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Neutron spectra from the inverse-kinematics reaction '"Ni+ "Pb at F~„s/A =6.65 Me.V have been
measured in coincidence with nickel-like fragments. Neutron emission patterns for net pickup and
stripping channels have been analyzed in terms of sequentia1 evaporation from fully accelerated projec-
tilelike and targetlike fragments. As at higher energies, these patterns suggest an absence of apprecia-
ble correlations between net mass transfer and excitation energy division for strongly damped col-
lisions, at the present near-barrier energy. The overall multiplicities, as well as energy spectra and an-
gular distributions of neutrons, are well reproduced by simulation calculations, assuming an energy
division always in favor of the heavy fragment.

In recent years, considerable eitort has been focused on
determining how the heat generated in the process of en-
ergy dissipation is divided between the two fragments
from a damped reaction at a few MeV per nucleon above
the barrier [1-10]. It has been established that at low
kinetic-energy losses, the two fragments receive approxi-
mately equal excitation energies, when averaged over
mass asymmetry, while at large energy losses, this excita-
tion energy division approaches the limit corresponding to
equal fragment temperatures [1-5]. Such trends are
quite well understood within the framework of the nucleon
exchange model [11], although a fully quantitative
description has not been achieved as yet. In a number of
more recent studies [6-10], correlations between excita-
tion energy division and net mass transfer were investigat-
ed. In some of these studies, conclusions were reached
that are dificult to reconcile with the stochastic nucleon
exchange (NEM) picture of the interaction. It has been
reported [6-8] that, at any fixed total kinetic-energy loss,
disproportionately large fractions of the total excitation
energy are found in the net acceptor fragments. As a
consequence of these reports, alternative reaction models
have been proposed [12-14] for an explanation of the
eAect.

Subsequent reexamination [15-17] of some of the ex-
perimental data obtained in the kinematical coincidence

experiments [6-8] at a few MeV per nucleon above the
barrier has shown that the reported correlations result to a
large extent from deficiencies in the data analysis pro-
cedure employed. However, results of radio-chemical
studies [10,11] of asymmetric reaction systems at near-
barrier energies continue to present a challenge to the
current understanding of the reaction dynamics. Al-
though it seems quite possible that the reaction mecha-
nism changes significantly at near-barrier energies, one
realizes that the conclusions of the above studies rely cru-
cially on unproven assumptions on the time scale of
charge density equilibration in damped reactions. The
present experimental study of the reaction "Ni+ Pb at
a c.m. energy of about 80 MeV above the barrier was un-
dertaken, in order to obtain independent and more direct
evidence on the magnitude of the correlations between
mass transfer and energy division at near-barrier energies.

The exclusive experiment measuring neutrons in coin-
cidence with reaction fragments was carried out at the
Super HILAC facility of the Lawrence Berkeley Labora-
tory. A 1.5-mg/cm -thick "Ni target was bombarded
with a "Pb beam of E~„.q/2 =6.65 MeV. The reaction
channels of interest, i.e., those corresponding to net pickup
or net stripping by the projectile, were identified by
measuring the nickel-like [targetlike fragment (TLF)]
recoiling fragments with an array of silicon detector tele-
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scopes. Some of these telescopes were operated in hE-E
time-of-flight mode, and provided information on the
fragment masses, in addition to an identification accord-
ing to their atomic numbers Z. Data discussed here were
obtained mainly with one of the telescopes, placed at an
angle of —35 and at a distance of approximately 12 cm
from the target, operated in the simpler AE-E mode. This
angle is some~hat smaller than the laboratory grazing an-
gle of the measured Ni-like (TLF) fragments of og =48'.
The data obtained with the telescope were used to identi-
fy, in an iterative fashion, the binary reaction channel and
to reconstruct the preevaporation kinematics, i.e., the
fragment velocity vectors, kinetic-energy loss (E~...), the
center-of-mass angles, etc. In addition, the h,E detector of
this telescope also provided the start signal for the time-
of-flight (TOF) measurement of the associated neutrons.

Neutrons were measured with nine detectors placed in

plane with the telescope at angles (O~,b) between —65'
and +100 at distances from the target ranging from 80
to 120 cm. The detectors consisted of cylindrical NE213
liquid-scintillator cells 12.7 cm in diameter and 2.5-5.0
cm in length viewed by AMPEREX XP2041 photomulti-
pliers.

Experimental results are shown in Figs. 1-4, together
with the results of the corresponding simulation calcula-
tions. The coincidence data in these figures were sorted
into five bins in TLF atomic numbers and two bins in

energy loss. In Figs. 1 and 2, neutron spectra d m/
(dEdA)~, ,b are exhibited for the two angles 8=12' and
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FtG. l. Neutron energy spectra from the '"Ni+-' "Pb reac-
tion at Euo/A =6.65 MeV measured at 12' and —45' in coin-
cidence with TLF's with Z =38-42, corresponding to stripping
by the projectile. Solid dots represent experimental data. Solid
lines denote total yields, while dashed and dotted lines depict
contributions from the two sources considered, PLF's and
TLF's, respectively.

