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1. lNTRODUCTION 

In refa./1- 3/ we a cb1e ve d а good deacr 1pt1on о! а11 the exper1

menta1ly obaerved chara c t eri sti c s of the fiusion-fragmen t тass -ki ne tic 

energy d1atr1but1on. ТЬе ca1cu1at1ona were performed 1n the frame

work о! tbe d1ffua1on mode1 for b1gbly exc1ted nuc1e1. In part1cu1ar. 
we reproduced the 1arge va1uea о! var1ancea о! tbe f1aa1on-fragment 

2
шавв d1at r 1but10n G 11 and the1r a1gn1f1cant 1ncreaae w1th an 1n
creaae 1n the compound-nuc1eua f1as111ty pBrameter. So we have over
с о те tbe trad1t1ona1 d1f f 1cul t 1 ea о! tbe atat1at1ca1 and dynam1ca1 
f1aa1on mode1a. 

2
ТЬе va1ue о! 6 м 1в def1ned to в 1arge exten t Ьу tbe тава 

a symme t r 1c coord1nate var1ance. 6~ (t), a t a c1s s 1on . 1.е. 6~ rv 

~ 6; ( t s c ) . ТЬе dynam1ca1 evo1u t 1on о! 6'; ( t) 1n tbe framework 
о! tbe d1ffuв10n model shows а systemat1c dev1at1on from the 1nstan
taneouв stat1st1ca1 l1m1t va1ue /1.3.4/. ТЬе dev1at10n Ьеоошев 1arge 

a t the end (1n t1me) о! t be descen t о! а f1aa1on1ng nuc1euв from tbe 

sadd1e po1nt to ac1as1on. ТЬе t1me dependence о! 6;" (t) 1а one о! 
the ma1n reaaona _ьу the d1ffuв10n mode1 ca1cu1at10ns о! 

2 agree6м 
_е11 w1th tbe exper1menta1 data. ТЬе charge coord1nate var1ance.6i • 
behaves 1n t1me 1n a not ber WBy /5/ . Our ca1cu1at10ns bave sbown 

that tbe mode 1а 1n stat1st1ca1 equ111br1um dur1ng a1moat the wbole 
deacent . ТЬе var1ance 6 LI2 

(t) dev1atea !rom tbe 1nstantaneouв ata
t1st1ca1 11m1t only very near ac1ss1on, шuсЬ nearer than 6~ (f ). Just 

before tbe ac1a s 1on p01nt 6 ~ "freezea" due to the 1nert1a and the 
f r1c t 1on о! tbe mode abarply 1ncreaaes. 

Here _е report оп tbe resu1ta о! tbe ca1culat1ons о! tbe re1axa

t10n t1шеа !or the masa-aaymmetr1o. cbarge and neok modea 1n tbe 
!ramework о! tbe d1f!us10n mode1. We а1ш at understвnd1ng the reasons 

for tbe above-ment1oned б~ ( f ) and 6Х (t) t1me dependenoes вnd 
at exp10r1ng the app11oabil1ty о! tbe stat1at1ca1 approacb to researob 
1nto th e f1ss10n-fragment шваs and cb arge d1str1but10ns. А 10ng t1me 
ago the obaraoter1st10 t1mes о! oollect1ve modes were used /6.7/ to 

аавевв the ro1e tbe "шеmоry" о! the f1ss10ning system рlзyв dur1ngthe 
desoent. Каrащувn. Oganess1вn and Pusty1'n1k /6/ uвed tbe овс111а-



tion periods of the mass-asymmetric mode (with the value (1_3).10-21 s 
18/) and of the charge mode (with the value 10-22s) as the oharacter
istic times. Comparing the values with the desoent time tsc ~ (2-10). 
'10-21 s the authors of 161 conoluded that the statistioal model 191 
is not applicable to caloulating the fission-fragment mass distribu
tion and can be used in the case of the charge one. 

The relaxation time is more suitable to play the role of the 
oharaoteristic time provided there is dissipation in the system. 
Many experimental and theoretioal papers are devoted to the investi
gation of the relaxation times of different oolleotive modes observ
ed in diss~.pative heavy-ion ooll1sions (see refs in 110 ,11/h The ex
perimental values of the relaxation times for the mass-asymmetric 
(T~ ) and charge ( T~ ) modes in dissipative heavy-ion collisions are 
equal 1121 to 6·10-21 s and 1.3.10-22s, respectively. In the expe
rimental investigation of the quasi-fission reactions 113,141 the 
value (5.3 ± 1.0)·10-21 s was obtained for T~ • It should be noted 
that in the compound nuclear fission the relaxation times oannot be 
observed experimentally as opposed to quasi-fission and dissipative 
heavy-ion reaotions where the relaxation time is the subject of ex
perimental studies. 

