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Nonfusion, fissionlike reactions in collisions of four heavy systéwe| below the fusion extra-push energy
threshold, for which Hinde and co-workers had measured the prescission neutron multiplicities, have been
analyzed in terms of the deterministic dynamic model of Feldmeier coupled to a time-dependent statistical
cascade calculation. In order to reproduce the measured prescission multiplicities and the ofreamhed
symmetri¢ mass divisions, the energy dissipation must be dramatically changed with regard to the standard
one-body dissipation: In the entrance channel, in the process of forming a composite system, the energy
dissipation has to be reduced to at least half of the one-body dissipation stréfigth.6), and in the exit
channel(from a mononucleus shape to scisgignmust be increased by a factor ranging for the studied
reactions frorrk‘s’“t=4 to kJ"'=12. These results are compared with the temperature dependence of the friction
coefficient, recently deduced by Hofman, Back, and Paul from data on the prescission giant dipole resonance
emission in fusion-fission reactions. The combined picture of the temperature dependence of the friction
coefficient, for both fusion-fission and nonfusion reactions, may indicate the onset of strong two-body dissi-
pation already at a nuclear temperature of about 2 M&0556-28186)05006-9

PACS numbes): 25.70.Lm, 24.10-i

[. INTRODUCTION damping corresponds tp=1.) It should be noted that the
value of y=10 greatly exceeds the strength of one-body dis-
Following the early work by Kramergl], the formalism  sipation, commonly viewed as the most effective dissipation
of the Fokker-Planck equation was proposed for the descripnechanism at low excitation energies.
tion of fission by Granget al. [2—4] and also by Wu and In a recent work, Hofman, Back, and P48l reanalyzed
Zhuo [5]. Within this concept, fission of a nucleus is de- earlier results on the prescission GDBfRemission for a range
scribed as a diffusion process of the fission degree of freeof relatively low excitation energies and found that the de-
dom over the fission barrier. The Brownian motion of theduced value of the friction coefficient rapidly increases with
fissioning system towards the barrier is driven by the couincreasing temperature, reaching the vajue10+3 [8] at
pling (by viscosity of the collective motion with the heat T~1.7 MeV. The sudden rise of nuclear viscosity can be
bath of the excited fissioning nucleus. Application of thisassociated with the observation reported by Thoennessen and
model to early results on prescission neutron multiplicitiesBertsch[10] who examined the validity of the Bohr-Wheeler
led Grangeet al. [6] to the conclusion that the viscosity of theory and found a clear effect of the reduction of the fission
the fissioning hot nuclei may reach quite a high level. On thewidth (relative to the Bohr-Wheeler predictionst tempera-
other hand, at low excitation energies, the competition betures above 1.5 MeV.
tween fission and light-particle emission indicates that cold Since the unexpectedly large values of the friction coeffi-
nuclei undergo fission in accordance with the standard Bohreient for hot nuclear mattel8,9] are based entirely on the
Wheeler statistical theorfvhich predicts the fission width to analysis of compound-nucleus fission data in terms of the
be nearly identical with that resulting from the Kramers for- diffusion model[2—4], we performed an analysis of some
mula in the extreme case of a very small but nonzero viscosselected experimental data that make it possible to estimate
ity). the value of the friction coefficient imonfusionreactions.
Recent experiments on prescissipirays from giant di-  Contrary to fusion-fission reactions, nonfusion reactigast
pole resonanceésee Ref[7] and references thergimave fission or deep inelastic reactiorsan be interpreted in terms
also been interpreted in terms of the diffusion mddet4]. of a deterministicmodel of nucleus-nucleus dynamics based
Results of the analysis of the giant dipole resonai@BR)  on classical equations of motion with frictiofLagrange-
data for fissioning nuclei excited to several tens of MeV ledRayleigh equations We will demonstrate that this com-
to a surprisingly large value of the nuclear friction coeffi- pletely independent method applied to a different class of
cient. The deduced value of the dimensionless friction coefauclear processes also leads to very large values of the fric-
ficient, y=10= 3 [8], implies strong overdamping of the col- tion coefficient. Results of our analysis seem to be consistent
lective mass flow(In this dimensionless scale the critical with the effect of the temperature dependence of the friction
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TABLE I. Prescission neutron multiplicities for four selected nonfusion reactions studied by Efirade
[14] and deduced values of the friction strength fadt@f. Values of the reduced friction coefficiegt
(averaged over the outgoing part of the trajectdy,) and the corresponding average temperaftigg,are

also listed.