Ni+ Pb E,~b/A=6. 65 MeV
Z=22 —BB, E,o~=80—100 MeV, 9~=—35

100

10-1

1

10 3 -" ".".
I

10
N

Q

10—2

10

rg 10 r 0---
1O-1

to
M

10

100

8» 12' g~~-45'
I

I1
~ I

E~/E4 =0.90 '.
I Eke/Ekv~e. QO

I

E~/E~ 0.80 ,
'' E~/E~ O.BO

I~"'~), I

".~ ~ . . . W : . . s . . s
~ 11 I I

E~~/K~=0. 50,". E~/Ekr~0. 50
'1,

'I

$

E~/E~~0. 20 '. :

I I I 101III I

Ji;

E~/E~-o. »
'"'s

~~~e~~&~&~

I . - I . . - - .% I

10 20 0 10

E... (Mev)
FIG. 2. Neutron energy spectra from the '"Ni+ "Pb reac-

tion at E~,,b/A =6.65 MeV measured at 12 and —45' in coin-
cidence with TLF's with Z =22-28, corresponding to pickup by
the projectile. Solid dots represent experimental data. Solid
lines denote total yields, while dashed and dotted lines depict
contributions from the two sources considered, PLF's and
TLF's, respectively.
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—45, where m is the neutron multiplicity. These angles
are close to the reaction angles of projectilelike fragments
(PLF) and TLF, respectively, as selected by the trigger
telescope at 0= —35 . Figures 1 and 2 correspond to net
stripping and pickup of mass, respectively, by the projec-
tile, and fully damped (E~„,. =80-100 MeV) collisions.

In these figures, the data points are compared on a loga-
rithmic scale to results of model calculations (curves) as-
suming sequential neutron emission from the fully ac-
celerated primary PLF and TLF. In these calculations, as
well as in the reconstruction of the event. kinematics based
on the PLF atomic number and energy, it was assumed
that the primary masses of the PLF and TLF, ApL&. and
ATi p-, respectively, are proportional to their atomic num-
bers, such that, e.g. , ApLp. =ZpLpA~ ~/Z&„&. It was further-
more assumed that the (neutron-rich) fragments evapo-
rate neutrons isotropically, as long as their excitation en-
ergy exceeds the neutron binding energy, and that the
neutron energy spectra are Maxwellian, with a slope pa-
rameter of T=(8E*/A) ' . The eA'ect of the uncertainty
of such assumptions on the obtained results is negligible,
as compared to the overall rather large uncertainty of the
extracted value of EpLp/E&*„&. It is worth pointing out
that, unlike the methods that fully rely on the accuracy of
the measurement of the fragment mass, such as, e.g. , the
kinematical coincidence or radio-chemical methods, the
present method of determining the excitation energy
division from the observed neutron emission patterns does
not require an accurate knowledge of the fragment
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masses. Uncertainties in fragment masses aA'ect the re-
sults of the latter method only in higher order, e.g.,
through the reconstructed velocity vectors, kinetic-energy
loss, and the neutron binding energy. Furthermore, the
quality of the achieved fit to the observed emission pat-
terns provides for an independent test of all assumptions
made in the simulation calculations. Various divisions of
the total excitation energy Et,t were considered, as indi-
cated in the individual panels by the corresponding ratios
EpLr/E, *„. Such a two-source model is expected to be
suScient, because additional components of neutrons such
as emitted in a preequilibrium cascade or during the ac-
celeration phase are expected to be weak at the low bom-
barding energy studied here. The contributions of PLF
and TLF to the total yield (solid curves) are illustrated by
the dashed and dotted curves, respectively. Already, from
a cursory inspection of the data displayed in Figs. 1 and 2,
one concludes that the relative yields of PLF and TLF
neutrons do not depend strongly on the direction of mass
flow between the reaction partners. Figure 1 corresponds
to stripping of 10-14 protons off the projectile (pickup by
the target), i.e., a loss of 20-28 nucleons by the Pb-like
fragment. Yet, as seen from the comparison between data
and the solid theoretical curves, the heavy Pb-like donor
nucleus acquires significantly more than 50%, and perhaps
as much as 80%-90% of the total amount of excitation en-

ergy generated in the collision. Conversely, the target ac-
quires a relatively small fraction of the total excitation en-

ergy, even though it has picked up the same number of nu-
cleons. As illustrated by the spectra displayed in the
lower half of Fig. I, the opposite assumption, correspond-
ing to a division of the excitation energy in favor of the
TLF (Epi f /E/gi ~ 50%), leads to an underestimation of
the experimental spectrum at 0=12 by a significant fac-
tor, awhile the experimental spectrum at 0 = —45 is

Ni+ Pb Et,b/A=6. 65 MeV
