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Heavy residue production in the interaction of 29 MeV/nucleon208Pb with 197Au
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The yields, recoil properties, and angular distributions of the fragments of the target nucleus were measured
for the 29 MeV/nucleon208Pb1197Au reaction using radiochemical techniques. The fragment isobaric yield
distribution and mean energies were deduced from these data. The fission cross section is 2.260.5 b while the
residue formation cross section is 3.9 b. Heavy residues form a part of a large central bump~usually associated
with fission! in the fragment mass distribution. Comparing the data from this reaction to other reactions
involving massive nuclei at projectile energies from 7 to 45 MeV/nucleon shows the locus of fragment yields
@s(Z,A)# to be roughly independent of the reacting system or projectile energy. The fragment angular distri-
butions evolve from sidewise peaked~for near target, quasielastic residues! to forward peaked as the mass
number decreases. The isomer ratios for the residues indicate their formation from the lowest partial wave
events while the fission fragments appear to originate in higherl events. Attempts to use the nucleon transport
model ~or some modification of it! to calculate the residue cross sections were only partially successful. It is
suggested the the lack of dynamic multifragmentation mechanisms in these models is the cause of the short-
comings.@S0556-2813~99!01203-0#

PACS number~s!: 25.70.Mn, 25.70.Jj, 25.70.Lm
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I. INTRODUCTION

In the study of intermediate energy nuclear collision
much attention has been given to understanding the reac
mechanisms involved. One theme has been to relate the
served phenomena to some appropriate modification of
familiar low energy reaction mechanisms~such as complete
incomplete fusion, deep inelastic scattering, etc.! or high en-
ergy mechanisms~such as projectile fragmentation!. The col-
lision of massive nuclei, such as Xe1 Au, Bi or Pb 1 Au,
has proven to be especially interesting. Because of the l
Coulomb forces present in the interaction, fusion or fusio
like phenomena are not expected@1#. Dissipative phenomena
might be expected to be very important if our experien
with low energy collisions between massive nuclei can
extrapolated to this energy regime. The postinteraction p
nomena in these collisions are complicated, with possibili
of pre-equilibrium emission, pre- and postscission evapo
tion, fission, intermediate mass fragment~IMF! emission or
multifragmentation of both reacting nuclei. These pheno
ena make studies of these collisions challenging.

One reaction, the reaction of 29 MeV/nucleon208Pb with
197Au, has been extensively studied@2–13# as part of the
effort to understand the collisions between these massive
clei. Based upon these studies~and complementary studie
@14–18# of the 27-28 MeV/nucleon Xe1197Au, 209Bi reac-
tions! one concludes the following.

The dominant reaction mechanism involves a binary d
sipative primary collision@3,5–7,11,14–16#.

Surviving residues of the primary projectilelike fragme
~PLF! result from the lowest multiplicity events that can b
understood in terms of nucleon exchange models@19# used
to describe low energy deep inelastic scattering@2,6#.

PLFs that fission result from peripheral collisions wi
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greater associated multiplicities than events leading to r
due formation, but result in excitation energiesE*
.300 MeV. The angular momentum transfer in these co
sions is .40\ with highly aligned spins. The fissioning
PLFs are the highZ members of the primary PLF distribu
tions @4,6#.

Preequilibrium emission of nucleons is small@3,6#.
Highly excited (T;7 MeV) nuclei are produced in bi

nary events involving large dissipation~up to ;2.4 GeV),
resulting in IMF emission@2,5–7,9–11#.

The studies that lead to these conclusions, while involv
detection of the emitted PLFs, neutrons, fission fragme
IMFs, and charged particles, had a limited acceptance for
expected low energy primary residues of the target nucle
These studies and the conclusions themselves, however,
obvious predictions for the properties of the target-lik
fragments~TLFs! produced in the 29 MeV/nucleon208Pb
1197Au reaction. We thought that we could provide add
tional information about the Pb1Au reaction~the properties
of the TLFs! along with testing the ideas outlined above
making a radiochemical study of the properties of the TL
formed in this reaction. The use of radiochemical techniq
to measure the TLF properties should give a threshold-
measurement with superiorZ and A resolution that is diffi-
cult, if not impossible, to achieve using physical techniqu
@20#.