Reaction (= vl Mass number k3" Bout y Tout
(MeV) range (18 s71) (MeV)

40Ar+ 2%y 249 3.25:0.2 100-175  12+3 100+ 2¢ 50+37 225

B4Ni + 17Au 418 3.15-0.6 120-140 4+2 34+2° 17+8 2.55

84Ni + 208Ph 418 3.250.6 105-165 4+2 33+28 17+8 2.50

B4Ni + 238y 418 4.00-0.8 135-165 10+$ 80+ 33 40+2 2.40

coefficient reported in Ref9]. However, our analysis sug- along the whole trajectory. In that case information on the
gests that the fast rise of the friction coefficient with tem-time dependence of the thermal excitation is available from
perature is followed by a subsequent decrease at still highehe codedicoL all the way from the touching of the colliding
temperatures, indicating the onset of two-body dissipation. nuclei until scission. Consequently, the neutron multiplicity
predicted by the codBYNSEQ directly depends on the time
Il. EVAPORATION CASCADE scale of a given nonfusion trajectory and thus on the nuclear
IN DYNAMICAL CALCULATIONS dissipation assumed in the dynamical code. Therefore, analy-
sis of prescission neutron multiplicities in nonfusion reac-
In Refs.[11,12 we proposed a dynamical method of cal- tions gives a possibility to deduce the effective strength of
culating the fusion-fission time scales from measured neuthe nuclear dissipation.
tron multiplicities. In this method we combine a simple
M_onte Carlo_version of t_he time-dependent statistical model lIl. NONFUSION REACTIONS
with Feldmeier’'s dynamical codeicoL, based on the con-
cept of one-body dissipatidri3]. The statistical decay code  The likelihood of the surprisingly strong nuclear dissipa-
has been constructed in such a way that the excitation enerdi@n (suggested in Ref$8,9] as a result of an analysis of the
generated in the composite system, and known at a givepompound-nucleus fission data in terms of the diffusion
time from theHicoL calculation, is coupled with the evapo- mode) can be verified in an independent way by the deter-
ration cascade calculation and thus adjusts the actual excitination of nuclear friction imonfusionreactions governed
tion energy at a given instant of time. This differential modi- by the deterministic dynamics. For this purpose, however,
fication of the excitation energy is repeated step by step a@rescission neutron multiplicities have to be measured for
each stage of the statistical decay sequence. More detail&@lliding systems that foall partial waves do not fuse.
information on the codeYyNsSEQused in our calculations can ~ Analyzing existing data on prescission multiplicities, we
be found in Ref[12]. found four reactions studied by Hine¢ al.[14] and listed in
The codeDYNSEQ (coupled to the nuclear dynamics code Table I which, most probably, do not undergo fusion even in
HicoL) predicts the accumulation in time of the multiplicity central collisions. Classical trajectory calculations with the
of neutrons and other evaporated light particles along a giveHICOL code lead for all partial waves to reseparation of these
classical trajectory. In the application of this method for thesystems. Figure 1 shows fusion excitation functions for these
interpretation[12] of the prescission neutron multiplicities Systems calculated with the codecoL. It is seen that at the
[14] in fusion-fission reactions the code was used for calcustudied energies, indicated in Fig. 1 by arrows, the entire
lating the neutron emission along a part of the trajectoryreaction cross section is comprised of nonfusion reactions.
before fusion and then for the outgoing trajectory—from Predicted energy thresholds for fusion are located at much
saddle to scission. In fusion-fission reactions these two corrhigher energiesin the case of the heaviest systeffiNi +
ponents account only for a small part of the total prescissiorf-2U, the fusion threshold is about 500 MeV above the beam
multiplicity and therefore a possible dependence of the timegnergy. Clearly, a considerable “extra-push” enerfs] is
scale(and thus the respective multiplicjtef the ingoing and needed for fusion of these colliding systems.
outgoing trajectories on nuclear dissipation could not be iso- Figure 2 illustrates predictiongl3] of the time depen-
lated and investigatedThe essential part of the measured dence of the thermal enerdgy;ss, dissipated along selected
effect of the prescission multiplicity in the fusion-fission re- trajectories, for thé*Ni+ 238U reaction taken as an example.
actions is associated with the compound-nucleus stage fdn the considered collisions the kinetic energy is quickly dis-
which theHicoL code can only be used for the determinationsipated within a time shorter than 1# s, and subsequently
of a correct initial value of the excitation energpsumma- the combined system slowly moves on the potential energy
rizing these remarks, in the case fokion-fissionreactions, surface towards scission, continuously converting the Cou-
the analysis of the prescission neutron multiplicities in termdomb energy into heatln Fig. 2, scission corresponds to the
of the dynamical model of Ref12] leads to a determination end point of each curvelt is seen from Fig. 2 that the
of the time scale of the reaction, but obviously it cannot giveinteraction time increases with decreasing angular momen-
direct information on the viscosity of the compound nucleustum and the longest interaction time corresponds to a central
On the other hand, in the casemdnfusionreactions, the collision, t;,=11x 10" %' s for /=0. As discussed in Sec. II,
dynamical evolution of a colliding system can be tracedthe dependence digyss On time, calculated with the code
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FIG. 1. Energy dependence of the fusigratched and the re-
action cross section predicted lycoL calculations for four sys- 200 |
tems for which prescission neutron multiplicities had been mea-
sured[14] at energies indicated by the arrows.

