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Transport model description of the correlation between the energy loss and the variance

of the charge or mass distributions in the heavy-ion deep inelastic reactions has been modi-

fied to include in the theory the effect of the degree of neutron-proton correlation in the

particle exchanges. With the use of the revised theoretical expressions and considering the

role played by the presence of correlations, the contradictions and discrepancies seen in the

earlier analysis are removed. A better quantitative agreement with the experimental results

is obtained by the present formalism. This brings out in an unambiguous way the dom-

inant role of the nucleon exchange process in the energy loss mechanism.

NUCLEAR REACTIONS Heavy-ion reactions, energy loss, nucleon

exchanges, neutron-proton correlations.

Experimentally well established correlation be-
tween the dissipated energy and the variance of the
fragment charge or mass distribution in the deep in-

elastic heavy-ion collisions has lent crucial support
to the assumption that the nucleon exchange
mechanism is an important source of energy loss in
these reactions. ' In recent studies, experimental
results for a variety of target-projectile combina-
tions and bombarding energies have been compared
with the predictions of transport theories based on
stochastic transfer of nucleons between the two col-
liding nuclei in relative motion. It is now recog-
nized ' ' that the fermion nature of the exchanged
particles and the associated Pauli blocking effect
should be included in a theoretical description of
the correlation between energy dissipation and mass
dispersion. In the above studies, the effect of the
neutron-proton correlation in the exchange process
has also been considered in deducing the fragment
mass variance crz from the experimentally meas-
ured fragment charge variance o.z for confronting
the experimental results with the theoretical tran-
sport model description of Randrup. Although the
theoretical description can qualitatively account for
the experimental results on 0& versus the energy
loss, there still remain important discrepancies, and
in particular, conflicting conclusions seem to have
been reached in Refs. 4 and 5 with regard to the de-
gree of neutron-proton correlations on the basis of

Og =Oz +ox +2p~zox .2 2 2

Here, p measures the degree of correlation between
neutrons and protons during transfer and varies be-

tween —1 to + 1. For uncorrelated motion (p =0)
it can be easily seen that the variances scale accord-
ing to the corresponding densities,

Ow =Zoz (la)

fits with the theory.
In the present work, it is suggested that the above

mentioned discrepancies result due to the fact that
comparisons with theory were not properly made,
since although the effects of correlations were con-
sidered in deducing "experimental" 0.

& from meas-
ured o.z, the effect of correlated transfers on
theoretical results had not been considered. In this
paper, modified theoretical expressions with the in-
clusion of the effect of correlations have been de-
duced which resolve the above discrepancies, and a
better agreement with the experimental results is
obtained.

We first consider the discrepancies which can be
seen in a comparison of the experimental results
with the Randrup model, as has been done in Refs.
4 and 5. The relation between the mass variance
o.z, charge variance O.z, and the neutron number
variance 0.~ is given by
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2 2 2 ~ . 2
Oa =ox +Oz = ozZ

(lb) Te ( 2) 1/2

For fully correlated neutron and proton exchanges
(p=1) such that the equilibrated A/Z ratio is al-
ways maintained, it has been shown that

From Eqs. (4) and (6), it then follows that

2) 1/2

dog
(7)

and

2 o'z
Z

'2

ow =(ox+oz) = ozZ

(2a)

(2b)

E m—EEF
d(Tg p

(8)

where EF is the Fermi energy. On integrating Eq.
(8), one obtains

For peripheral collisions, and for nuclei having

nearly equal Fermi energies, Eq. (7) reduces to '
' 1/2

These limiting relationships for uncorrelated and
correlated motion have also found support from ex-
periments ' in which variances of both charge and
mass distributions are measured.

