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AﬁSTRACT: Wé have measuréd thé heavy residue enérgies and
momenta for_fhe>interaction of 35 and'43,MeV/nﬁcleon kfypton
with gold. The linear momenta of the residues increase
approximately linearly with mass remo;ed from the target for
small values of‘AA. This.aQrees with the kinematics of
péfipheral reactions with smail momentum transfer. The
" momentum transfer in the 43 MeV/nucleon reaction is
substéntially iess £han-that expected from LMT systematics.
Measurement of the linear momentum transfer (LMT) in
intefmediate energy nuclear collisions has been an important
diagnostic.tool for studying the "incéhpleteness" of the
fusion of éhe projectile and the target nuciei.(and thus the

reaction mechanism(s) operating). Measurement of the LMT has
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‘mostly involved the use of the fission fragment folding angle
techniqﬁe for heavy nuclei and the measurement of the |
evaéoration residue velocities for light nuclei. However,

recent investigationsl'z have shown that for heavy target

nuclel, the productlon of heavy re51dues(A&w>2Amw/3) increases

in 1mportance w1th 1ncrea51ng prOJectlle energy and eventually
tbecomes a more 1mportant reactlon channel than fission. Thus
it is important'to characterize.the LMT using the measurement
of heavy residue velocities. | | "
We medsured the«heaVy residﬁe Yieids; and differential
range spectra using radloanalytlcal technlques for the
reactlons of 35 MeV/nucleon “Kr and 43 MeV/nucleon 86Kr w1th
- *7Au. A detailed description of the exper1mental technlque is
given elsewhere'. The experiments were carried out using the
GANIL accelerator complek; ‘Well—focussed béeams of Kr (49 mm?
sbot size) struck thin (~240 ug/cmﬁ Au targets mcunted in'the
center of an evacuated'scattering chamber. Target fragments
moving forward in the anguiar range frcm 4-17° were stopped in
a stack of thin MYlar'foils. The Mylar fcil stack consisted
of 24 foils rangingvin thickness from 0.285 to 47;7 mg/cm%
insuring all fragments of interest were stopped. For the
reaction of 35 MeV/nucleon *Kr w1th’”Au, target fragment
yields were measured'in a separate thick target—thick catcher
stack consisting of a ~48.6 mg/cmzhu foil surrctnded by 14;7
mg/cm’ C foil. Both the thick target-thick catcher stack and
the range distribution experiment were irradiated

L

simultaneously. For the 35 MeV/nucleon *Kr + *Au reaction

study, the the range distribution stack was irradiated for 917

min with an average beam intensityvof 6.52x10" ions/min while

ir
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the irradiation of the thick target-thick catcher foil stack

was stopped after 165 min. For the 43 MeV/nucleon *Kr + “Au

reaction study, the irradiation lasted 780 min with an average

beam intensity of 1x10%* ions/min. Following irradiation, the
foil stacks were disassembled and mounted for off-line gamma
ray spectroscopy.v Measurements were carried out at GANIL for
several days and the foils were shipped to Studsvik and
Corvallis for further assay.

From the measured activities, differential range

distributions for-the 22 and 38 different heavy residues (of

known 2 and A) were calculated for the 35 MeV/nucleon and 43

MeV/nucleon reactions, respectively. ‘These differential range
distributions were transformed into energy spectra using known
range-energy relationships. The effect of range straggling
andlother factors on the deduced energy spectra has been
considered elsewhere'. The effect of these factors upon the
focus of this study, the mean fragment energies, has been
shown to be negligible.

. In Figure 1, we show the mean residue energies as a
function-of,mass_lossAfrom,the target nucieus during the
reaction for the Kr-induced reactions and the reaction' of 85
MeV/nucleon. *C + '“Au. -Also shown are the fragment isobaric
yield;distributions®* for two of the reactions as guides toi
the relative importance of different mass loss values.