2. THE MODEL 

In a good approximation the mass-asymmetric and charge modes in 
excited nuclei fission are harmonical 11,5,7,10/. The stiffness co
efficients of the modes depend on the fission coordinate (e.g. elon
gation) and on the neck parameter. The inertia (In) and friction (d) 
parameters of the modes depend on the same coordinates,too. Moving 
along the descent trajectory OI1e has to take into accoun't only one 
coordinate, more conveniently, the fission one. Then tbe 'time depend
enoe of the coordinate defines the time dependence of the inertia and 
friction parameters. 

Let us consider the dynamics of the fluctuations of an oscilla
tOl~ w1th time-dependent parameters using the diffusion model 13,4, 'lsI 
based on the Fokker-Plank equ.ation (FPE) for collective var1ables. 
The Langevin equa ti on which is equivalent to the FPE is 

(1)1jt 73?! .. U/JI FL (t) / m 
Here 1/ is a finite mode coordinate (0(, L1 , etc); f3 '" rim and
f5 ~ f3 • m/m are the damping constant and the generalized damping 
constant, respectively, w=(cjmJ'!2 is the y -oscillator frequency, 
fL(t) is the randOm Langevin force with the stati8tical properties 
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I I 

<PtJt» 0 ,<F;JtJ0..(t'» 2DI)(t-t') ; 1J is the diffusion co
effioient. 

If we are interested in the mass-asymmetric mode, the coordinate 
oC of the well-knOwn 1161 f C.11 ,0( I - parametrization will be used in

stead of JI in (1). In the case of the charge mode ..1= ZI.. - lICD 

will replace JI • Here Z I.. is the light fragment charge, and ZI..1JClJ 

is the value of '1.1.. corresponding to the compound nucleus charge 
density. We will use the elongation parameter C , or the halt-dis
tanoe between the centers of mass of the future fragments.'p, as x
the fission coordinate 116/. The collective coordinate ~ defines 
the neck radius when C and oC are fixed. 

Dealing with fis8ion of compound excited nuolei we have <y>_ 0 

(for at: or LI ), in contrast to quasi-fission and dissipative 
heavy-ion reactions. So the variance 6 y(t ) will be the main sub
ject of our investigation. The dynam:1.cs of oscillator fluctuations 
is described by tbe following system of equations tor the second 
moments of the distribution function f (11, Pi ' t J which obeys the 
FPE 

d6 l

7if 2 6 -ypy/m (t) 
l (2) 

~~P~ = - 2 [C(t) 61P-y +trt )6;,/m(tJ - D (t)], 

~~1./21 '" C(t)6; +6;,/m (t)- t(t)6ypy I m (tJ 

The time dependence of < x > and < 11 > defines C , m , t and D 
as functions of t • Here the diffusion coefficient 1J 1s connec"t
ed witb nuclear temperature T and friction t by tbe Einstein 
relation: 'D '" t T" , wbere r'flo is the effective temperature for 
'the collective mOde /1,5,15/. 

It should be noted that a 8imilar system of equatians for the 
second moments was obtained in 117/ using the Schrodinger .quat10n 
with friction 116,19/. The onl;t d1fference lies in tbe last; term of 

z
the seoond equation tor 6P-V • 

System (2) may be reduced to two equat10ns 
.' r- L Z 
61j + (36, + W 6'1 '" (m 

2c5;> , (3) 

. z 
U~-2j3U+2D6y (4) 

2 2 2 
where U" 6'9 6P - 6f Py . 
The exaot solutign of eq. (4) i8 

t 

U [ZJ,TJ6;eXp(2j3f'Jdt'+Uo]exp(-2j3f). (5 ) 
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If we neglect diffusion and friction in (2). eq.() coincides with 
the equation for 6~ obtained earlier in /20/ where the dynamics 
of forming the charge distribution in dissipative heavy-ion colli 
sions and in fission was investigated. In this case j3 = til / m, i.e. 
the time dependence of the inertia leads to the occurrence of a kind 

of quasi-friction in the mode. In the process of the rapid descent the 
fissioning system remembers the value of oy even if there is no 
friction along this coordinate at all. In that case U;. U(J; f//Lt /20/ 
along the descent trajectory. 

