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Diffusion Model Predictions fofbHeavier Systems: -

The Reaction '°7Au + 620 MeV 36Kr *

J.S. SVENTEK AND L.G. MORETTO'
Lawrence Berkeley Laboratory
and |
| Department of Chemistry

- University of California
Berkeley, California 94720

ABSTRACT | |
The cross sections and angular dlstrlbutlons for fragments emitted
in the reaction 620 MeV *$Xr + !°7Au have been calculated using the
DiffnsiOn Model to.desCribe.the approach to equilibrium of the reaction _
‘system along the mass-asymmetry coordinate. The calculated‘quantities

are compared with experimental results, and extensions of the theory are_

. discussed.
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In the reactions of relatlvely "11ght" target prOJectile systems

2, Ne + Ag , Ar + Au4, Kr + Ag ) the measured angular distribu-:'

(Ar + Ag
" tions for the relaxed (deep 1nelast1c strongly- damped) component of the
reactlon products eXhlblt a striking feature, common to all systems the
forward peaking of the distributions is Z- dependent w1th the forward |
peaking_largest for the projectile Z and diminishing as the product Zis
~farther removed from the projectiie Z. This general feature is.
explainedvby following the approach to equilibrium'of'the:”intermediate
‘complex" (formed in these reactions) along'the mass-asymetry collective
coordinate using:the Diffusion:Model fl].]”The diffusion process, as deS; -
cribed by the master equation,lintroduces a progressively longeritimefdelay
.in the population of configurations farther removed in Z from the projec-
. tile Z. ‘This allows the complex to rotate for a longer time and to
generate an angular distribution.more'-Symmetric about 90° .

Recent experiments performed by our group have shown a Z-dependent |
side peaking of the angular distributions'for'particles emitted in the
lreactions of ""heavy" target-projectile systems (Kr,+ Au6? Kr + Ta7, Xe + Au8).
This. side peak is largest for the projectile z, diminiehes to a shoulder
for Z's removed on either side of the projectile, and eventually becomes
a forward peak for Z's sufficiently removed from the:projectiie (see fig. 2a).
‘This pattern of increasing equilibration of the anguiar distributions as
_ the syetem is farther removed from the initial configuration is analogous
to that seen for ”light" systems and should be predicted by the
Diffusion Model. dThe shapes of the angular distributions differ from

"light" to '"heavy" systems because of differences in the average lifetime



of the complex as compared to the average rotational period. For the
""light" systems, the relatively smail Coulomb field and small moment of
inertia of the compiex make the lifetime of the cemplex long enough  com-
pared to the rotational period to allow partial orbiting,_resulting in
forward.peaked angular dlstrlbut1ons [9]. The larger Coulomb field and
larger moment of 1nert1a for the "heavy” systems comblne to make the 11fe—
time of the complex too short to allow part1a1 orb1t1ng.and leads to side
peaked angular dlstrlbutlons h

In add]tlon to the features descrlbed above, the width of the A
distrlhutlon for a given center-of-mass angle increases as the centerj
of-mass angle is farther removed frem the angle_cerrespondihg to-their
side péakvin'the angular dietributions-(see fig. 3a).

As in the previous paper [1], we have used the Master Equatien toh
. follow the time-dependent populatlon b, (t) of systems whose mass- asymmetry
.15 characterlzed by the atomic number Z of one of the fragments We have ‘
' a%sumed an equ111brated neutron to proton ratlo as shown to be true by
Galin, et. al. [10]. The potent1a1 energies used are those fer two touch—
ing spherical fraéments as in ref. [1]. A plot of a typ;cal_potentlal
energy curve vs. asymmetry can.be seen in fig. la. |

The time dependence of the populations ¢, is given by:

o= 2 A, Lo 0 —0dp ] W
| z 2% 5 zz' z'"z z z' S |
where Azz' = Azgz'is the microscopic transition probability between -

-systems specified by the asymmetries Z and Z', andvpZ is the level density
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~impact parameters b <b,. , and P(b) = 0 for b >;b‘ . The quantlty b
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of the system spec1f1ed by Z.. The level densities‘can be written in terms

of the potent1a1 energy of the 1ntermed1ate complex V discﬁssed above;

measured with respect to the rotatlng ground state- as p, = p(E -V ).

- The'X , are the product of a dlfoSIOD constant k and a normallzed form

ZZ

factor [1] Wevhave assumedvthat the high nuclear temperatures 1nv01ved :
(2-3 MeV)'eliminate correlations hetween nucleons, so that, in the limit
of the‘independent particle modelx the sum in eq. (1) ie restricted.to
7' =7+ 1. | | - |

The system of equations in eq.‘(l) can be eolVed_by stahdatd_matrix

techniques'tq give the timefdependent-populations ¢Z(t) (normalized to 1).

,Fig.'lb:is a map of contours of cohstant probability, calculated for the

potential energy given in fig. la, plotted as a function of mass-asymmetry

Z and the time t (in wnits of 107** seconds). Note that the drift and -

spread of the distribution can be easily discerned for short times, and
the equilibration of the distribution can be seen for long times.
With the ¢2(t)'s, we can calculate the differential cross sections |

as:

o ) = f dt%Z gQ’—)—g——“¢>Z(b',¢:)]H(t;b)- ()
51ne db : -

where P(b) is the probability that a collision at impact parameter b leads

to a deep inelastic reaction. For this calculatipn; P(b) =1 for all

1im lim

. 1s such that the cross sectlon resulting from COlllSlOHS at impact- para-

meters in the range b im <b <2h (b, corresponds to a gr321ng.colllalon)



is equal to the quasi-elastic cross section measured for Z's near the
prbjectilé Z at lab angles near the grazing angle. The sum.in eq. (2) is
carriéd over all impact parameters b_which result in a ﬁarticle'Z Being
.emitted at the angle 6 after the complex has lived a time t. The_quantity
ﬁtt;bj is the pfobabilityvthat the complex formed by a collision af
 impact parameter b will live a time t. In the previoué work, we have
assumed ﬁ(t;B) = %—e_t/T, independent of b with T %eing the average life-
’time of tﬁe'intermediate_complex. Moretto, et..al._[ﬁ 1, haVenshowﬁ that
the variatibn in the width of the Z distributiohs with angle can be
explained by én average lifetime for the complex which decreases with -
increasing b.. In the 1ight.§f these'results; these calculatioﬁs have been .