HICOL, is fed to our statististical decay cod0@NSEQin order
to calculate the average number of neutrons emitted along a
given trajectory.

It is clear that if the interaction time dictated by the one- 50 f
body dissipation model is correct, the neutron multiplicity
calculated along the slowest trajectoffpr ~=0) should

64,.. 238
Ni+""'U

418 MeV

approximately reproduce the measured valds.a matter of 0
fact, the calculated multiplicity should even exceed the mea- s 5l
sured value because in experiments the multiplicity is aver- B

aged over a range of partial vaves corresponding to the in- 4
teraction times shorter than that for the central colligion. s
Figure 3 demonstrates that this is not the case. Intwo partsof 8 5 [
this figure is presented the time dependence of the accumu- ©

lated multiplicity (bottorm) in correlation with the time de- ,:'. 2k
pendence of the thermal excitation energy along the trajec- &

tory (top). Predictions based on standard one-body p 1|
dissipation dynamics are indicated by dashed lines. It is seen ';,'

that the longest interaction timg,=11x10"2! s, corre- =2 : ;

sponding to/'=0, evidently is too short because within that 0 40 80 120

time (until scission only about 0.5 neutrons can be emitted, Time (10-21 s)

while the measured value of the multiplicity is

Vpré =4.0+0.8. In order to slow down the relative motion 0 g1 3. Accumulated neutron multiplicity in- timébottom
such an extent that the calculated multiplicity will rise to the caiculated assuming generation of the excitation endigy, as
experimental value, it is necessary to considerably increasgiedicted by theHicoL code (top) for the ®Ni+ 238U reaction
the nuclear dissipation, well above the fixed level of one-(g_ =418 MeV,/=0). Predictions corresponding to the standard
body dissipation that is assumed in Feldmeier's co®L.  one-body dissipationki=1) are shown by dashed lines. In order to
The solid lines in Fig. 3 represent results of a calculationreach the experimental value of the multiplicigf;', the friction

re ?