An approximate solution of eq. (J) may be written as follows: 

2 _ 2 (. 2t) z ( 2 t)
6~o exp -- T + 6J1st [I exp - '[ ], (6)6J 

It is similar to ·the ordinary law of the transition process which was 
exploited to analyze the experimental data in /1),14/. i.e. 

<Y>=YoEXp(- +Yst{f-exp(-t)]. (7) 

The only difference is that Oyo ' 6 ysf and '[ are time 
dependent in eq. (6),in contrast to the analysis of /1J,14/. 

The oscillator (J) is underdamped provided W > 13/2 and it 
is overdamped it CtJ < /3/2 • In the case of underdamped motion 
eq. (6) is the result of time averaging of (10a) from /4/ over the 
oscillation period. The structure of the solution (6) corresponds to 
that of eq. (J): the left-hand part of eq. () describes the damp
ed oscillator and the first term of (6) corresponds to it; the non
uniformity in the right-hand 	part of (J) generates the second term 
in (6). 

In eqs. (6.7) the parameter T is defined by the equations: 

2 P-/ , 	 w 

T= [/312 ([//1.; WZ)I/Zr' 	 (8) 
2' • 

w« j3 12 

Eq. (7) shows that T is 	the relaxation time of the collective 
coordinate mean value (this is the parameter which we shall exploit 
and discuss later on). It is 	obvious fI'om eq. (6) that the varia.tlcee;; relaxes twice faster than < 11'::;' •Figure 1 shows the 
dependence of the relaxation time. The dependence is not smooth 
and is of opposite nature for the underdamped and overdamped regimes 
of the oscillator. 

-! 

J. THE RELAXATION TIMES FOR 	 THE MASS-ASYMMETRIC MODE 

The stiffness coefficients, inertia and friction parameters 
which define the relaxation time may be calculated using macroscopic 
approaches if we deal with fission of excited nuclei. Different 
versions of the LDM /21,22,2J/ and droplet model /24/ were used to 
calculate the stiffness coefficients of the mass-asymmetrio mode. The 
inertia parameters were computed in the framework of the Werner-Whee
ler method /25/. We used two-body /25/ and "surface" one-body /26/ 
dissipation to calculate the mass-asymmetric friction parameters. 

Figure 2 i llustrates the dynamics of UJ.,L and 35 r>:- during the 
descent (note that the time dependence of the values is defined by 
their dependence on the coordinate p along the trajectory). It is 
interesting that the JO -dependence of W~ and turns out to be 
universal for the different versions of the LDM and for a wide range 
of the Z2/A of compound nuclei /J/. In Fig. 2 the difference between 

the frequencies of the mass-asym
metric mode is due to the type of6 
viscosity (which changes the 	des
cent trajectory Significantly), 
us well as to the used version of

3 3 	 the potential energy calCUlations 
l:J (LDM /22/ in case of two-body vis

cosity and the droplet model 	 /24/ 
in the case of one-body dissipa

0, I J I J tion). The value of GUoe gives us o 	 1 2 3 the pussibility of evalunting the 
mass-usymmetric oscillation period:0/(20)) 
its value grows during the descent 
from {2-J)10-21 s at the saddle 

~. Relaxation time (in point (aocording to the illJt1.mation 
units of inverse frequency) 	 to (5_6)10-21 nearof /6,8/) s 
versull generalized damping the scisSion point.
coefficient (in units of From ~ig. 2 it is easy to see 
twice frequency). 

the strong difference between f3t:J:, 
and pc£- in the case ,-.;'two-body 

viscosity due to the contributioll from term moe /ffl., J.a the case 
of one-body viscosity the contribution from moe !. ",is negligibly 
small and the reason for an increase in is tj,.; .,pD'H~rance of 
a "window" term in the"wall 	and window" formula fOl: ti,l) f.r1ction 
parameter as the neck arises. Before that moment the value of 13 

0e 
for one-body viscosity is even smaller than that for two-body one (in 
the latter case the fast descent results in a large value of n1g(/fflg(). 
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Fig. 2. The frequency, the 
damping and generalized 
damping coefficients ofJ3d. 
the mass-Asymmetric mode(\';'" 

~ 

2.5 I \ L\I') versus the coordinate JO\... I \N along the trajectory of des-I \D \.- I cent of 2)5u• The solid
'--' 2.0 I \ 

\ curves represent the re-C'l I 
~ I suIts of oalculations 
~ using two-bodT viscosityI1.5 ( Yo • 1.5.10-2~V.s.fm-),I~ 

I the LDM 122/); Tbe dasbed~~ 
curves reprssent tbe re-j 

~ 

10 suIts of oalculations(.l 

using "surface" one-bodT"
"

viscosity and tbe dropletWet
0.51 I model 124/.