If one does not consider Fermi motion and Pauli
blocking in the nucleon-exchange process and the
exchanged particles between the two nuclei in rela-
tive motion are taken as classical objects, the fol-
lowing relation holds», 1,2 neglecting a smaQ term
arising from recoil correction,

dE m

dog p
(3)

Here E is the available relative kinetic energy above
the Coulomb barrier, m the nucleon mass, and p the
reduced mass of the system. Within the framework
of the transport theory, the following results have
been deduced by Randrup, with the inclusion of
Fermi motion and Pauli blocking,

dgg

dt =2' T~, (4)

, (co2)F/'coth—((co2)F/'/2T) . (5)

Here co is the change in excitation energy associated
with the transfer of a nucleon, T is the temperature
of the system, and the average is taken around the
mean value of the Fermi energies. The rate of ener-

gy dissipation neglecting the recoil correction term
is given by

dE 2

, =N~&~ &F
dt

(6)

It is also a very good approximation to take
coth(co )F /2T=1 in Eq. (5) for the cases under

consideration and, therefore,

where Nz is the differential total particle current
and T~ is given by

T*= , (co coth(co/2T—) )F

' 1/2
2

0A

where Eo is the initial available kinetic energy. The
correlation between the energy loss and the mass
dispersion can also be expressed in another form as
follows,

dE m=a —E
do'g p

(10)

In this representation, a value of a larger than unity
becomes a reflection of the quantum nature of the
particle transfers, since for the classical case the
value of a is unity. For peripheral collisions, the
quantum nature of particle transfers yield the fol-

lowing value of a on the basis of Eqs. (8) and (10)
1/2

EF
m E

In earlier studies, experimental results have been

compared with theory in different ways on the basis
of Eqs. (8)—(11). In the experiments with 610 and

710 MeV Kr beams on ' La, the charge distribu-

tions were measura1 as a function of available rela-

tive kinetic energy. The relationship of mass

dispersion uq with o.z is not unambiguously

known, but it has been found that for bombarding

energies close to the Coulomb barrier there is good
evidence for the relationship

A
&zZ

At higher bombarding energies, ' although cd
starts as A/Z. oz for small energy losses, it ap-
proaches (A/Z) .oz for large energy losses. The
authors of Ref. 5 have deduced experimental oq
from crz under the two extreme assumptions with

regard to correlations, and these results are shown
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in Fig. 1 in the form of a plot of d—E/do& as a
function of [(I/p)EE~]'~ to make comparisons
with the prediction of Eq. (8). Similar results from
the experiments' ' ' with Kr+' Au at 620
MeV, Kr+' Er at 710 MeV, and Kr+' Ho at
714 MeV, again taken from Ref. 5, are shown in

Fig. 2. In the present representation of the experi-
mental results, the scales on the left and right have
been altered by a factor A/Z so that the left scale
corresponds to the experimental values under the
assumption of uncorrelated motion, while the right
scale is for correlated motion. It may be noted that
both the theoretical lines represented by solid and
dashed lines have the slope of unity [Eq. (8)] on
their respective right and left scales. On the basis
of these results of Figs. 1 and 2, the authors of Ref.
5 seem to infer that there is evidence in the data for
uncorrelated motion, as only this assumption pro-
vides good fit with the theory. This suggestion of
completely uncorrelated transfer at all energies runs
counter to the experimental findings. ' On the oth-
er hand, in accordance with the experimental find-

ings, ' if one assumes that oz ——(A/Z) oz, it is
seen in Figs. 1 and 2 that the theory predicts signifi-
cantly larger energy loss per variance —dE/do. ~,
as compared to the experimental values. This is dif-
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FIG. 1. Plot of —dE/d o.q as a function of
[(mlp, )EEp]' ' The left hand sc.ale corresponds to the
case of uncorrelated motion and the right hand scale cor-
responds to the case of correlated motion. The experi-
mental points obtained from oz under the two extreme
assumptions have to be read out accordingly. The full
and dashed lines obtained from Eq. (8) have the slope of
unity on the left hand and right hand scales, respectively.
The dashed-dotted line refers to the case when the theory
is modified for correlated transfer. The value of EF is
taken to be 37 MeV.
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ficult to understand. If there are coacting mechan-
isms like the excitation to giant resonances' or un-
correlated particle-hole excitations, ' the experimen-
tal energy loss per variance should be greater than
the theoretical expectations.