with a considerably incresed friction. It is seen that then thestrength must be increas¢sblid lines fork,=10).
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“creeping” motion towards scission becomes much slower.model calculations, we would like to note that a straight
Since the calculated interaction time directly depends on thapplication of the scaling of the wall-and-window formula
assumed strength of the nuclear dissipation, the measuradth the strength parametés leads to a certain inconsis-
neutron multiplicity can be used for the determination of thetency within the data: The very strong friction, necessary to
dissipation coefficient. In other words, the “neutron clock” sufficiently extend the fusion-scission time interval, prevents
can be used as a “friction metef16]. the colliding nuclei from penetrating deep enough in the
early stage of the collision. Consequently, the mass asymme-
try degree of freedom is almost completely frozen, prevent-
ing symmetric mass divisions. This contradicts the experi-
In the present work we investigate what information onmental observatiofl4] of symmetric and nearly symmetric
the strength of the friction force can be deduced from thdissionlike processe$A range of mass numbers correspond-
data listed in Table I. As demonstrated in Fig. 3, the oneding to the measured multiplicity for each reaction is given in
body dissipation mechanism assumed in Feldmeier's cod&able 1)
HicoL is insufficient to explain the measured prescission Within the model of nucleus-nucleus dynamics used in
neutron multiplicities. In the codeicoL the friction force is  our calculations, the only possibility to reproduce a fast-
determined by the rate of one-body dissipation given by thdission process with an approximately symmetric mass divi-
“wall-and-window” formula [17,18,13: sion is todecreasenuclear dissipation in thentrancechan-
nel at least to about half of the one-body dissipation value,
dE —[ . 2 ks=0.5. We recall, however, that this conclusion is based on
“lgt) TPV SG(n—D) do, @) predictions of a strictly deterministic model that excludes
wall fluctuations. Therefore arguments relying on the difference
wherep is the nuclear mass density,is the average speed between the observed and calculatetbst probable mass
of nucleons(equal todv;), N is the normal velocity of the SPIit are only indicative of the decreased friction in the en-
surface elemendo, andD is the normal component of the trance channefi.e., for relativelycold nuclear matter This
average drift velocity of nucleons about to impinge on theconclusion is, however, supported by results of the analysis
surface elementio. For two nuclei interacting through a ©f isoscalar giant quadrupole and octupole widths by Nix and
window of areaA o, the rate of energy dissipation is given Sierk[19] who found that the friction strength factor for this
by two “wall” terms, Eq. (1), one for each fragment, plus a St of low-energy data ik;=0.27. Our indirect conclusion

IV. RESULTS OF CALCULATIONS AND DISCUSSION

“window” contribution that at the “warm-up” stage of a collision the nuclear dissi-
pation is weak, i.e., well below the full one-body dissipation
dE 1 _ ) 5 6 pv - 5 limit, agrees also with results of the analysis of Hofman,
—\ 5 =—pvAo(ur+2ur)+ = -—Vi. (2)  Back, and Paul9], suggesting that for cold compound nuclei
dt 4 9 Ao
window of T<1.2 MeV the effect of nuclear dissipation is negligible.

Taking into account the above arguments, for all four
studied reactions we assumed identical weak friction of
ki'=0.5 throughout the entrance part of the trajectamtil
reaching a compact mononucleus configurgtiamd for the
rest of the trajectory the friction strength was allowed to rise

In this equationy, andu, are the tangential and radial com-
ponents of the relative velocity of the two fragments and
V, is the rate of change of the volume of one of the frag-
ments[The second term in E@3) represents the dissipation
o o o o s (1O e, o SPIEAD 3 e ecessary o i n
no adjustable parameters, in our calculations we scaled tHEeutron multiplicityvr". Since the entrance-channel part of

rate of one-body dissipation by a facthy treated as a free the trajectory is very fast, independently of the value of
parameter: ke, the prescission neutrons are emitted mostly during the
outgoing part of the trajectory. Therefore the determination
dE ) of k3" practically does not depend on the assumed entrance-
— —— =k X (wall-and-window formula @) channel friction.