II. EXPERIMENTAL

These radiochemical experiments were performed at
GANIL laboratory ~Grand Acclerateur National d’Ions
Lourds! at Caen, France. The experimental techniques u
have been described previously@21#. Three separate irradia
tions were performed. In the first experiment,
1472 ©1999 The American Physical Society
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FIG. 1. Representative range spectra (7 –45°) for the 29 MeV/nucleon208Pb1197Au reaction, showing the separation between PLF a
TLF components. T represents the target foil while the other foils in order of depth in the stack are represented by the foil numb
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24.3 mg/cm2 197Au target was irradiated with a beam of 2
MeV/nucleon 208Pb ions. Projectilelike fragments~PLFs!
and targetlike fragments~TLFs! emerging at angles o
7 –45° were stopped in a stack of 10 mg/cm2 C foils ~11
foils!. This apparatus was irradiated for 158 min with
average flux of 1.7331011 ions/min. In the second irradia
tion, a 24.1 mg/cm2 197Au target was irradiated with a flux
of 1.8831011 ions/min for 174 min. Fragments recoilin
forward or backward from the thick Au target were stopp
in a 10.7 mg/cm2 C foil. In the third irradiation, a thin
300 m g/cm2 197Au target was irradiated for 1460 min wit
an average flux of 7.731010 ions/min. The thin Au target
was at the center of an evacuated cylindrical scatte
chamber lined with 17.4 mg/cm2 Mylar. The TLFs emerg-
ing from the Au target were stopped in the Mylar, which w
cut up after irradiation to correspond to the desired ang
intervals. These three irradiations will be referred to as
‘‘PLF-range,’’ the ‘‘thick target-thick catcher’’ and the ‘‘an
gular distribution’’ experiments. The center-of-target bea
energies were 27.0, 26.9, and 29.0 MeV/nucleon@22#. To
facilitate comparison with previous work and because
differences in projectile energy are not thought to be sign
g
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cant, we shall refer to the incident projectile energy,
MeV/nucleon, in describing our measurements. The radio
clide content of the targets and catcher foils was determi
by off-line g-ray spectroscopy that was carried out
GANIL, Oregon State University, and the Chalmers Unive
sity of Technology for a period ranging from a few minut
after the end of bombardment to several months. Produc
cross sections were calculated from end-of-bombardmen
tivities @21#. Typically we observed 2–3g-rays per nuclide
with the range being 1–10.

III. RESULTS

In a radiochemical experiment in which the projectile a
target nuclei are of comparable size, one must distingu
between fragments originating in the target or projectile n
clei. In the ‘‘PLF-range’’ experiment, the range~energy! dis-
tributions of the PLFs and TLFs emerging at angles
7 –45° were measured for 228 different radionuclides~Fig.
1!. For each of these radionuclides, it was possible to se
rate the observed distributions into a PLF and a TLF co
ponent based upon their energies~Fig. 1!. Based upon this
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1474 PRC 59W. LOVELAND et al.
separation of the fragments by range~energy!, we concluded
that, apart from small correction factors~generally<10%),
the nuclides that stopped in the target foil and the fi
(;10 mg/cm2 carbon! catcher foil were targetlike frag
ments.~Similarly the TLFs did not, in general, penetrate
the second catcher foil of the ten foil stack.! Based upon this
measurement, we conclude that, apart from small correc
factors, the ‘‘thick target-thick catcher’’ experiment on
sampled TLFs.@The PLFs generally punched through t
forward (10.7 mg/cm2 carbon! catcher foil.#

The nuclidic production cross sections as determined
the thick target-thick catcher experiment for 102 differe
TLFs formed in the interaction of 29 MeV/nucleon208Pb
with 197Au are listed in Table I. Also shown in these tabl
are the thick target-thick catcher recoil properties F/B a
2W~F1B!. F/B is the ratio of the products recoiling into th
forward ~F! and backward~B! catcher foils while 2W~F1B!
represents the fraction of all nuclides recoiling out of t
target, F1B, multiplied by twice the target thickness, W. F/
is a range-weighted measure of the fragment angular di
butions, while 2W~F1B! is proportional to the fragmen
range~energy!.