As an example of the results of correlations be-
tween the available energy and directly measured
o.z, we have picked up the system 710 MeV
6Kr+' Er for which measurements of both oz

and o.z have been made in a separate study and the
data were in agreement with the relationship
oq ——(& /Z) o'z . These results are plotted in a dif-
ferent form, as a plot of E' vs 0-z to make com-
parison with the form of Eq. (9). It is clearly seen
that Eq. (9) based on the Randrup model is inopera-
tive, as it predicts an even larger energy loss per
variance than observed.

A similar anomaly is again seen in Fig. 4, in the
plot of the experimental values of a versus the
available energy per nucleon, as deduced for a num-
ber of cases in Ref. 4 along with the theoretical
prediction of a based on Eq. (11), shown as a
dashed curve. The results corresponding to directly
measured crq are shown in Fig. 4(b), while those in
Fig. 4(a) correspond to those deduced from directly
measured o.z under the assumption

cd ——(A/Z) oz . For the moment, confining our-
selves to Fig. 4(a), it is again seen that the theoreti-
cal energy loss predicted by Eq. (11) is much larger
than observed. In what follows it is shown that the
above mentioned anomalies are removed if the
theoretical expressions are also suitably modified to
take into account the degree of neutron-proton
correlations in the nucleon exchange process. Tak-
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ing into consideration the two component nature of
the exchanged particles, one can write individual ex-
pressions for the time rate of change of the proton
and neutron variances. For independent (uncorre-
lated) proton and neutron exchanges, we have

tons, one obtains the following relations for corre-
lated transfers.

—o =—N' T*+— —N' T*d 2 1 g 1 Z
dt ' ' N

—o. =N T*
dt

—o. =N T~N

(12a)

(12b)

2N
N T

2
d 2 ~ N N' T*+— —N' T*
d N 2 Z 2 Z z

(15a)

where Xz and Nz are the differential proton and
neutron currents, proportional to their densities.
However, for correlated transfers (p= 1), the proton
and neutron variances may not be as simply related
as in Eq. (12), since this will not yield in general
the expected relation of Eq. (2). For the simple
problem of a one-dimensional random walk, the
variance of the mass distribution is given by'

0& ——nm, if there are n exchanges each involving a
unit of mass m. In terms of the total mass ex-

change M=nm, the variance can be written as

oq ——Mm. In the case of correlated motion for a
system with Z =N, such that a neutron transfer is
necessarily accompanied by a proton transfer in the
same direction to preserve the value of A /Z, the re-
sult for 0& changes to az (n 2/——)(2m) =M(2m),
because now there are n /2 exchanges, each involv-

ing a unit of mass 2m.
Thus in the case of a system with Z=X, the

value of O.„ for correlated transfers should be twice
that for uncorrelated motion, for a given value of
total mass exchange and hence energy dissipation.
For the general case of ZQN, the following rela-
tions are deduced: Assuming for a moment that the
protons are transferred independently and the neu-
trons follow the protons, Eq. (12a) remains un-

changed, but Eq. (12b) should change to

—o. = —N' T~d 2 E
dtN Z N

N' T*
2Z2 '

For p=1, then

(15b)

dt

dog

correlated 2ZN dt uncorrelated
(16)

dE 2ZN dE

do correlated - uncorrelated
do ~2 (17)

For peripheral collisons, Eqs. (8), (9), and (11) then

change to

and

' 1/2
dE 2ZN m

daq A p

' 1/2

(18)

Thus, association of oz with the total number of
particle exchanges is valid only for the uncorrelated
motion. For fully correlated motion, the value of
0„ is larger than the number of particle exchanges
by a factor A /2ZN, as seen in Eq. (16). As we are
considering the correlated and uncorrelated motion
for a given number of particle exchanges, the rate of
energy dissipation [Eq. (6)] remains unaltered. It
then follows that the theoretical value of dE/doq
for correlated transfers is related to the expression
for uncorrelated motion given by Randrup as fol-
lows:

Nz T* (13) E l/2 E l/Q ZN Pl
0 Fg2 p

2 (19)

Z—o. =—N' T*
dt

(14)

Assuming that the protons and neutrons have each
one-half probability of independent transfers fol-
lowed by correlated transfers of neutrons and pro-

in order to satisfy Eq. (2). Similarly, if it is as-
sumed that a proton transfer is followed by an in-
dependent neutron transfer, then Eq. (12b) remains
unchanged, but Eq. (12a) changes to