at The dependence of the calculated prescission neutron

Here we keep the notation used by Nix and Sigr8] who  multiplicity ngg" on the assumed friction strength factor
scaled the wall formula by a facté in their “surface-plus- k2", for all four studied reactions, is shown in Fig. 4. It is
window” expression. On the grounds of the concept of one-seen that in order to explain the measured prescission multi-
body dissipation one can interpiletas the average probabil- plicities, the process of descending from the mononucleus
ity of an energy-changing.e., unblockegicollision between configuration to scission must be slowed down by a very
a single nucleon and the moving one-body potential. Thistrong friction, ranging from 4 to 12 times the strength of
justifies a possible reduction of the standard strength of onesne-body dissipation. All the calculations presented in Fig. 4
body dissipation by a factok;<1 [19]. However, in the correspond to central collisions characterized by the longest
present study we tre&t as a completely free parameter, alsointeraction time. Therefore the deduced values of the
allowing values oks>1. Certainly, in the case &,>1 the  strength factok" (see Table)l represent théower limit of
concept of one-body dissipation is no longer applicable, anthe required dissipation. Note, however, that for larger
such a result should be interpreted as evidence of a strongalues the mass division becomes asymmetric and, conse-
two-body dissipation mechanism. quently, those noncentral collisions have been effectively ex-

Returning now to Fig. 3 and the question of fitting experi- cluded in the experimeritl4] by the applied gates on the
mental values of the prescission neutron multiplicities in thefragment masgsee Table )l
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FIG. 5. Friction coefficienB calculated with the codeicoL for
64n1; 1 23! 7 — i
Friction strength factor, kUt the. N!+ % reaction attE,ab—418 MeV as a function of the
s radial distance parametst'on the way from a mononucleus shape
to scission fok2"'=1 andk"'=10.
FIG. 4. Prescission neutron multiplicity as a function of an as-
sumed value of the friction strength fact§" for the four studied model based on the concept of two-body dissipation. There-
reactions. Experimental valueg;?' determine the factokg" for  fore, for comparisons with the results of Reff8] and[9] we
each reaction individually. use an effective value g8 averaged over the outgoing part

) o ) . of the trajectory, By Using the example of the
The analysis presented in Fig. 4 gives evidence of as4y;; 239 system, we show in Fig. 5 that a rough estimate

strong nuclear dissipation in fast-fission-type reactions. Wey B~vIR, based on the functional form of the wall-and-
associate this result with a large value of the friction coeffi-\\inqow fo,rmula[17] is a fairly accurate approximation for

cient deduced by Butscét al. [8] from the analysis of the : T 1
GDR data in fusion-fission reactions. In order to quantita-ﬂle average valugo,. (In Fig. 5 a value ob/R=8x 10"

tively compare our estimates of the friction strength for hotS ", caloulated for the”Ni+ **3) composite system, is in-
Y P . 9 dicated by a dashed horizontal line. We recall here thast
nuclear matter with the results for the compound-nucleu

fission, we have to translate the energy dissipation in th%he internal average speed of nucleons, Bnd the radius of
.' . 9y pat fhe combined systemln Table | we list the estimated values
functional form of the wall-and-window formula into the

form of the reduced friction coefficiem® used in the diffu- of the reduced friction coefficient

sion model[2—4]. Figure 5 shows the dependence of — 54x 1021

—_ U _
Bour™ kgmﬁ = ngtWS_ s 7, 5

1 [dE
B= E—(a) 4 o _

kin diss which is evaluated for the Fermi momentupr=1.36

#/fm and R=1.15AY3 fm. The reduced friction coefficient
on the relative distance parame&8' (on the way to sciss- g is directly related to the dimensionless friction coefficient
ion) calculated with the codeicoL for the 8Ni+ 2% reac- 7y used in Refs[8] and[9] in the analysis of the compound-
tion, for two values of the friction strength parameter, nucleus fission data:
k2"'=1 andk"'=10. In Eq.(4), B8 is expressed by the rate of
the dissipated energy,dE/dt)4s relative to the actual B KM
value of the kinetic energy of the dinuclear systdfy,, . T %20 2wR’ ©
As shown in Fig. 5, for the standard value of one-body

dissipation k¢"'=1), the friction coefficients takes values wherew is the frequency parameter determined by the cur-
in the range from &% 10°* s~ * to 15x 107" s~*. A curve for  vature of the potential energy surface at the saddle point. In
k3"'=10 shows tha scales almost linearly with the factor Refs. [8] and [9] the frequencyy was assumed to be
k2. It should be noted, however, that to some exigris ~ w=10"s™ 1.