0.6 1.0 14 

P 

~. The dependence of 
the relaxation time for the 

~~ 
mass-asymmetric mode upon 
the elongation parameter C 

alang the trajectory ot des 6 
cent of 2)5U• curves 1 
and 2 represent the results 

r--. 

of calculations using V'l 
4

two-bodT viscosity. (1 - Yo .. 
10-2~V,s'fm-) and tbe 
LOlI/21 /. 2 - Yo • 1.5'10-2.:3 'IS 
MeV,s'fm-3 and the LDM/22/ ). \;..l 

2 
Curves )-5 represent the 
results cf oalculations 
us1Dg "surface" one-bodT vis

235U 

cosity. () - the LDM 122/. 
4 - the droplet model 1241. 
5 - the LIlli 123/). C I erongatlon (RoJ 
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Surprisingly, botb one-bodT and two-bodT viscosities lead to a 
similar bebaviour of the 0( -oscillator. It is explained by the 
similar .p -dependence ot pee during descent (it should be noted 
that p -dependences of f3<i: are different in these cases). The mass
asymmetric osoillator is underdamped during the large part of descent, 
becoming overdamped until scission. The relaxation times plotted in 
Fig. ) for two dissipation meohanisms are not very different. Figure 3 
shows tbat tbe relsxation time increases sharply as the ~ -oscillat
or becomes overdamped. Tbe increase arises in all the versions of 
calculations and agrees witb Pig. 1. The values of T~ are (4-6) x 
10-21s depending on tbe LDY version and on the type of viSCOSity 
used. 

Our calculated values of Tee agrse with the experimental data 
on relaxation times for this mode in dissipative heavy-ion collisi
ons 1121 and quasi-fission reaotions 11),14/. The agreement allows 
one to conclUde that tbe dTnamics ot the mass-asymmetric mode is de
fined b,y the same type of the collective motion in dissipative heavy
ion collisions, quasi-fission and fission of compound nuclei despite 
the different mecbanisms of tbe reactions.l<'i!;ure 4a shows tile corre
lations between tbe elongation parameters of the nuclei at the saddle 
points and at the points where the regime of oC -oscillator changes 
from underdamped to overdamped (below the switch points). (Here we 
see a remarkable independence of the version of LDM used in the cal
culations). The relaxation occurs very fast ( < 1.10-21s, see Fig. 
4b) befcre the switch point. Taking into account the fact that the 
descent is ratber slow at the beginning it is easy to understand that 
the information about the part of descent between the two above-men
tioned points is missing at all. This part of descent increases with 
growi.rl6; Z2/A• FOI' rather light nuclei (1,21 A ~ J4) this part is SClall 
and. as a raault, the c/... -oscillator "remembers" its saddle point 6j: 
value well. Moreover, the part ot descent 'between the SWitch point 
and scission is rather small for these nuclei. 

In the heavier fissioning nuclei (Z2 /A »6) the part of the des
cent from the saddle point to the switch point is approximately equal 
to that from the switch point to the scission one. The second part of 
the descent is even larger than the first one for the nuclei with 
Z2 /A > 4). However, this is not so for the durations of the two parts 
of tbe descent: as a result of the acceleration the duration of the 
first part of the descent is longer than that of the last part (see 
Fig. 4b). Obviously the part of the descent from the slv1tch point to 
the soission point, which is passed rapidly and during which T~ is 
rather large, is the part that defines the value of 6~ • 
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~. а) ТЬе va 1ues о! 

t he e10nga t i on para meter 
о! the s add1e points (ci r 
с1ев) , the soission po i n t s 
(squares) and the points 

where the regime о! <f-oscil 
1ator changes f rom under
damped to overdamped (tri 
ang1es ) versuв the pa ra
meter Z2/ A о! compound 

nио1 еив. 

