cases due to the neutron excess and relative-
ly low excitation energies of the primary Fe-like
fragments. Hence, the measured charge distri-
butions for these two heavier systems can be con-
sidered to be essentially primary yields. How-
ever, in the Fe+ Fe system greater proton rich-
ness and higher excitation energies increase the
relative importance of charged-particle emission.
These conclusions are corroborated by measure-
ments of charged-particle emission performed
simultaneously in these experiments. While par—

ticle emission gives measured average mass of
the primary fragments, the effect on the vari-
ances of the mass distributions is small. Neutron
evaporation leads to measured mass distributions
which are narrower than the primary distribu-
tions, whereas proton evaporation produces the
opposite effect. Thus the primary variances of
the mass distributions for the Fe+Fe reaction
fragments are essentially the same as those of
the measured distributions.

Figure 2 presents the experimental results as
a function of total kinetic energy loss (Z~,«). The
data points on the left-hand side of the plot repre-
sent the shifts of the average mass, 67' =2 —56,
whereas on the right-hand side the variances of
the mass distributions, 0'„', are plotted. Trian-
gles indicate measured data points and circles
show values of &2 and oA' corrected for neutron
emission. The curves represent the correspond-
ing measured values of ~Z=-Z —26 and 0~', mul-
tiplied by A/Z of the composite systems (dashed
lines) and (A/Z)' (solid lines), respectively, for
comparison with the mass data. Values for Z,
2, o„', and o&' were obtained from Gaussian fits
to the data.

First, the implications of these data on the
charge-equilibration mechanism are discussed.
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FIG. 2. Values of 4A (left-hand sides) and variances
of the mass distributions (right-hand sides) as a func-
tion of energy loss for the reactions of ~6Fe ions with
(a) Fe at 8" (b) ~6 Ho at 30" and (c) 9Bi at 34'and
38 in the laboratory system. Note the change in scale
for 02 for the Fe+Fe reaction. Arrows indicate the re-
spective Coulomb barriers for touching spheres in the
entrance ch~»els. Tri~n~les give measured points
with statistical errors; circles represent the data cor-
rected for neutron emission (errors are comparable to
measured points). The dashed Iines show the values of
DZ = 26 —Z and oz2 multiplied by (A/Z); the„solid line
represents oz times (A/Z)2.

For all three systems the data exhibit a drift of
Z toward smaller atomic numbers as the energy
damping increases. For the Fe+ Fe system this
drift is attributed to charged-particle emission
in the deexcitation of the primary fragments.
Since for the Ho+ Fe and Bi+ Fe systems charged-
particle emission is strongly inhibited, their de-
crease in Z must be attributed to a charge-equi-
libration process in which protons are preferen-
tially transferred from the Fe-like fragments to
the heavy partner.

From the measured values of Z and A, correct-
ed for neutron evaporation for the two heavier
systems, it is possible to deduce the dependence
of 2/Z on E&„„asshown in Fig. 3. Also shown
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FIG. S. Ratios of A/Z, corrected for neutron evapor-
ation, as a function of energy loss for the (a) ~ Ho and
(b) 2+Bi+56Fe systems. The dashed lines give A/Z of
the projectile and of the composite systems.

as dashed lines are the A/Z ratios of the 'oFe
projectile (2.15) and of the composite systems
(2.38 for Ho+Fe and 2.43 for Bi+ Fe), The data
support a nucleon-exchange mechanism in which
there is an initial increase in the X/Z value of
the primary Fe-like fragments as soon as the Q
values permit. Thereafter a monotonic increase
in'/Z is observed which may saturate at energy
losses in the range of 100-150 MeV at A/Z= 2.3
for both asymmetric systems. These values are
close to the equilibrium values defined by poten-
tial energy surfaces based on the liquid-drop
model including shell corrections, which are
somewhat smaller than the 2/Z of the combined
systems.

The measured variances of the mass and charge
distributions are compared on the right-hand side
of Fig. 2. Neither assumption of correlated or.
uncorrelated diffusion (dashed lines) describe the
variances of the mass distributions for any of the
systems studied in this work. Instead, a behav-
ior intermediate between uncorrelated and corre-
lated exchange is observed for partially damped
events, but with increasing energy loss all three
systems evolve toward correlated exchange (con-
sistent with the square of the observed 2/Z ra-
tio). This aspect of the data is demonstrated
more explicitly in Fig. 4 where the dependence
of o'„'/o's' on energy loss is plotted. For com-
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FIG. 4. Ratios of c /cs2 as a function of energy loss
for the (a) 5~Fe, (b) Ho, and (c) 'oIBi+MFe systems.
Data points in (a) (triangles) represent the measured
values, in (b) and (c) (circles) values corrected for neu-
tron evaporation The .dashed lines represent A/Z and
(A/Z} of the composite system.

tion of precise values forX, Z, cs', and o„'.
The Z and 2 results show that charge equilibra-
tion develops gradually with increasing energy
loss. Hence, for very asymmetric systems, an
equilibrium in A/Z is not achieved until the reac-
tion is almost totally damped, requiring compar-
atively long interaction times. The relationship
between 0'~' and o&' supports a correlated-nucle-
on diffusion mechanism for interaction times suf-
ficiently long that the limiting X/Z value has been
reached. This is consistent with time scales for
evolution of the correlations in the nucleon ex-
change, the equilibration of A/Z, and the energy
dissipation. The energy-loss time scale leads to
an interaction time of (4-8) &10 "sec at 100 MeV
energy loss for the nonsticking and sticking con-
ditions, "at which time the correlations in nucle-
on exchange and A/Z ratio seem to be close to
steady-state values.
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(V.E.V.) thanks the University of Maryland for
providing a University Research Professorship
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parison the upper and lower dashed lines repre-
sent the A/Z and (4/Z)' values of the combined
system, respectively. It is noted in Fig. 4 that
the limit of correlated exchange is reached for
the Fe+ Fe system at about half the energy loss
of the two asymmetric systems. Previous stud-
ies of the "'Er+~Kr system' at energy losses
greater than 100 MeV have shown similar agree-
ment with the relation o „'= (A/Z)'o s'. However,
the present data stress the .importance of the de-
gree of energy damping in reaching the correlat-
ed limit.

In summary, charge and mass distributions
have been measured for the products formed in
damped collision processes in three heavy-ion
systems of widely differing target-projectile
mass asymmetries and A/Z values. The excel-
lent resolution for Z and A permits the determina-
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