trajectory dependent. The radial dependenceBois con- As is seen from Table I, the dimensionless friction coef-
nected with the functional form of the wall-and-window for- ficient v, deduced in our analysis, takes strikingly large val-
mula which, however, is not applicable in the diffusion ues in the range frony=17 to y=50. These values consid-
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Tout in the studied nonfusion reactions considerably exceed
the compound-nucleus temperatures in reactions reported in
Ref.[9]. Both parts of Fig. 6 seem to complement each other.
The combined data shown in Fig. 6 represent a consistent
trend of a steep rise of the dissipation coefficient at nuclear
temperatures in the range from 1 to 2 MeV, followed appar-

?—
is)
g
L]
-A
9]
-
W : h
E o : ently by a maximum valuey~50) at a temperature between
0 : 2 and 2.5 MeV, and subsequent fall at higher temperatures.
g o : L Our estimates of the upper limit of the friction coefficient in
T oLl o iy the first stage of the reactiok{<0.5 for T;;<1.7 MeV) are
2 not shown in Fig. 6, but they also qualitatively agree with
ﬁ this dependence. We recall here that a valug obrrespond-
o ing to full one-body dissipation is aboyt=4 (for =10
o0 : s~ 1). From Fig. 6 it is seen that this value is reached at a
01 T s — =5 3 temperature of about 1.5 MeV. Therefore the further rise of
o (MeV) T (MeV) the friction coefficient with temperature has to be related to

gaddle out

the onset of two-body dissipation. A strong two-body dissi-
pation has been predicted in a series of theoretical studies

[9] from the prescission-ray multiplicities plotted as a function of [21—23. As a rule, a decreasing d(gp_endence of the friction
the temperature at the saddle poileft), and the same quantity ~ COefficient on the temperaturgs 1/T<, is expected in these
deduced in the present analysis of the prescission neutron multfodels. Our results do allow for such a dependence. How-
plicities in nonfusion reactions, plotted as a function of the mear€Ver, an open question is at what temperature is the onset of
temperatureT . during the descent from a mononucleus shape tothe two-body dissipation and the turnover from the increas-
scission(right). ing to the decreasing dependenceyobn T expected theo-
retically. As is seen from Fig. 6, the evidence of the turnover

erably exceed even the well-known result of Butstkal.[8] ~ Of the y vs temperature dependence is mostly based on the
(y=10=3) obtained in an analysis of GDR data. In spite offesult for the “°Ar+ 233 reaction. However, it cannot be
a conceptual difference between our analysis of the nonfuéXcluded that the friction coefficient for this reaction is over-
sion reactiong(in terms of a deterministic modehnd the ~ €stimated to some extent because the potential-energy sur-
study of the fusion-fission reactions of Ref8,9] (in terms  face for this system has a distinct compound-nucleus mini-
of the diffusion model it seems that both analyses consis-Mum (contrary to the other three systemand thus fusion,
tently lead to the same conclusion, that a very strong nucledd!though not allowed in the deterministic calculation, may
dissipation sets in when a composite system is sufficientipccur With a small probability due to fluctuations. Without
hot. In a recent paper, Hofman, Back, and Hallpresented the data point for thé®Ar+ % reaction, Fig. 6 would sug-
the temperature dependence of the friction coefficiedie- ~ 9est a rather monotonically increasing friction throughout the
duced from reanalyzed GDR dat@he data have been ana- Whole studied range of temperatures. The theoretically ex-
lyzed with the Stony Brook modification of theascape  Pected decline of the friction coefficient would then have to
code which according to van 't H4R0] may overestimate begin at still higher temperatures, i.e., above 2.5 MeV.
the friction coefficient. In Fig. 6 we show a plot combining 1herefore additional studies that could verify the temperature
our results with those of Ref9], both as a function of the dependence of the friction coefficient would be of great in-
temperature. terest. If the results presented in Fig. 6 indeed represent the
In the analysis of the fusion-fission data, Hofrearal.[9] ~ €ffect of a strong two-body dissipation, they could be used
examined the dependence of the deduced friction coefficiedPr €mpirical determination of the temperature dependence
on the temperature of the compound nucleus, correspondirff the mean free path of nucleons in nuclear matter and thus
to the excitation energy at the saddle poifif,yqe In the fOr establishing some solid grounds for dynamical models of
case ofnonfusionreactions, the excitation energy of the hot nuclear matter.
composite system is gradually generated throughout the en-
tire trajectory(see Fig. 2 Therefore, in order to compare our
results with the fusion-fission data we need to define an ef- Summarizing, we have analyzed a set of faanfusion
fective temperature characterizing the composite system on .. ’ L S
its way to scission, which would be equivalent to the tem_reacgotr; S |?|f kdnown dpresmsskloni‘rlleu_tron multl?lur:]n(e(\jsea-
perature of the compound nucleus in the case of a fUSionSrhuiL?sticydyrlwr;n?ifnmo%cglwgfr Isgldr]%elinerteé?uspl?adt ti aettei}rrr;e-
IIOSSII(O%S%?;):.\/zﬁjresg??rl:gltt)grr?ps)eigtﬁ?euIi\;alﬁgfggéggﬁmz pargependent statistical cascade calculation. Since the studied