Ь) ТЬе va1ues о! t he re
1axation times [ ог the 

mass-asymmetri c mode at 
the scissi on p oin·t (the 
1ines with агточа оп 

both sides) and at t he 
sadd1e points (the 1ines 
wi t l1 the агт-очв оп опе 

side) versuв tbe pa1'amet e1' 
Z2/A• А11 othe1' ma1'ks Ьауе 
the вате теаning ав i n 

Fig. 4а. 

с) ТЬе ratio betwe en the 
variance о! the mass -asym

met1'ic coordinate calcu1Bted 
in tbe diffusion mod el and 
its instantaneous stat i stic
а1 1imit at the sciss1011 
point verвuв the раге.


шеtег Z2/А.
 

Тhe [ш1 marks in }'i g . 4 

а,Ь,с represent the resu1ts 
о! ca1cu1ations ивing two
bodY viscosity ( -.)0. 10-2 З 

MeV.s.fm-3	 and tbe LDM/2 1/ , 

the ореn шагks represent the 
reвu1ts о!	 ca1cu1ations with 

-23 -]
Уо с 1.5·10 МeV·s·fm
 

and the LDM /22/).
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In our view it ia not co rre ct to look [ О1' the point wbich de 

fines tbe fisаiоп-fгаgшеnt тава diatribution. Rath e r the distribu
Ноn 1в formed ьу tbe fluctuationв о! tbe CG - coord1nate during 
motion in tbe long part о! t he descent (вее /3/ оп the search f o1' t h e 

boundariea 01 this part in numer10al o a1culationв). Taking into а о

oount tbat T~ ( t s c ) i s шuсЬ large1' than tbe tiше о! motion frol1l the 

switch point to the sci as i on (а ее Fig. 4Ь) it i s е азу to unders t and 
the abrupt dev1ation о ! бое

z (t) 11'ОШ Нв 1nstantaneouв statistica1 

lim1t , wbicb occurs at the en d о! t he descont (аее Fig. 4 0). 

4. ТНЕ RELAXATION TlМES ОР ТНЕ CHARGE воп в 

Por t he charge шоdе, t be ooe1f icients enterlng i n to t he Langevin 
equation (1) we1'e oa lculated in tbe 1ramework of tbe hy drodynamioal 
шodе1 / 27/ in whioh tbe d1po1e i s ov e otor osci llat1 0nв a re augge s ted 

t o Ье t he maln оаuзе 01 the 1'ediat1'1but i on о! cha1'ge be tween the 
future frag ments . ТЬе methods used t o oulcula t e the stiffness ooe1fi
oients and lnertia pa rameters о! the oharge mode ат е desoribed in 

refs /28, 29/ , respectively . on the other hand, theгe i s по we11 ela

borated a ppr oa ch to c omputing the d1sa ipa t i on о! t he cha rge шоае. 8 0 
t he charge mode friction parameter (д is oft en a s s umed to ье а 

ooordinate-independent f1'ee variable coefficient /5,30/. ТЬе model 

о! the stationary flow о! viscouв 1iquid through а cy1indrica1 
tube /31/ was used in /17/ to estimete the d1ssipation о! the charge 

mode. ТЬе neck о! the nиc1euв is supposed to р1ау the 1'o1e о! the tube. 

Тhis simplified mode1 a11 0ws ив to obt ain оn1у the co11ective 
ooordinate dependence о! the damping coefficient Рд rather than 
the friction parameter (д • 801v ing the Navie1'-Stokes equation witb 
the boundary cond1tion 3 (вurface) ~ О we obtaln /31/, in tbe frame

work о! the mode1 , the fo11 0wing equation 

[Зд=' Б Vо /(Р'l 7 ~) = Б V/7~	 (9) 

whe1'e Рt, :;.Рр ·.Рп/.Ро, .Ро ~.Рр+Рп .Рь-Р» and 'po are proton, 
neutron and t otal densities , respeotively; L п is the neck radius; 

Уа an d У are dynarnical and klnematioa1 viscosities, 1'espeotively. 
ТЬе va1ue о! у 1n /17/ was obtained Ьу fitting /32/ the giant d1

ро1е resonanoes widths. 