To more fully utilize the cross section data shown
Table I, we have deduced mass-yield~isobaric yield! distri-
butions from the measured formation cross sections.
method employed in this estimation procedure has been
cussed previously@25#.

The measured nuclidic formation cross sections w
placed in eleven groups according to mass number. Th
cross sections were corrected for precursor beta or alpha
cay, where necessary, by assuming that the indepen
yield cross sections for a given species,s(Z,A), can be ex-
pressed as a function of the isobaric yields(A) as

s~Z,A!50.5s~A!@erf~u!2erf~w!#, ~1!

where

u5~Z2Zmp10.5!/Cz~A!A2 ~2!

and

w5~Z2Zmp20.5!/Cz~A!A2. ~3!

HereCz(A) is the Gaussian width parameter for mass nu
ber A, erf(x) is the error function ofx, andZmp(A) is the
most probable atomic number for thatA. Using this assump-
tion and the further assumption thats(A) varies slowly and
smoothly as a function ofA @allowing data from adjacen
isobars to be combined in determiningZmp(A) andCz(A)],
one can use the laws of radioactive decay to iteratively c
rect the measured cumulative formation cross sections
precursor decay.

Within each group, the data were fitted by a Gaussi
shaped independent yield distribution.~Only nuclides with
well-characterized beta- or alpha-decay precursors and w
understood members of an isomeric pair were included in
analysis.! The nuclide groupings along with the centers a
widths of the Gaussian distributions are given in Table II a
Fig. 2. The independent yield distributions deduced from
measured formation cross sections are shown in Fig. 3.
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deduced values ofZmp/A are uncertain to 0.005 unit while
those ofCz are typically uncertain to 0.1Z unit.

While theZmp values deduced from this analysis are e
pected to have large uncertainties, it may be instructive
compare the values deduced from our analysis with val
deduced from other studies ofN/Z equilibration in massive
collisions. As shown in Fig. 2, theZmp values for the frag-
mentation of197Au by 21 MeV/nucleon129Xe @28# and 29
MeV/nucleon 208Pb are virtually identical~except for the
lightest products! as are those observed in Xe-Au collision
at 6.8 MeV/nucleon@29#.

We note further~Fig. 2! that theseZp values are not those
associated with the line ofb stability, i.e., the mass surface
not determining the position ofZp . Furthermore we note
~Fig. 2! that the locus ofZp is not that seen in relativistic
nuclear collisions@23#, nor are theZp values as large as thos
seen in relativistic nuclear collisions, i.e., these nuclei are
as neutron deficient as those resulting from higher ene
collisions. Comparison with models for these collisions~see
below! indicates the primary distributions in the two rea
tions are not very similar and so any similarity in the se
ondary product distributions is surprising.

We can pursue this point further by comparing~Fig. 4!
the deducedZp functions for a wide variety of reaction
@28,30# involving massive nuclei. The measuredZp functions
for these reactions spanning projectile ranges from 6.8 to
MeV/nucleon and involving both Xe and Pb projectiles a
pear to be very similar apart from the differences for t
lightest products~IMFs!. It appears that the evaporation o
neutrons and charged particles from differing assortment
excited primary reaction products leads to a common lo
in the N-Z plane of the product nuclei. This locus has be
referred to as the ‘‘evaporation residue attractor’’ line@24#
although the observed line in this work differs from statis
cal model predictions@28#. For the case of deep inelast
reactions with a gold nucleus, the differing amounts of ex
tation energy, spin, etc., in the primary products that
derived from the gold nucleus, combine, after deexcitati
to produce a unique region ofN andZ values. Since all the
examples examined herein deal with deep inelastic collisi
with gold, it would be interesting to see how these ‘‘evap
ration residue attractors’’ change with reaction mechan
and target nuclei. The similarity between the data shown
Fig. 3, representing reactions of similar character but w
otherwise measurably different outcomes, suggests an in
sitivity of the fragment yield data to some features of t
primary reaction mechanism.

