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Kinelic Encray Dissipation in Heavy-ton
Collisions

Kinetic cneruy dissipation mechanism is considered in deep
inolastic heavy -jon collisions, [t is shoawn that the significant parl
of tha kinetic enorgy loss can bo explained by the excitdion of
the nuclear maler medtipole  vibrations,

The main contribution to the energy dissipation is given by
time dependent heavy -ion interaction potential renormalized due te
the nnclear oxcitations, rather than by the velocity proportioned
frictional forces,
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1. Introduction

Damping of the energy of the relative motion - the degree
of the inelasticity of the collision process -~ determines main

characterigtice of the deep inelestic collisions of heavy ions/1/.

/2/- So,

angular and mase distributione of the reaction products
the elucidation of the energy damping mechanism allows the under-
standing of the hole reaction course,

Dissipation of the kinetic energy characterizes the reaction
time, 8ince in the reactione the energy of the relative motion
always partly converts into the imner excitation energy, and the
process of establishment of equilibrium is not finished during
the heavy-ion deep inelastic collision. This fact gives us a possi-
bility of useing the value of the kinetic energy loss as a measure
of the reaction time, that is to get information about the
development of the collision process in time.

The scaele of the kinetic energy loss (100-300) MeV/J/ telle
us that the excited nuclear states due to the large value of the
excitation energy can in principle be of the complicated structure,
But since the time of the energy loss is short (""10'22 sec)/4/,
some coherent mechanism of the energy demping may exist, It means
that the doorway states in the reaction can be of the collective
type. It follows from the large value of the energy loss that
first of all it ie necessary to take into account high frequency



nodes. Amung them the moat important are the multipole vibrayions
of the nuclear matter density (giant resonances )/5'6/.

In the present paper we shall try to explain the afféct of
the kinetic energy dissipation in the deep inelastic collisiona
of heavy ions based on the assumption about the preferential exci-

tation of giant resonances.

2. Equations of moticn

From the variety of dynamical variables describing the pro-

cess of heavy~ion collisions, we 8ingle out the coordinates of
-

the relative distance R and the amplitudes ,p,. , characte-

rizing nucleer density vibrations/7/. The Hamiltonian of such a

aystem can be written as a sum of three terms:

H=Tg, + Hy (4, &) + V(R o), )
where T,,, is the kinetic energy, H, (&‘0() is the sum of the
inner Hamiltonians of the intermcting nuclei, From many excited
nuclear states, we congerved in /M, only multipole vibrations of
the nuclear matter density, The last term in (1) is the potential
energy of the colliding nuclei. It depends through the amplitudes
dnem on the inner nuclear states, This term containe average nuc-
lsus~nucleus interaction potential V'(R) independent of d,.,pm and
the coupling term of the relative motion with the density vibra-
tions M, (E,af):

VIR, o) = VIR) + Hypy (R,).
In order to get V(R o) we can use the folding procedure together
with the expression for the demsities ﬁ('l ol) and _P & ;o) of
the colliding nuclei/a/. This procedure is quite satisfactory
for the description of the peripheral reactions and gives us the

following expression for V(I_Z.,o():



- -

VR, o) = Jd%, d’, PE, 0, (In,-t,)}:(a: o) . (2)

Por the nuclear density P(_’i,d) the following sxpansion can be
used/7/:

P(id) = Pod) + -P(O) z r/l(xnfz) lﬂ( /l)dnlm
where P L‘f) is the nuclear grou.nd otate density, and K,y are
the wave numbers, characterizing eigenmodes of nuclear density
vibrations,

The nuclear part of the term in (2) independent of o
cean be givsnle/ in the proximity fomlg/. This potential will be
used in the present paper. The analogous result for U(R) is
obtained in the energy density formaliam/w/.

Linear in of terms in (2) describe the coupling of the
relative motion with the density vibrations, Assuming that the
density fluctuations are relatively small, we neglect in the pre-
sent work the quadratic in o terms,

Ags 8 result we get for HM‘((E,O() 2 1

= o 7
Hing n)%m U,,,m (R) ol nprn
If the nucleon-nucleor potential is given by the expression
711/,

- - dPe)
v, (,-1,) m( ) (-7,
where #Ln is the constant of the effective interaction of nucleons
in nucleus and dﬂl")/de': is the derivative of the density with

~
respect to the Permi energy, then ) ¢ takes the form
nim

(o)
A , ' (&= Pw)( ) L Al e (R) Yy, (RVR).
In the last expression the form factor Fpp includes the para~
meters characterizing the eize of the interacting nuclei, and A“)
is the number of nucleons in the target nucleua.