Obviously оnе оап иве the model fo1' tbe mass-asymmetrio mode 
and get tbe fo110wing result 

_ v / 2 _ Z -N]30( - б о (Ро 'l n ) - А 2 Рь	 (10) 

н	 9 
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~. Тhe frequency, the general1zed damping coeffic1ent ( abov e ) 
and t he re1axat1on time (be1ow) о! t he cbarge mode ver s us 
the coordinate jJ аlоng the trajectory о! descent о! 236U• 

Тhe ~ olid curves represent the resu1ts о! ca 1cu1ationв uaing 
two-body viscoa1ty ( УО а 1.5' 10-23меv ,s'fm-З , tbe LDM / 22 / ) . 

The daabed curvea represent t h e reau1ts о! ca1cu1ations 
UЗing "aurface" one-body viscos1 ty (tbe LШI /22/). 

According to eq. (1 О), jЗ~ шuз t increase during desoent Ъесаuзе "C.ГL 

is decreasing . Th1a contrad1cta the reau1ts о! our ca1cu1ations ua1ng 
the Werner-Wheeler meth od (зее Fig. 2, where p~ decreases weakly 
аа the fiss10ning пис1еив a ppr oa che s the sc1ss1on point . ТЬе discrc

рапсу may ind1cate tbat t he mode1 о! the stationary f10w t h rough а 

1.1 1.3
 

cyllndl'ical tube is ov er s i mpl i f i e d and incapable о! de a cr i bing the 
r eal mot i on of t h e charge (and таза ) modea . Оп thc other hand , the es t i 

mat i on (10 ) of /Зее is in qualita tive agreemen t with t h e r?.i, уа1 ие 
J 

с аlсиlа t e d in the f ramework о! the "s urf a ce " оп е-body viscoa1 t y т о-

del (аее Fig. 2 ) . 

.!!'igure 5а i 11 us t rates t h e dynaтics o f Wt.. and Р/), during the 
deacen t. Ав the fissioning nucleus a ppr oa ches scisaion, J3d s harp1y 

increases a c cording to eq. (9). It ahould Ье noted that the rnA!n?d 
con t r i bu tion to р/), is 1310011 (not ex ce eding 5 ~b) even for tw o- body 
viscos ity) , in contrast to the тass-asymmetric mode . In Fig. 5 the 

diffe ren t curves for the two typea о! viscosity are due to diff erenc
ез in the trajectoriea о! the des cen t from the s a dd l e p oint t o sciasi

оп . 

In agree men t with Fig. 1 , the increa se in р/), l eada t o а decrea
ве in 7:lJ when.1 - oscillat or is under da mped, and, оп t he c on tra
ry, t o an i ncrease in 7:11 _Ье п t he .1 -oa c1 11ator is over da mped 

(ве в Fig. 5Ь ) . It is s e en that a t s cis s i on 7:" is equal to (0.8 

0.9) ' 10-21 з. ТЬезе values are шuсЬ larger than the experimenta1 ones 
deduced f rom the dissipative heavy-ion collisionв data /1 2/. on the 
other hand , our es t 1тate о/ р is сlове to the уа1и е obtaine d in 
ref. /17/. I!. 

It ia еаву to understand the reason о! the charge mode equ111bra
t10n during the wbole descent if _е compare Т/), with the typical 
times о! descent «4_5).10-21 s /or two-body viscosity and (20-30) х 
10-21 s for one-body visc os i t y ) . In the саае о! two-body visoosity 

the varianoe о! the oharge distribut10n "freezes" just be!ore sc1ssion 

due to а sharp increase in р" 

5. ТНЕ RELAXATION ТIIШ> ОР ТНЕ NECK яовв 

Тhe relaxat10n о! the шааs-аауmmеtriс and charge mode are atudi
ed in diss1pat1ve beavy-ion col11a10ns and quaai-f1ssion rather in 

deta i 1, a t the same t1ше шuсh 1еав 1в knawn about the relaxat10n pro

севзев о/ tbe deforтat1on and neck formation coordinates in d1ss1pa
tive heavy-ion ool1isions. 