The isobaric yield distribution obtained from integratin
the independent yield distributions for each individualA
value is shown in Fig. 5. The distribution is dominated by
broad central bump~thought to be due, in part, to fission!
with lesser yields of the intermediate mass fragmentsA
,60) and the heavy residues (A.150). Integration of these
distributions gives a cross sections of 3.3 b for ‘‘fission
(A560–160, multiplicity 2! and 1.7 b for heavy residue
(A>160). It should be noted that this estimate of the ‘‘fi
sion’’ cross section, while done in the manner typical
inclusive studies, may be in error. Bressonet al. @4#, mea-
sured a fission cross section of 0.9–1.2 b for the fission
the Pb projectile in this reaction by direct detection of sing
fragments. While we are reporting a different quantity, t
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TABLE I. Nuclide yields and recoil properties for the interaction of 29 MeV/nucleon208Pb with 197Au.

Cross Type Cross Type
Nucleusa sectionb F/B 2W~F1B!c of yield Nuclide sectionb F/B 2W~F1B!c of yield

24Na 20.962.8 71.369.1 33.864.6 C 103Ru 20.160.6 9.660.2 24.160.4 C
28Mg 11.060.9 10765 37.762.3 I 105Rh 19612 6.564.3 18611 C
38S 5.362.3 93640 34.360.6 I 105Ru 6.661.1 6.960.1 2762 C
42K 27.663.5 85610 33.862.5 C 105Ag 18.562 C
43K 26.868 82623 36611 C 106Agm* 19.261.6 I
44Sc 0.9260.09 C 115Inm* 865.4 C
44Scm* 10.662.3 I 116Te 7.866.2 14.764 13.367.9 I
46Sc 27.765.9 I 119Te 9.967.1 C
47Ca 7.461.7 I 119Tem* 8.362.1 I
48Sc 14.965.1 110/pm 37 33.764.5 I 120I 15.262.3 C
48V 4.261.1 C 121Te 17.762.6 C
52Mn 1.4560.36 C 121Tem* 6.962.9 C
54Mn 16.860.3 I 123I 2067.4 8.163 16.965.9 C
56Mn 35.466.3 61611 30.763.5 C 125Xe 29.569.1 65620 7.862.4 C
56Co 2.461.3 C 127Xe 27.962.7 C
59Fe 25.665 2665 3062 I 131Ba 23.762.4 C
65Zn 18.661.9 C 132Ce 12.161.2 C
65Ni 7.461 I 132Cs 1.560.2 I
69Znm* 15.262 21.962.9 25.460.2 I 135 Ce 19.866.5 C
71As 9.760.9 C 139Ce 1361.3 C
71Znm* 2.962.3 14.562.5 25610 I 145Eu 16.266.3 C
72As 9.461 C 147Gd 12.161.3 C
72Ga 13.468.3 20.568.6 25610 C 147Eu 20.862 C
73Se 7.261.3 5269 14.260.7 C 149Gd 21.262.1 C
74As 25.9613.6 30.164.6 24.167.2 I 155Dy 19.762 C
75Se 26.165.7 26.465.3 26.464.5 C 157Dy 1461.7 6367 9.660.4 C
76As 1762.7 15.861.9 1961.2 I 169Yb 2166.4 C
76Br 9.360.9 C 170Hf 8.760.2 C
81Rb 13.863.3 77615 2465.3 C 171Hf 17.166.1 C
82Br 7.561.2 11.960.3 24.261.9 I 171Lu 23.262.6 C
83Rb 41.569.7 26.561.7 21.762.8 C 173Hf 1960.6 C
83Sr 1262.4 C 173Ta 1061 C
84Rb 24.262.4 I 175Ta 22.867.4 C
85Sr 33.961.1 C 175Hf 21.962.2 C
87Y 24.262.8 C 176Ta 18.666 C
87Y m* 21619 25617 17613 C 181Re 27.261.8 6664 4.760.3 C
88Zr 18.862 C 183Osm* 15.261.6 C
89Zr 23.263.9 5267 20.763.1 C 183Os 11.267.6 C
90Y m* 15.762.1 12.761 18.161.8 I 183Re 41.364.5 C
92Y 11.661.1 C 184Ir 21.764.8 C
92Sr 1.760.2 6.360.7 26.262.7 I 188Pt 41.664.4 C
93Mom* 13.361.4 I 191Pt 52.266.6 C
94Tc 7.661.6 I 192Au 26.167.9 7.963.3 3.662.6 C
95Zr 8.460.5 8.460.4 25.660.4 C 192Hg 24.962.6 C
95Tc 12.265.1 C 193Hgm* 35.769.1 C
95Tcm* 18.563.8 C 194Au 93620 8.261.7 3.160.6 C
96Nb 18.366.1 9.962.7 2063 I 195Hgm* 49.763.1 I
96Tc 17.468 I 195Au 156635 C
97Ru 10.860.5 C 196Au 88.563.1 4.960.1 2.960.1 C
97Zr 2.761 7.760.2 3164 I 196Aum* 9.864.3 5.862.4 3.561.3 I
99Mo 15.260.9 14.360.9 26.560.8 C 198Au 29.663.1 10.860.4 3.160.3 C