t th : T lculated with th d Th omposite systems cannot fuse at all, the measured prescis-
of the trajectory,T o, calculated with the CodRICOL. The g5 neytron multiplicities must be accumulated during the

values ofT q for all four studied reactions are included in fastfissionprocess that can be described throughout with a
Table 1. In Fig. 6 we have included the results of Hofmanjeterministic model based on the Lagrange-Rayleigh equa-
et al.[9] (open circlestogether with they values deduced in  tions of motion. By using Feldmeier's model, we demon-
our analysis, jointly plotted as a function Gfsaqgie @Nd  strated that in order to reproduce the measured prescission
Tou respectively. It is seen that the effective temperaturesnultiplicities and the observethearly symmetric mass di-

FIG. 6. Dimensionless dissipation coefficientderived in Ref.

V. CONCLUSIONS
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visions, the energy dissipation must be dramatically changed The results of our analysis give information on the mag-
with regard to standard one-body dissipation: In the entrancaitude of the friction coefficient at higher temperatures than
channel, on the way to form a composite system, the energyhose accessible in Rdi9]. They are consistent with a de-
dissipation has to be reduced to at least half of the one-bodyreasing dependence of the friction coefficient with tempera-
dissipation strengthkg'<0.5), and in the exit channérom  ture (for T>2.2 MeV) that can be associated with ther1/

a mononucleus shape to scissi@nmust be increased by a dependence expected for two-body dissipation. Therefore,
factor ranging for the studied reactions frok§"=4 to  the temperature dependence of the friction coefficient that
k§“t= 12. Since the excitation energy of the colliding systememerges from the combined results of RES] and the
gradually increases along the trajectory, our result indicategresent work can be interpreted as evidence of the onset of a
that nuclear friction is relatively weak at low excitation en- strong two-body dissipation at rather unexpectedly low tem-
ergies and becomes very strong when the composite systegeratures, already beloW=2 MeV.

gets hot. This conclusion is consistent with earlier results o
Butschet al.[8] and the reanalysis of GDR data by Hofman,
Back, and Paul9], demonstrating a fast rise of the friction
coefficient in compound nuclei at temperatures in the range
1.2-1.7 MeV. It should be emphasized that consistent results . .
have been obtained for completely different types of nuclear The a}uthors WO,UId like to acknowlledge .valuable dISCUS'-
processes interpreted with different theoretical tools: forSiONs With R.H. Siemssen, W.J. Swiatecki, and J. Blocki.
compound-nucleus fission interpreted in terms of a stochastitiS work was performed as a part of the research program
model and(in the present workfor nonfusion reactions ana- Of the Stichting voor Fundamenteel Onderzoek der Materie
lyzed in terms of the deterministic model of nucleus-nucleusFOM) and the Committee of Scientific Research of Poland
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