Qualitatively, the trend of increasing fragment energy with

increasing mass loss from the target (i.e., excitation energy

of the target—like_fragment) can be understood by saying the
smaller impact parameter collisions lead to greater excitation

energy (greater mass loss) and increasing fragment energies.
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Figure 1. The variation of the heavy residue mean energies

»

with mass loss from the target nucleus, 4A.

This trend has been predicted by Bondorf et al.’ who say that
thlS trend can used w1th1n thelr s1mple fireball model tc
establlsh the 1mpact parameter leading to a given heavy
residue within 1 fm. |

To relate the ohservations to various models for the
reaction mechanism(s) invelVed we need to consider a quantity .
that has not been affected by the partlcle evaporatlon that
has taken place between the primary residue and the observed
resldue. Accordingly, we show (in Figure 2) the ratio of the
mean longitudinal velocity componeht; Vi, to_the velccity'of
.the hypothetical compound nucleus, v.,. (Proximity potential

calculations® for the reactions studied would indicate the
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Figure 2. The variation of <v,/v.,> for the heavy residues with
mass loss from the target nucleus, AA. The lines are the
predictions of egn (1) for 85 MeV/N **C + *Au (solid line), 35

MeV/N “Kr + *Au (dotted line) and 43 MeV/N *Kr + Au (dashed

line).

fusion cross section is less than 0.5% of the totallreaction
cross section.) To understand these data, we use a general
kinematic equation, based upon simple models®’ which treat
peripheral reactions as quasi-two-body processes. These -

models all predict a relation of the form

<p||/pcn>=AE[1+k(l_Bz)’z]/chn ] (l)
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where B is the projectile velocity;‘AE, the energy transferred ,
to the initial heavy residue(before evaporétion), and p;, the
transferred longitudinal ‘momentum. The parameter k, whose
meaning is different in the different models, was found to
have a value -of ~3 for. the production of heévy residues in
energetic p-Au collisions.® If we further assume that the AE
‘“term is“primarily the excitation energy of the initial heavy
*résidue; E*, then we can ‘approximate AE as 10AA where we héve

" assumed that-‘each evaporated nucleon removes 10 MeV of

excitation.energy. The straight lines in Figure 2 are the
predictions.qfueqn (1) for v,/v., .making the usual massive

- transfer assumptions to trahsform %gMpm> into <v/v.>’. The
eSsentiél relationship of the data for the C and Kr induced
reactions is reproduced as well as the variation of v;/v. with
AA for small values of AA, i.e., peripheral'reactions. (Some
slight improvement would be made in the fit of the model to
the data if intercepts corresponding to negative values of AA
were allowed thus simuléting the capture of a few projectile_
nucleons by the targef_nucleus.)

- - .For’larger values of AA, one sees significant deviations
from the behavior predicted by peripheral rééction kinematics.

One can rule out.the possibility that this limiting behavior

i

of the fractional linear momentum transfer (FLMT), i.e., v, /v,,
is due to the formation of these fragments by fission.. "
Fission would lead to higher rather thén lower residue

velocities. Furthermore, -examination of the fragment mass

yield curves and;fragmént angular distributions for these

‘reactions would show the yields . of fission fragments relative

to-heavyaresiduesﬂto be suppressed at the very forward angles
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studied in this work. It is interesting to speculate on the

interpretation of this possible limiting behavior of the FILMT

}or at least a different relationship between the FLMT and AA

than that observed for peripheral reactions.
Firstly, we note that the AA values for these events are
large. If we assume that each removed nucleon carries away 10

MeV, then these events correspond to excitatjon ehergies of

"400-1000 MeV. The large values of the excitation energies

mean that these events correspond to "hard" collisions, i.e.,

collisions at smaller. impact parameters in which larger
absolute values of tbe transferred momenta should occur. va
we assﬁme these collisions are.“hard", we can use the observed
vélges of <v,/v.,> to calculate values of <p;/p..>, the ratio of
the transferred 1ineer momentum to the initial momentum. For
the largest value of A A observed for the three reactions shown -

in‘Figure 2, we get values of <p;/p.> of 0.76,0.49, and 0.32

for the reactions induced by 85 MeV/A **C, 35 MeV/A **Kr and 43

MeV/A *Kr, respectively. The "universal" systematics of

| fractional linear momentum transfer’ would predict values of

<p;/P.> Of 0.40,0.70,and 0.64, respectively. Thus the maximum
FLMT observed in the C~induced reaction exgeeds the most
probable value from FLMT systematics but the mayximum FLMT for
the Kr-induced reactions is substantially less than the |
predicted most prprable value.

