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PARTIAL EQUILIBRATION IN HEAVY ION REACTIONS*
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Abstract: The cross sections and the angular 'd_is-t'x_'ibutbions of fragments

emitted in heavy ion reactions are calculated on the basis. {;f a diffusion

. mechanism asSocia}ted with the mass (charge) asymmetry of a short-lived

intermediate complex. The calculated quantities are compared with exper-

imental results.

£ ’ ' — : . :
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Many heavy,,ioh reactions recently studied in puf group [1-5] seem to
indicate varivous" sfages of relaxation in the collective -d'eg'rée's of,freedom ex-
'v-cited in the process. In particular, a large f‘raction of the: tqtal cross section

is associated with the production of fragments which, _i i) have fully rela.xed
kinetic energy spectra; ii) portray a mass (charge) distribution not wholly con-
sistent with statistical equilibrium; 'iii) have an angular distribution which is
forward peaked and whose forward peaking depends up.c‘m-thev difference in
atomic hu;nber between the fragment and the projeCfile.

These gene.ral features appear to be consistent with the following qualitative
picture: i) pi’omptly after the initial collision, friction I;rings the twé nuclei
into rigid contact with each other, while the i'nitial.kiﬁetic energy is dis sipatéd
into the internal degfees of freedom; a rotating interfnédiate complex:of well
defined mass asymmetry is formed; ii) a diffusionvprocess, comparable in |
rate to, or slower thah,the rotation of the inte.rmediate éomple'x, leads to the
exchange of particles between the two touching fragments ,.‘ thus generating a
time-dependent diétribution in the asymmetry of the intermediate complex;
-iii) the ‘c'omplex decays with a time coﬁstant comparabsle to or shorter than
the rotational peribd. |

We are presenting here an attempt to translate sp.ch a picture to a more
quantitative basis by sketching the modelin terms of the dominant experimental fea-
tures withoutaccounting for details whichare still veryunc‘értain.“ The central fea-
ture of the model is the diffusion of the intermediate compllex along the asym- |
metry degree of freedpn"x. We use the Master Equation épproach to describe
the time-dependent Ipopulatioh ¢z(t) of systems _Whose‘.as.yvmvmetry is ch.arvactebrized

by the atomic number Z of one of the fragments:

b= B By by - By 0y) (1)

Z

where ¢_represents the time derivative of ¢ and A y A are the
z S Tz zz! z'z
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macroscopic tr'ahéition probab.il'ities between the systérrié'v?h'ose asy'rhmetries
are described by Z a;n_d_'Z'. T

The. ma‘cros;opic transition probabilities. can be“vw_r‘itten in ‘terms of the
microscopic transition probabilities and éf the level déﬁiéities of the rﬁacro-

scopic states:

Azz' - )\zz' Py’ Az'.z - )\zizpz'; )\zz' - )\z'z | » (2)

The symmetry ofAt'he__)\'s, stems from microscopic revé;sibility, The qua_)nt_itieé
P, represent the level densities of the infermediate cofnplexes. Tkhese i_evel,_
densities can be written down in terms of the potentialb_e.'n.er'gyvv of the interr_nediafe
complex VZ measqred with respect to the rofating ground_:state, |

Py p(E-V,) - o ®
where E is the energy of the system also measured w_it‘hv r.evspgct'to the rotating

ground state and p (x) is the functional form for the level density.
: v .

Sin(_:e Aéz, must be of the order of —]-;—?- (where D ) i‘sva typical linear size .
of the system and VF is the. Fermi velocity of the nucleghs), the Xzz, decrease
as the level densities increase. For lack of better knowledge, we asrume:

: . 0 R v
Mgt = [ 1 172 R - (4)
_ | | PP, :
The level densities can be expanded as follows:
P(E-V_ )= p(E) e | S (5)
where o . | | o
Tt dlnplx) | (6)
x=E - v,

and the master equation can be rewritten as:

(V_+V ,)/2T[ . -V_/T -V, /T
2 Var)/ [ e % _-¢e °Z ] (7)

¢z A: )\o zZ e 7! o z

z!

This equatioh is certainly correct in the long time limit when é)z = 0. A sufficient

~ condition which satisfies <I>z' = 0 is that each term of the sum is zero. This gives:
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¢Z'.: p_»z' _ e—Vz|/T /e-Vz/T | - | | | (8) :

b, P,

which expresses the equilibrium condition.