Тhe вnвlyв1з о! the h-mode r e1axat i on t1me (remember that the 

b-coord1nate determ1nes the neck rad1ua) 1з а very compl1cated prob

1еш 1n /1ss1on, too. F1rst, the С and h ooord1nates are not nor
ша1 and cannot Ье lnveatigated аа 1ndependent опез /1,з,16/. In part1

cu1ar, the nond1agona1 component о! the inert1a tensor Л7 с~ is, оп 

tbe average, equa1 to the square root о! tbe produot о/ the diagona1 
components Л7с с and Л7~ R /1,3.16/ during tbe desoent. In tbe 

))111 
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"ideal" pa1'amet1'iza tion using the погшаЕ ооогёдпаtes the nondiagonal 
component о! the ine1'tia tenвo1' must Ье sтall. ТЬе {.Р. ~} -pe.1'amet
1'ization satisf1es this condition /з,16/. ТЬе calculations sbow that 

the ine1'tia and f1'ict10n tenвo1's аге ШО1'е diagonal in the I-Р . А} -ра

1'amet1'ization than in { С ,"} -юпе , ве, tbe COO1'dinates'p and 11 
сап Ье used аа app1'oximately independent оnеа. 

ТЬе potential defo1'mation energy depending ироn the coo1'dinates 
сап Ье written аэ follows /33,34/ 

СА (х )
V(:X, ~ ) о V, (X) f -2- (А - Ао ( Х » ) I (11 ) 

whe1'e h ( JC ) desc1'1bes the 10cat10n о! the [1аа1оn valley bottom,o 
х о 2 (Р -РSd ) , Psd 1а the saddle point .р -value. Eq. (11) shows 
tha t the пе ск шоце 1а а harmonieal опв , Ав а 1'esult , the аЬоуе 

2
des c1'1bed model еan Ье used to est1mate the -1'elaxation t1me.6" 

Вut the1'e 1з а весела d1fficulty. Namely, when the f1sз10ning 

nucleus арргоасп е в сс г а э г оп , t lHJ 8 t i f f nes s coef f 1c1en t Gj{ begi n8 to 

dеС1'еазе 1'ap1dly. 'fl1U:J t fle b-,1l0йС Ье с оте в ап infin".t e оп е a t the зсis
зiоп point defined аэ the p01nt at which the 1'1dge between the [1аа1
оп valley and the valley of the зера1'аtеd f1'аgmеntз уап1аЬеа. Howeve1', 
h-mode 1'еmainз finite at зс1ssiоп with СА ~ 200 МеУ if the sе1sзi

оп point 1э dete1'mined Ьу the condi t10n Fe (p, !J ) = Fn 'Р ' fJ ), whe1'e 
Fc 1э t he Coulomb 1'epu ls1ve fo1'ee between the future fragments алd 

{п 1а the fo1'ce о! nuclear att1'e.ct1on /2,з/. 
Let us est1mвte the h-mode 1'elaxat10n t1me taking the latter 

fact into account. ТЬе h-cuts о! the potent1al ene1'gy surface and 

plots о! the stiffnese coeff1c1ents С" ve1'SUВ'p -coo1'dinate вгв 

ргввепвеё 1п Figs 1 and 2 о! ref . /33/ and 1п E'1g. 2b ()f ге т J34{ Fi

ьиl' е ба 111uвtl'аtез the dynam1cs о! wf, and 73" during the descent. 
I t 1а зееп tha t the h-oscillatol' 1а unde1'de.mped during the 1a1'ge po.1't 

of the dезсепt aпd Ьесотеа ove1'damped nea1' sc1ss10n. ТЬе switch о! 

the 1'egime 1з due t o tlle de c1'ea s e 1п С" впс , mainly, to the s1gni
flcaпt g1'owth ()! f1'1ction ра гаше тег th • Ав wae the савв [О1' the DC 

апd ,:::. -то й е в, t flC <]',': ! tCfl of l' cGime i s a ccompanied Ьу an ллсге вае in r:h. 
f1'om value 0.3'10-21 s dur1ng o.1most the who1e descent to the уа1ие 
1.8.10-21 s а t эс з.аэ гоп , 

In ref. /7.' the спагвс te1'istic t1me о! the mode correspond1ng 

to the formatio ::l of the fission-fragment kinet1c ene1'gy d1зt1'1Ьutiоп 

was deduced f1'OD the te mpe1'ature dependence of the ene1'gy уа1'1аnсе. 