B In odnfm we omit the 1nd1ces referring them to one of the
colliding nucleus and suppose H,; contains the terms pertainirg to
both interaciing nuclei,



The expression for Hl.‘nt can be obtained also in the another
more phenomenological way. To this end let us use the fact that
the parameters of the potential U (R) such as nuclear radii R, ,
are in principle the dynamical variables depending on o H

= -1 ./ »

Ry, W9) =Ry, (1 * 2 (Knt Ry dy (Kat Ry) dng, Yy (99)) 1)
Substituting (3) in the expression for U'(R) , expanding it in
powers of d,.(m and taking into account only the first order terms
in o , we gets -

~ -
Hint "n%" 6;,,,, (R) Antm )

¥ Ry = 'a-u- N -1 ¥
tmR) = Ria 3R, Z Iy KneRys Y KneRez)  Yom (R/R).
Let us get the equations of motion for R and Ofpg,n ¢

it R =£H,§]---:n1- v,

) . )
-HE=[HHR]- E(FUW + 5 V0, ) lnem),
And for ol nem

2% gt . #w:l dRw) 7

Koy =4 wnldn::n thhed g, * W de, Jne"(’?) , )
There Ny = Jardudytaen) .

In deducing equation (5), the harmonic approximation for
the density vibrations has been used, Moreover, the damping I;fd.nln
has been included into this equation to describe effectively the
coupling of the density vibrations with the other nuclear degrees
of freedom not included in the Hamiltonian, The equation analo-
gous to (5) but for the variable describing longitudinal nuclear
deformation in fission has been analyzed in /12/.

Solving (5) with reepect to o{,¢,, 8nd substituting the re-

sult into (4), we get:



] s by IR W
R+¥U@ =2z Py (R)_—= . Wne
MR+ ) ﬁn?m rém 44;.224.0) Af.e 2,
(6)

t
* fexp( § hete-6) sim w-t)-§  (Run) de’,
-]

where ¢ =0 is the moment when nuclear forces begin to act, and

"
The presence of the integral term in (6) means that the cha-

2 2 2
-ﬂae’”nz‘ifre .

racter of the relative motion at the moment ¢ 1is determined by
the whole preceding motion along the trajectory.

In principle equation {(6) can exactly be solved numerically,
but for the comparison with the phenomenological models it is
usefull to expand the quantity s; {R1¢")) under the integral in (6)in
powera of {e-¢") nem

5, Ruen=§, (Ro)-RPE, Ra):(t-€) s '

In fact it will be the expansion in powers of the velocity R (%)
and of 'higher derivatives of EH) . Such an expansion has sense
if the velocity of the relative motion is small in comparison with
the characteristic velocities of inner motion or the widtha 1,

~
are large so that Jn!m is changed (alightly) during the time~-,‘: .

A a result the integro-differential equation (6) becomes "
differential equation. The <first term in the right-hand side of
(6) independent of time derivatives of Rl ~3VI(R,¢) is the re~
normalization of the potential U , It is necessary to streas that
thie term 1s generated by the excitati;:n of nuclei and depends on
time, The second term 1s proportional to ?(é) and can be inter-
preted as 8 frictional force. The subsequent term proportional to

zﬁ{f) is the renormalization of the reduced mass and so on. In

the present work we consider only the first two terms., In such an



approximation equation (6) can be rewritten in the following wayt

- S T v l?nlm (3)11 . AWat dR©)
MR + FUR) -E.M hp il PO A A€

a{f-expl g Ret) (cos Q. 0t ’Ta%{;; sinft)) -

- 2, e (RS (3 AWt JRO)
z v, VX, 0B (R V)J.,_(R)",u YT

(e - eXPC £ 00t) ((hg+ Wity cos Rypt -
] 2
-- flaet) T".:’;’; Sim Qt -~ ;’;i;—'-‘ Sin Qpt ),

The dependence of the additional potential §1 sand the form-
factor of the frictional force on time is a corsequence of the
memory of the system about the history of the collision process,
Disregard of this effect im equivalent to changing of the low
limit of integration in (6) from =0 to ¢-»-o00 , 88 in
linear rssponse theory/13/. In this case the additional potential
SVU and the form factor of friction force are independent of time

and take asymptotic values,

The results of calculations of the potential SU (R,¢) :

18t RN’ 4pi0)
SU(RJQ) = =
o i $0) Ay dEr

2 (COSNpgt + hup /200, *Sinfpst)
are showmm in fig. 1 for the reaction Aq+T# /"/. It is seen that
-22
0

(1-expl-fmet) x =

SU takes an asymptotic value at ¢ ~ 1 soc,
According to the eatimates made in the phenomenological ana-
lysis of the desp inelastic collisions of heavy ions, this time

is of the same order as the kinetic snergy loss time, Consequently,
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Pig. 1. Dependence on time of the additional potentisl SU(R,¢) .