An important assumption in the present‘model is vtb'h,atv the sum in (1) and
(7) is extencied only to nearest. Z's. In other_words,: We assurr'le. that theré is no
correlation érﬁong transferred particles. A key qﬁanti'tyﬁ 1n the m.odel_, and a
very uncertain one, is the potential e-nergf 6f the interm.édiate complex Vz'
While one can ifnaginé that the gross shape of the complex should be that of two
touching fragmepts , its detailed shape is dependent in avcor.nplicated way upon
the diffusion process itself. We assume that, at least for the rather light syS-
tems which we flaver considered, the shape of the intermediate complex actually

corresponds to a '.configuration‘ of two touching sphei'es.

The angular momentum can in principle affect the shape of the interme-
diate complex and, consequently, the value of the potential energy. We write

the potential energy as follows:

2,2 ‘ . V
0, , £7h 1 1 ' :
Vix.) =V (x.) - V. (x.) + — - :' (9)
i LDYi LD 2 : 0 v
' T (x) J )
where the X, is the set of coordinates chosen to describe the shape of the
system; xi0 are the corresponding values for the ground state; VLD is the

liquid drop energy and g is the moment of inertia.

The diffusion constant X\, should also depend on the shape of the inter- -

0

mediate complex. We have considered it to be proportional to the interaction
area of the two touching spheres, which, in turn, is propvortionél to their

reduced radius:

Ry R, | |
)\.0 = .ZnK-ﬁ——_j_—ri > | (10)

where R, and R, are the radii of the two touching spheres.

2
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The local tempe’ratut{e T is calculated by means of the expression

. . E-V - ' ‘ : . |
T = ‘/ _ Z where a = A/8 MeV'1 and A is the mass number of the inter-

mediate complex. An example of the pot.e_ntial energies of the system

Ag t Ar for_vabrious values of éngular rﬁomentum is sﬁown in fig. 1(a).

A'calculation of the populations ¢Z at yarious'times afte'r.the beginnihgvof
diff_us.ic_)n is shown _in _fig. 1(b). The calculation of the cross sections and angu-
lar distributions of thé. fragments requires :that at least some ‘essential. part of
the dynamics ass'o‘ci;at_ed with the reaction be taken into account. We és sume
that, aftAer collivsio‘n, ‘target aqd projectile slip one over the other by an angle 88
proportional to the initial tangential velocity at the time of collision. As the slippage
takes place, the kinetic ehergyis dissipated. After the slippage, the system rotates
witha rigid moment of inertia, Furthermore, we assume that, after a given contact
time t, the frggme.pt is emitted at an angle 8 with a new Z = Zexit' This infor-
.mation ailows one to calculate the set of impact parameters b which satisfy the
ébove conditions. The final cross section is given bf:

" oo

- -ty | - |
' 0 N5 : sin@ EB,

where 7T is the mean life of the.'inte'rmediate complex and the sum contained in
the integ;and is cérriéd over all the values .of b which, after a time t, lead
to the emission of a fragment of atomic number Z at a center-of-mass angle '
6. .
The quanfity P(b) or P(l) at a given bombarding energy is another qganti'ty
fhat cannot be determined on théoretical grounds as yet; It represents the ‘probability
.0 =P 5 1 that a given I-wave will lead to a reaction of the kind de'scribéd in |
this paper. It seéms safe to assume that P({) wil.l be substantially dbiffefe.n.t
from zero for rather large f_waves, -since the low f-waves are certainly

associated with the fvor‘mat‘ion of the compound nucleus and thus responsible
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at least for the cross section of the evaporation residue. On thAe other hé.hd,
the highest f-waves are associated with direct or Quasi;elaétic cross sections
and therefore are not expected to be involved inthe rel"axed. cross section
studied he_re to ény great extent. It is possible to conét.ruct a fairly satisfac-
tory expression for P({) from experimént.

In the present paper we have tried to reproduce the -experimental data
obtained for the reaction Ag + 288 MeV Ar. The functio'nv"P(f) which we have
used has a lower bound lmin defined by the ev;poraéion residue cross section
of 670 mb [6] and ah upper bound defined by the sum of fhé evaporation residue
cross section and the relaxed cross section, which is ~..17OO mb. Furthermore,
the edges of su.ch a .rectangular function have been rouﬁd_ed off gently. At the
same time we have made the rather bold assumption that né sizable amount of
fi‘s sion is actually present in the cross section. We aséu'rne that it is not present
for low l-waveé because of the high fission barrier, We also assume that it is not
present for high f-waves because, fhoﬁgh angular momeht'uih lowers the fission
barrier [7], fhé compound nucleus is not formed. .