a* denotes a nuclide not used in the computation of isobaric yields due to unknown yield of other members of isomeric pair.
bIn mb.
cIn mg/cm2 Au.
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1476 PRC 59W. LOVELAND et al.
fission cross section for the gold target nucleus, we do
see a reason why it should exceed the fission cross sectio
the PLF by a factor of 3. Instead, we shall assert, based u
reaction simulations, and the fragment velocities, that por
of the cross section in this central bump may be due
lighter residues that resulted from the deexcitation of hig
excited primary fragments. If we assume~see below! that 2.2
b is the fission cross section for the TLF, then the resid
cross section is 1.71(3.322.2)253.9 b. The sum of these
cross sections~2.213.956.1! is less than the reaction cros
section of 6.4 b@1#, but ‘‘missing’’ events’’ could easily be
attributed to uncertainties in these estimates, inelastic ev
and multifragmentation events that leave no heavy resid

However, we can better define our observations by no
that, besides the cross sections for various processes, we
have information about the recoil properties of the react
products. To interpret these measured recoil propertie
physically meaningful quantities, we have used mostly
integral catcher analysis method of Tobin and Karol@26#. In
this analysis, we assume the final velocity of each fragm
in the laboratory system can be written asVlab5V1v where
the velocity v is the velocity kick given to the fragmen
during the primary stage of the reaction andV is an average

TABLE II. Charge dispersion parameters for the reaction of
MeV/nucleon208Pb with 197Au.

Mass number range sA aa ba

24–59 0.6 0.365 0.442
65-76 0.8 0.365 0.442
81-90 0.9 0.201 0.442
92-106 1.1 1.93 0.419
115-120 1.0 2.16 0.419
121-127 0.6 5.11 0.394
131-139 0.9 9.75 0.359
145-157 0.6 10.4 0.359
169-176 0.5 11.8 0.350
181-188 0.6 -0.9 0.420
191-198 0.5 53.7 0.132

aZmp5aA1b.

FIG. 2. Position of the most probable atomic number,Zp , as a
function of fragment mass numberA. The dashed curve shows sim
lar data for the 21 MeV /nucleon129Xe1197Au reaction@28# while
the dotted curve shows the line of beta stability and the dot-das
line shows theZp values expected for relativistic nuclear collision
@23#.
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isotropic recoil velocity due to either sequential partic
emission or fission. Since it is further assumed thatv5v i ,
the average projection of the initial fragment velocity dist
bution on the beam axis, thenV also includes an isotropic
component of the velocity distribution in the initial stage
the reaction.~The case where there is a transverse veloc
kick given in the initial stage of the reaction, is not consi
ered, although values ofv'50.25v i have been shown@26#
not to affect the analysis. Furthermore, Crespo, Alexand
and Hyde@27# have shown that due to canceling errors, t
value ofv i is practically independent ofv' /V.) As opposed
to a conventional analysis of recoil data, the Tobin-Ka
method imposed no constraints on target thickness and
rected certain limitations and deficiencies in the conventio
analysis.

The deduced values ofv andV are shown in Figs. 6 and
7. The deduced longitudinal velocities are a small fraction
the complete fusion velocity (vCN) and are slightly less than
those observed in the 21 MeV/nucleon Xe1 Au reaction.