(arbitrary units).

to inveatigate the kinetic energy damping mechanism it is neces-—
sary to conserve the time dependences of §1 . So, we opannot
include U  into the static potential U . The time dependence
of &Y 18 a source of the dissipation of the relative motion
energy. The ideology of the linear response corresponds more to

1ns/,

the relatively slow processes such as fission

3. Dissipation of the kinetic energy

Let us start from the consideration of frictional forces which
are traditionally included in the phenomenological models, The
coefficient of radial friction oalculated by us is significantly

AT b e ok



smaller (by 50 ~ 100 times) than it is required for the explana-
tion of the experimental results only by the frictional forces.

It contradicts the ususl assumptions, Thus it is necessary
to investigate the contribution to the energy damping of the addi-
tional potentisl SY . Usually, this effect was not taken into
account 713/ because of neglect of SU time dependencez ).

Neglecting in (6!) the frictional forces and integrating this
equation from ¢=0 (the moment when nuclear forces begin to act)
up to t='[;:nt » where ‘l-;.u.‘l is the collision time, we get the
following expression for the excitation energy of the interacting
nuclie E*(T) (i.e:r,for the kinetic energy loses):

E%m = [ VR gy ®)

°
In this work we will not perform detailed trajectory calculations,

but confine ourselves to qualitative estimates, To this end in the
right-hand side of (8) we change the relative distance between
the colliding nuclei R , by the average distance <R> . Taking

into account (7), we get from (8):

v 3
.o L oy o5 _Lintm RNI® 48 10)
ET) =3V Ry, T) z "‘znf:'“tonf,., A€, x

- expi 4 I .
x (1= eXPe A Ret) (cos +—R§f—"-' SinQ,,t)).

As is seen from fig, 1 the dependence of SV on ¢ has s threshold
character and U takes an smsymptotic value at T = 10722 sec.
Thie value of SU determines the maximum value of the kinetic
energy loms, which can be explained using the investigated mecha-

nism,

2] It is necessary to mention the paperls/ devoted mainly to
the nuclear Cherankov effect, in which the thréshold dependence
of 88U on time was po{ntod out.



The experimental information sbout the dependence of the
kinetic energy loss on the interaction time can te obtained ana-
lyzing correlations between the energy loss and the number of
transferred nucleons or the angle of emission.

Such &n enalysis requires additional assumptions about the
reaction mechanism, thus introducing new uncertainties of the
results, In/16/ the correlations between the kinetlc energy losses
and the widths of charge digtributions of the reaction products
6; have been analyzed.

Considering nucleon transfer as a diffusion process and desc-
ribing this process by the Fokker-Planck equaticn, we get a 1lf.ear
relation between G; and the interaction time ¥ (if diffusion
coefficient Dy is a constant):

6% = 2D, 7

So, by measuring the dependence of the kinetic energy loss
on the width of charge distribution, it is possible to obtain a
dependence of the enargy loss on the interaction time. An experi-
mental dependence of E*(’i‘) on ¢ is qualitatively the same as
in fig. 1.

In order to estimate quantitatively the scale of the energy
loss which can be explained by the investigated mechanism, we
calculate the excitation energy of Tﬂ - E“ (7=~ 10'229ec)
in the reaction Ay+Th (Eg,s =368 vev)/14/ ns a function of
AR= R1+ R,~R - The results are shown in fig, 2, When AR =2,5-3,0fm
that corresponde to the maximum value of AR in tha classical
trajectory calculations based on equation (6'), the energy losses
are of an order of (70 - 100) MeV, The maximum energy losses found
in this reaction experimentally are (120-140) MeV. But they inc-

lude nuclear deformation {what is important for the exit channel
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Fig., 2. Dependence ofTh excitation energy £ €~ 10"22 sec)
] + = = -
ir the reaction A1 + TR ( Eead 388 MeV) on AR=R +R-R.

potential), A7 excitation energy and the rotational energy losses
due to the diseipatior of the relative angular momentum,

The co.efficient of tangential friction appeared to be large
enough in our calculations and cloge to the value used in pheno-
menclogical models, If the relative angular momentum 2 ig of the
order e:: 90 the rotational energy losses due to tangential fric-

tior are ~ 30 Nek.



Thus, the significant part of the kinetic energy loases can

be explained by the mechanism investigated in this paper,

In the following paper we 8hall perform detailed trajectory

calculations of heavy-ion deep inelastic collisions on the basis

of equation (6'),

1.
2,

3.

11,

12.

13.
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