In fig. 2 the calculated angular distributions of the fragments are plotted
for atomic 'nullfnbers.f'rom Z =6 té Z = 32. The fragme.nts With Z < 18 have a
forward peaked angular distribution, the forward peaking _béing more enhanced
for atomic numbers close to the projectile. The fragments with Z >‘1.8 show
angular distributions which quickly become symmetric about 90° as the atofnic
number is farther femoVed from Z = 18. In fact, for afomic numbers close to
symmetric division, the angular distribution becomes indistinguishable from
1/sin 6. This result suggests that, even when particlés are emitted with a "
1/sin6 distribution, one should not draw the immediate. gonclusion that a
compound nucleus has been formed.

A rather strange angular distribution peaking at ~ 75° is observed foi'

Z = 18. This anomolous angular distribution is due to the fact that at t = 0 all
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the ¢z are equal to zero with the exception of ‘#18. which is unity. While we have
not investigated thi_S‘ feature in detail as‘ye't,i it méy pd_sf.‘sibiy contain an éxplanatioﬁ
for the angular distributions observea for the ‘reacti‘on‘s"i‘nduced vb‘y Kr{8,9] and
Cu[10] ions on heavy taf‘gets. -

In fig. 3 the :c'omparison between'experi'ment an&ftﬁeéry is shown. It is
important to notice that no normalization has be‘eh perféi"med. The éhapes-of
the angular distributions are reproduéed with 'rvemai'ka..blé""accuracy, while thé ,

absolute values are reproduced' within better than '50'.%'. v:Noticeable deviations

‘are visible for Z = 6 On the other hand, no allowance f‘or"sh‘ell effects has been

made in the evaluation of the ridge line potential, nor héé'_ the effect of secondary
Aécay been accounted for. | |

‘ A more extensive analysis of the available experi_friéntal data is in progress.
An attempt is also being made to treat the therma_ﬁzation 'Qf the kinetic enefgy
and .the particle diffuéion occurring prior to the 'therma.lizvation by means of a
generalized theory. While this work was in _progr'ess, we 1'éarned that a diffusion
rhechanism has aiso been posfulated by W. Norénberg in 'br'der to interpret the

quasi-elastic part of the heavy ion cross section.
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FIGURE CAPTIONS

Fig. 1. (a) Potéhti;l enefgy of the intei'mediat‘ev complé;: as a function of Z
for three £ -Wé.veé. (B) The pfobabilities _¢z(t) as a function of Z at fhrée
differenf times for. the £ = 40 collision. For short times the distribution
resemblés a 'Géps sian as expectec‘l'in_a rah‘dbm wélk,probiem. For longer
times, the -drift is"."rnore visible. | |

Fig. 2. Calculé‘tedA center-of-mass a'ngular distfibutibn for various exit
channels using the model described in the text; Th}e main featu_i‘e is the
non-negligible forward peaking which decreases as thé Z of the exit
particle is fﬁrther removed from the Z of projectile. The angular
distributioné approach 1/sin 6 for exit channels far removed from the
projectile. . | | -

Fig. 3. Absolute'_ »cobr'npa'riéon between the experimental and the theoretical
angular diétfibﬁti.ons uéing the model described 1nthe text. The yalues
6f the constants used az"-é given in upper right han:d‘ corner of the figure.

The constanf-.K has the dimensions fm_‘l 102,1 sec',_-i'.



.VZ (MeV)

1OAr +1071990g 1240 ©=10%sec

1

T

|

.1

60

XBL?753-2475

11,55

Probability |

. -OI-



1071990 + 288Mev “%r  (85=50°, x=0.5,7=25 x102'sec)

F
-
2 -
| ———
- E
- : ]
w -5
: = ]
c
3
> E E
o E E :
- o i =
: —
o 7 ] '
L _ —
]
v-
. E B 3
G E E
—F 30 1
bIS F ]
oo | ]

g 32
5 \ /1 1
I N _7sinf 7

o
©
O
o
©
©
o
©
O
@
O

XBL753- 2472 ’



o =12a-

|O7'|09Ag +288MeV CAr r=2.5x lo'z"'sec, x=05,8s=50°

| Uﬂll.

1 ll[llll, T llllll'] "Illlll

T L[Il!l'

T T T T T i, 1 T - T

Z = H(x102)

1 .luul

bt Ali:ul

4 lllllll]

‘z=|4(xlcj')'

1 1Lllllll

Z=15(x109)

| ll[lllll

{

] ] ] 1 - 1 ]
30 60 90 120 150 O 30 60 90 120 150 180

XBL753-2473

Fig. 3

o



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




» - -

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNJVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