FIG. 4. The position of the most probable atomic number,Zp ,
as a function of the fragment mass numberA for a number of
massive heavy ion-gold collisions@28,30#.

ed

FIG. 3. The fragment independent yield distributions from t
interaction of 29 MeV/nucleon208Pb with 197Au. The plotted points
are the independent yield cross sections calculated from the
while the solid lines are the Gaussian charge dispersions used i
calculation.
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PRC 59 1477HEAVY RESIDUE PRODUCTION IN THE INTERACTION . . .
This might be taken as an expected consequence of th
creased preequilibrium emission~see below! for the reaction
with the lead projectile relative to the xenon projectile.

The values ofV, the velocity kick imparted to the prod
ucts of the primary projectile-target interaction by fission
particle emission are compared to what one expects for
fission of a goldlike nucleus~Fig. 7!. Some of theA
540–140 fragments haveV values consistent with being th
products of fission of a goldlike nucleus while there are ot
fragments with lower velocities. We will try to associa
some of these fragments with lower values ofV with a non-
fission origin.

If we select the fragments with 60<A<140, and plot the
values ofV versus the fragmentN/Z ratio, we obtain Fig. 8.
We see the higher values ofV @that are consistent with a
fissionlike process~Fig. 7!# are associated with the mor
neutron-rich fragments. The fragments of lowerN/Z, pre-
sumably the result of extensive neutron emission, sh
lower values ofV, consistent with a nonfission origin. If w
note that a value ofN/Z of about 1.3 corresponds to th
expected velocities of the fission fragments, we can rein
grate the mass yield and charge distributions for thisA range
andN/Z>1.3 to get a better estimate of the true fission cr
section. This operation gives a value of 2.260.5 b for the
‘‘true’’ fission cross section.

FIG. 6. Longitudinal fragment velocities~expressed asv i /vCN)
for the reaction studied in this work. The plotted points are
experimental data, the solid line represents a best fit to the
while the dashed line shows a best fit to similar data for the
MeV/nucleon129Xe1197Au reaction.

FIG. 5. Fragment isobaric yield distributions for the interacti
of 29 MeV/nucleon208Pb with 197Au.
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While our experiment is only indirectly sensitive to th
angular momentum transfer, it can be noted that for196Au,
the ratio of the independent yield of the high spin~12-! iso-
mer to the low spin~2-! isomer is 0.1160.05. This is similar
to the reaction of 21 MeV/nucleon129Xe with 197Au, where
the ‘‘high spin/low spin’’ ratio was 0.05. In the fission frag
ments, 87Y, 119Te and 121Te, the ‘‘high spin/low spin’’ ra-
tios ~9/2 vs 1/2, 11/2 vs 1/2, 11/2 vs 1/2! are 0.960.8, 1.1
60.8, and 0.360.2, respectively. For the intermediate ma
fragment 44Sc, this ratio~61 vs 21! was 11.562.7. This
data suggests that the angular momentum transfer in
events leading to residue production is modest, while
high angular momentum events decay by fission or prefe
tially by IMF emission.

A representative set of fragment angular distributions
shown in Fig. 9. The TLF angular distributions show a sim
lar pattern to that observed for the reaction of 45 Me
nucleon 129Xe with 197Au @31#. The distributions are side
wise peaked for fragments near the target mass numbe@A
5195, due to quasielastic scattering, quarter point an
~lab! is 83°] to intermediate angle peaking (A5149–188)

e
ta
1

FIG. 7. The velocityV in the frame of the struck nucleus of th
fragments from the interaction of 29 MeV/nucleon208Pb with
197Au. The line represents the calculated fragment velocities
suming they resulted from the fission of197Au.

FIG. 8. TheN/Z dependence of the fragment longitudinal m
menta for fragments with 60,A,140 from the interaction of 29
MeV/nucleon208Pb1197Au. The solid line is a best fit to the data
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1478 PRC 59W. LOVELAND et al.
to forward-peaked (A,150). This forward focusing of the
TLF angular distributions with decreasing fragment mass
consistent with increasing momentum and energy tran
~Fig. 6!.