Previous studies utilizing the fission fragment.folding
'angle.fechnique” of the linear momentum transfer in the
reaction of 25-45 MeV/nucleon *Kr with **Th show that at a
preﬁectile energy of 43 MeV/nucleon, the predemipgnt,lineqr

momentum transfer is small, ~700 MeV/c, with no clear-cut
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observation of largevmomentum transfers. This result is in
agreement with our heavy residue data. At a projectile energy
of 35 MeV/nucleon;_both a peripherai and a central collision
peak are observed in the folding angle distribution. The
lcentral'collision peak’ corresponds to an average linear
momentum transfer of 13.0 GeV/c,ja factor of ~1.5 greater than
the correspOndinQ (AA~80) mean-momentum'transfer observed in
'.the'heavy'résidﬁe Spectra. Such'high momentum"transfers are
observed 1n the heavy residue spectra for AA~80 (the expected
_AA value for these large transfer events ). Such events are in
“the tails’ of the heavy res1due spectra where  they cannot be
.distinguished from fission.events in this measurement.
We‘thinkithis failure to observe large values of the FLMT
for large AA e_vents in_the heavy residue spectra for the 43 .
MeV/nucleon Kr-induced reactions (or in the folding angle
distributions) shows the “universal"llinear momentum . transfer
systematics for central collisions are not universal. They do
not appear ‘to hold for a very energetic massive projectile
like Kr. |
We belieVe that this failure of the most energetic
‘Kr-induced»reactions to follow‘the linear momentum transfer
systematics can be explained by the same concepts used to
,explain the LMT systematics.' Vandenbosch' and Gregoire and
Scheuter™ have pointed out the primary effect that defines the &
LMT systematics is'a'phase space effect. Only those
projectile nucleons with Fermi momenta such that they can be
captured‘into the potential well ofvthe target nucleus are
captured and transfer_their linear momentum to the target

nucleus. These nucleons come into the target nucleus and are
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reflected off the "back wall" of the target potential well and

are captured (a one-body dissipation effect). With increasing

‘relative velocity of the target and projectile nuclei, the

ratio of the overlap region between the target and projectile
Fermi momentum spheres to the initial volume of the
projectile’s Fermi momentum sphere becomes less,i.e., fewer
projectile nucleons are captured. Fusion becomes less
complete and the FLMT decreases. While other effects may also
be operating in defining the decrease in FLMT with increasing
projectile velocity, this one body dissipation effect is
thought'** to be the dominant effect. Such a mechanism also
predicts the "universality" of the FLMT systematics because
the momentum transfer is indépendent of projectile and target
combinations. | |

We speculate that with a large projectile like Krbat
higher projectilelenergies, too many projectile nucleons are
entering the target nucleus at once and the "back wall" of the
target potential well is destroyed leading to minimal capture
of projectile nucleons. Such an effect would not appear in
Boltzmann master equation calculations®* which generally
describe the "universal" FLMT systematics because such
calculations do not include mean field effects which cause
what is happening. If this explanation is correct, such an
effect should be predicted by VUU or Landau-Vlasov
calculations which do include mean field effects. Despite the
difficulty of doing such calculations for the large numbers of
nucleons involved, the results would be quite interesting. -

We gratefully acknowledge the assistance of J. Eriksen

during the experiments. Dr. C. Detraz of GANIL has our thanks
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Siemens, D.J. Morrissey aﬁd V.E. Viola are much appreciated.
IThie work was supported in part by the Swedish Natural
Sciences Research Ceunéil and the U.S. Dept. of Energy under
Grant No. DE—FC06—88ER40402 and Contract No.
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