ТЬе t1me value ob t ained is app1'oximately оnе o1'de r of mugnltude ата1
1e1' than the спагао с е г.Г з т з.с tiше of пшаа-ввупвпе вг ь с гпо с е ь Гп t f1e f1'аш е 

wo1'k о! our тodе1 /3,33, 34/ the fo1'тat10n of the f1ss10n-f1'agment ki

netic energy d1st1'1butlon 18 dete1'm1ned at 1ее.зt part1y Ьу the neck 

mode.Figu1'e s 6 and 3 show ~ 51 i , , i I 

tha t '[" "" Тое 12 during 'о» 
~ 

large pa1't о! 

and Т" r:::- (Тое /1, 
the deseent 

- т"" / .3 ) 

N 

g4 
just befo1'e scission. ТЬе ~ 
1'atio еи()( / со11 1а ...с 

not la1'ger than 2 during l~2 
the whol e dese ent. 

Fig. 6. ТЬе f1'equency, 
3~ 

О,.. I I I I ~ 
the gene1'a1ized coeffici
ent (above) and the re1o.

r--.. 

со 
..-

252
Cf 

xat10n t1me (be1ow) о! 

the neck mode ye1'BUВ the ~1 
coo1'dinate р a10ng the 
trajecto1'Y о! descent о! 

25 2Cf• Тhe drop1et mode1 
/24/ and "surface" опе

~....с:1:5 о, 
О.б 

, 
0.8 

._...1.-'__ 
, , , 

Ьойу viscos1ty Ьауе Ьееn р 
used 1n the oa1culat10ns. 

6. CONCLUSION 

Тhe шаin 1'esults о! the wo1'k сап Ье summв1'1zed аа fo11ows. 
ТЬе osci11ators о! 0.11 modes exhibi·t а s1mi1a1' behaviour: during 

the f11'st stage о! tbe descent 1.111 of them а1'е underdo.mped алd Ьесоте 

ove1'damped neare1' to sciss10n due to а sharp inc1'ease in ine1'tia aпd 

f 1'l c t 1 0n pa1'amete1's. 

ТЬе ea1culat9d уа1иеа о! the 1'e1axatlon times [О1' the Ш8ss-аауm
met1'ic mode 1n compound nucleuв [1ва1оn a g1'e e with the relaxation t1mes 
observed in diss1pat1ve beayY-10n со111е1опв and quas1-f1ss1on 1'ee.ct1
onв. Conвequently, desp1te the diffe1'ent tyрез of the 1'eaot1onв used 

the ev o1u t ion о! the mass-asymmetric mode 1е dete1'mined Ьу the sаше 

type о! co11eet1ve motion. Тhe va1ue о! the Ш8ss-о.sуттеt1'1с mode 1'е18
xat10n time dependв weakly upon the type о! v1scos1ty (one-body 01' 
two-body) ueed in the oa1cu1at10ns a1though the descent t1mes differ 
Ьу а facto1' о! 5-8 • In 1'efs /1з,14~ 8fte1' алalуsing tbe T~ ехо1
te.t1on ene1'gy dependence 1t 1а conc1uded that пис1еат v1scos1ty in 
qU8s1-fissiоn 1'eact10ns 1 в of one-body nature. Ou1' calculat10nв 

(neg1ecting the dependence о! viecos1ty upon tempe1'ature) do not o.11ow 
оnе to аау anytbing about the type о! nис1еат viвoos1ty. Тhe t1me de

12 1:J 



pendence о! ~~ during thedes cent Ье1р to understand tbe tiше еуо1и

tion о! tbe Ш6ss-аsуmщеtriс coordinate variance 6~ in exact пите
rica1 ca1cu1ations /1,з/. 

ТЬе	 re1axation t i mes [от tbe оЬатве mode do no t agree w1th tbe 
experimenta1 уа1иев [ тош dissipative be avy-ion 
си1ат, the ca1cu1ated уа1иев ате веуета1 times 
rimenta1 опев. ТЬе disorepancy сan resu1t [тош 

crude mode1 to .stimate tbe damping coef f i c i en t 
Therefore , t he exact numerioal oa1cula t i ons 

frict10n parameter шuвt Ье carried out. 

co11isions ,in parti 
1атв ет tban t be ехре
the use о! а уету 

о!	 tbe mode discussed. 
о!	 tbe obarge- mode 

Тhe relaxation times [от tbe neck mode are about ons quвrter 

о! ~~ at scission; tbese уа1иев о! T~ are in qua1itative 
agreement witb tbe experimenta1 va1ues deduced [тот tbe temperature 
dependence о! the variances о! t he kinetic ene r gy dist ribution . 

ТЬе autbors wisb to tbank Prof. G.H.Smirenk1n and Dr. Уи.А. La


zarev [от s t imu1ating and useful discus s l ons.
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