It has been shown previously that the dominant reac
mechanism for the 29 MeV/nucleon208Pb1197Au reaction
involves binary dissipative collisions@3,5–7,11#. Further, it
has been shown that the properties of the surviving resid
of the primary projectile-like fragments~PLFs! result from
the lowest multiplicity events that can be understood in ter
of the nucleon exchange model@19# used to describe low
energy deep inelastic scattering@2,6#. Given this back-
ground, we have used the nucleon exchange model to pre
the primary TLF distributions for the Pb1 Au reaction~Fig.
10! as a function of impact parameter. Since there is so
indication in the literature@7,8,12,13# that there are difficul-
ties with the predictions of the nucleon exchange mode
describing PLF distributions, we have also modified t

FIG. 9. Representative angular distributions of the fragme
from the interaction of 29 MeV/nucleon208Pb with 197Au.

FIG. 10. The predictions of the nucleon transport model~and a
modified version of it! for the characteristics of the primary TLFs
E* and ^J& refer to mean values of the excitation energy and
gular momentum. The vertical scale can be used to read off both
energy in MeV or̂ J& in units of \.
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e

nucleon transport model predictions based upon the meas
ments and calculations@12# for the PLF distribution. These
modifications lower the excitation energy and spin of t
primary TLF to match direct observations of these quantiti
These modified primary distributions are also shown in F
10. The statistical model GEMINI@31# was used to mode
the deexcitation of the primary fragments.~Previous studies
@11,12# have shown the suitability of this statistical mod
code for describing particle emission in this reaction.!

The resulting predictions of the nucleon transport mo
~‘‘transport model’’! and the empirically adjusted transpo
model ~‘‘empirical model’’! are shown in Figs. 11 and 12
Both models predict a group of fragments with low excit
tion energies~quasielastic events! that roughly resemble the
data in the magnitude of the cross section and their posi
in the N/Z plane. The bulk of the residues are predicted
have N/Z values that are similar to the observationsA
560–130) or are slightly more neutron-deficient than o
served (Zpred2Zobs 1.5 for A5150). Both simulations pre-
dict nonobserved peaks in the mass distribution. The ma
tude of the ‘‘nonobserved cross section’’ in these peaksA
5100–160) is similar to that cross section that is ‘‘missing
from the near target cross sections. Detailed examinatio
the yield distributions associated with each impact param
in the simulations shows these unusual peaks in the m
distribution result primarily from the more central collision
(b,8 fm) where the central density of the projectile a
target nuclei overlap. One possibility is that it is these co
sions that lead to multifragmentation which is not a part

ts

-
he

FIG. 11. Comparison of the predicted and measured value
the fragment mass distribution.

FIG. 12. Comparison of the predicted and measured value
the most probable fragment atomic numbers. The symbols have
same meaning as in Fig. 11.
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these models of the dynamics of the initial projectile-tar
nuclear encounter. Further support for this idea is found
Fig. 10 where the predicted fragment excitation energies
shown to be similar to those expected for multifragmentat
@9#. Thus it may not be surprising to see these discrepanc

IV. CONCLUSIONS

What have we learned from this study of the product
of heavy residues~targetlike fragments! in a collision of
massive nuclei at intermediate energies?

~a! We have seen evidence~from the fragment velocities
and N/Z ratios! that the heavy residue distribution can e
tend into the ‘‘fission region,’’ i.e., the large central bump
the fragment mass distributions. Simulations using
nucleon transport model predict~and perhaps overestimate!
the occurrence of this phenomenon.

~b! The observed fragment meanN/Z values are relatively
insensitive to the projectile energy in these collisions and
such, do not reflect the primary fragment distributions ve
much.

~c! The mean residue velocities~energies! are a small
fraction of those observed in fusionlike collisions involvin
the interaction of lighter heavy ions with gold. The even
r,
c

o

Le

-7
t
n
re
n
s.

e

s
y

leading to residue production involve low values of the tra
ferred linear and angular momenta.~Higher l values are as-
sociated with fission and IMF emission.!

~d! The nucleon transport model which accounts for t
basic features of these collisions also generally descr
residue production~the fragmentN/Z values! but fails to
properly describe the outcomes on the more centralb
<8 fm) collisions.
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