E,...=60— o E...,=BO— o0 e

10- Z~22-N-- X~22-26-

0
10- K=26-30-- Z=26-30-

overestimated. Similar amounts of excitation energy are
deposited in the Pb-like fragment, when it picks up mass
from the TLF, as seen from Fig. 2. This energy division is
close to that corresponding to thermal equilibrium, ~here
fragments acquire excitation energies approximately in

proportion to their masses. For this second bin in the
atomic number of the TLF, 22» ZTLt=~ 28, unlike for
the first bin, there is an appreciable probability for the
PLF to undergo fission. For the highest excitation energy
of 81 MeV of the PLF considered, this probability ranges
from approximately 1.5% (ZpLt-=82) to 57% for the
highest atomic number of ZpLi==88. When weighted
with the distribution of the atomic numbers within the Z
bin considered, this probability is approximately 17%. Be-
cause of the relatively high velocity of the PLF, the secon-
dary fission of the PLF at such a rate and the subsequent
emission of neutrons from the fission fragments has a
negligible eA'ect on the theoretical curves in Figs. 2 and 4.
It is worth pointing out that, because of kinematical
focusing of neutrons, even an assumption of a 100% prob-
ability for PLF fission will not change the theoretical
curves dramatically. However, it would lead to an even
higher value of the extracted ratio of EpLt;/E, *„, with a
poorer overall quality of the fit.

While Figs. 1 and 2 refer to only two neutron detection

15
X=38—42

I

i
I I I I

j
I I

Ep~/E~= 0.80

Ep~/E~=0. 50

Ep~/E~= 0.20
Erose=80 —100 MeV

1 10—
K

saNi+a apb E„b/A=6. 65 MeV
0

10

0
10-

Z~SO-34--

Z~34-36--

Z~34-34-

K~30-38-

0
10- Z=3e-42--

~ T

Z~38-42-

—50 0 50

ei b (deg)

0 -50 0 50 100 -50 0 50 100

gib («g)
FfG. 3. Angular distribution of neutrons from the '"Ni

+ ' "Pb reaction at E~,,i,/A =6.65 Me V in coincidence with

TLF's with Z =38-42. Solid dots represent experimental data,
while solid, dashed, and dotted curves are results of simulation

calculations assuming three different excitation energy divisions

as indicated in the upper right corner.

FIG. 4. Angular distribution of neutrons from the '"Ni
+ ' "Pb reaction at E~.,h/A =6.65 MeV in coincidence with

TLF's. Solid dots represent experimental data, while solid,
dashed, and dotted curves are results of simulation calculations
for the total neutron yield and the contributions from PLF's and
TLF's, respectively, assuming E pLv/Envoi =0.8.
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angles, the angular distributions dm/dQr, „b sampled with
all detectors are displayed in Figs. 3 and 4, for different
bins in kinetic-energy loss and TLF atomic number Z.
The modest but adequate sensitivity of the angular distri-
bution of the multiplicity to the excitation energy division
is illustrated in Fig. 3. Here, the data points for F~„,
=80-100 MeV and substantial net mass transfer to the
TLF are compared to theoretical angular distributions
(curves) calculated for various assumed divisions of the
total energy loss between the fragments. As seen from the
comparison in Fig. 3, the best overall reproduction of the
data is achieved with the assumption (solid curve) that
80% of the dissipated energy is deposited in the Pb-like
fragment, which is the donor in this case. The same as-
sumption about the excitation energy division provides a
satisfactory description of the angular distributions, for
the entire range of charge asymmetries and energy losses,
measured with sufticient accuracy in the present work.
This is evident from the angular distributions of neutrons
shown in Fig. 4 for five successive bins in TLF atomic
number, for each of the two diferent F.~„., bins. In this

figure, the components of neutrons from the TLF and
PLF are depicted as dotted and dashed curves, respective-
ly, while the total yields are represented by solid lines.

In summary, it has been found for the strongly damped
reaction "Ni+ "Pb at the near-barrier energy of
Er„. b/A =6.65 MeV that the sharing of the dissipated ener-

gy between the reaction partners is not inAuenced appreci-
ably by magnitude and direction of the net charge (and
mass) transfer. These findings are at variance with obser-
vations reported [9,10] for similar systems at only slightly
lower bombarding energies. On the other hand, the re-
sults of the present work are consistent with the trends es-
tablished at higher bombarding energies. These results
are also compatible with the current understanding of the
low-energy reaction dynamics in terms of the nucleon ex-
change model [11].
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