Thus in order to make proper comparisons with the
theory, one should compare in Figs. 1 and 2 the ex-
perimental results with Eq. (18) if neutron-proton
motion is assumed to be correlated, and with Eq. (8)
if it is assumed to be uncorrelated. Predictions of
Eq. (18) are shown as a dashed-dotted line (right
hand scale) in Figs. 1 and 2, from where it is seen

that theory is in good agreement with the experi-
Inental results irrespective of the assumption made
with regard to the degree of correlations. This is so,
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because the assumption of correlation not only
changes the experimental values of 0~ as deduced
from measured O.z, but also changes in the same
way the theoretical expression to be expected for

dE—/daz O. n the other hand, if experimental
values of 0.

& are obtained from direct measure-
ments, the assumption of correlation will alter only
the theoretical expression, as can be seen in Fig. 3.
For this case there is experimental evidence for ful-

ly correlated neutron-proton exchanges and there-
fore the experimental results should be compared
with the theoretical prediction of Eq. (18). It is
heartening to note in Fig. 3 that if the theory is
modified to include the effect of correlated motion,
the experimental results are in good agreement with
the theory, removing the discrepancy mentioned
earlier. In Fig. 4(a), the theoretical values of a for
fully correlated motion, based on Eq. (18), and
shown as a solid line, are again seen to be in better
agreement with the experimental 0.

& deduced from
O.z assuming correlated motion. It may be noted
here that an equally good agreement of experiment
with theory would have been achieved by assuming
uncorrelated motion both in experimental deduction
of oq and in theory. In Fig. 4(b) based on direct
measurements of o.z, the experimental points are
insensitive to assumption on correlations, and only

theoretical results change. In this case, it is there-
fore possible to comment on the degree of correla-
tion on the basis of comparison between experi-
ments and theory. It is interesting to note that the
degree of correlations reached in these systems as
interpreted on the basis of quality of fit with theory
[Fig. 4(b)] is consistent with the results of direct
measurements. ' ' From the earlier discussions, it
thus emerges that if the experimental results are
compared with the proper theory which includes
the effects of neutron-proton correlations, measure-
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FIG. 3. Plot of E' as a function of o.
& for the sys-

tem 'Kr+' Er. The experimental data for o~ are
measured directly. The full line refers to the theoretical
prediction for the case of uncorrelated neutron-proton
transfer and the dashed line results if the theory is rnodi-
fied to include correlated motion.

FIG. 4. (a) The blocking parameter a plotted as a func-
tion of (m/p)/E. The dashed curve is obtained when
o-& is evaluated from o.z with the assumption of corre-
lated transfer, but without any corresponding modifica-
tion in Eq. (11). For further details, see text. (b) The
values of a have been plotted here for the cases of direct
measurements of o.

& . The dashed and full line curves
are theoretical predictions for the cases of uncorrelated
and correlated neutron-proton exchanges, respectively.
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ments of o-z versus energy loss are better suited to
confront the transport theory and to infer as to
what extent the observed energy loss can be ac-
counted by the nucleon exchange mechanism alone.
In the case of comparison of theory with the experi-
mental correlation of energy loss versus directly
measured oz, the question of the degree of
proton-neutron correlation also sensitively enters
into comparison. This conclusion is contrary to the
earlier belief that the question of correlation is im-

portant in the understanding of energy loss versus
o.z, but not versus o.q .2 2

To summarize, it has been shown that the
discrepancies observed in earlier analysis of the data

on correlation of energy loss with charge or mass
dispersion in a number of heavy-ion systems, are re-
moved by a modification of the theoretical tran-
sport model description to include the degree of
neutron-proton correlation in the exchange process.
Comparison of the data for a number of systems
with this modified theory shows good quantitative
agreement, without much ambiguity arising from
the degree of correlations present, as the assumption
of correlation modifies both the experimental
deduction of o.z, and the theory. The dominant
role played by this mechanism in the energy dissipa-
tion process in deep inelastic heavy-ion collisions, is
strongly supported by the present analysis.
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