performed with:

2

H(f;b)=N—(%T'exp['(tf‘T(b))/62(b)] - (3)
where N(bj'is'a normalization factor and T(b)’=vT(0)'(l‘b/bmax).

- This linear form for T(b)'ié the simplest that such a.decreasing lifetime
can take, and trajecfory éalculations using a volume;type friction in

the radial coordiﬁate (similar to the calculation performéd by Tsang [111).
have yielded a t(b) simiiarv£o-the'1inear form used. Since the dispersion’
in any randoﬁ walk process varies linearly with fhe elapsed time [ 12},

vwe have assumed that dz(b) = o2 (0) (1-b/bmax). The quéntify T(b) repre-
sents the average lifetime of the cOﬁplex fbrmed.at impact parameter b,
and d’(b)-represents the dispersion of the distribution of lifetimes about‘_
this averége value; For these ¢a1cu1ations,fthe values of ¢*(0) and
‘T(O) are parameters but can in principle be determined from trajectory

calculations.



~ The parameters used were: K = 0.25 x 102! sec’! fm 2,
‘}(0) = 3.5 X 107" sec, and o(0) = 1.0 X 10 *'sec. The calculations
ﬁaﬁe not been optiﬁized with respect to the value of «, and the value
- used was chosen because of the ‘success of the previous work on light
:systems. The position and.width 6f the side peak depends very strongly
upon 1(0) and.oz(o),.aé one might expect. The position of the side peak
- in the exper1menta1 angular distribution determines T(0) very unlquely, '

and o? (0) has the effect of making the side peak broader or narrower.

- The value of T(O) should be compared with the rotational period of

8 6 X 10 2! seconds for the average %-value of 185. The value of o(0)
would seem to 1nd1cate a very strong coupling of intrinsic modes to the
collectlve motion durlng the collision.
The angular dlstrlbutlons measured recently by our group [ 6] for

620 Mév ’GKr'fv‘97Au are diéplayed in fig. 2(a). The general features
- ‘discussed above, such aé the Z'dependent_sidg péaking; can be seen quite
cleérly és one scans Z's both above and below Z = 36. Figure Z(b) shows
the angular distributions calculated for this system ﬁsing the model
described above. Note‘that the magnitude of the side peaking is greatest
for Z = 36 and deéreaées on either side of the projectile. The gradual
_.diéappearance of the side peak for Z's above the projectile almost exactly
parrots the experimental distributions. “The distributions:foer's below
thé projeétile folldw a similar pattern, but the sidé peakiﬁg disappears
.‘tdo quickly (after too féw Z‘s). This seems tb;be due to the assumption

of two touching spheres for the’shépe of the intexnkdiate-cbmplek.



Figure 3(a) shoWs the experimental Z-distrihutions for constant
center-of-mass angles measured by our group. Note the inoreasing width
- of the distributions around Z = .36 as one moves both.forward and backward
in the center—of—mass_with respect to 60°. A;'mentioned previously, this <
has been attributed to a decreasing lifetime for the intermediate compiex
with increasing.impact.parameter [6]. Figure 3(b) is an analogou5'plotvof
3 the-ealculeted ralues The lack of Shlft of the most probable value in
the experlmental results is probably due to the dlfflculty of separatlng the
relaxed component from the qua51 -elastic component near the gr321ng angle
The absolute cross sections for Z's above the prOJectlle are in
agreement within a factor'of 2, but the cross sections for Z's below the
projectile are in error by much more. ‘The large difference between the
eXperimental and‘theoretical cross sections seenlfor Z's moch beiow 36
can égainvbe attributed to our.assumption coneerniﬁg the shape of the
eomplex. ‘Relaxetion in the shape of the two touching fragmehts shoUid |
allow_the-Z's beloﬁ 36 to be populated on a mueh larger scale. »
In cohclosion, the Diffusion Model is ahle to duplicate the QUalite—
. tive exoerimental feetures of the relexed compohent obeerred in the reac-
~ tions of ”heavY” systems like §°Kr + 197au.  Calculations are currently
being performed in which the time-depehdence of the kinetic energy of the
relative motiohAof‘the projectile ano target 1s explicitly foilowed S e
' thereby generating kinetic energy distributions as well as Z dlstrlbutlon.
Such an approach should describe the features of both relaxed and qu351

elastic components in a continuous manner.



10.

11.
12.

L
s
“hgpusti
N
iy
&
L g
vt
L
G
&
.

REFERENCES

. G. Moretto and J. S. Sventek, Phys. Lett., 58B (1975) 26.

. Galin, L. G. Moretto, R. Babinet, R. Schmitt, R. Jared and

S. G. Thompson, Nucl. Phys., A255 (1975) 472.

'.‘Babinet L. G. Moretto‘ J. .Galin' R. vJared J. Moulton and

S. G Thompson Nucl. Phys. A258 (1976) 172.

. G Moretto, J. Galin, R. Bablnet Z Fraenkel R. Schmltt
"~ R. Jared and S.G. Thompson, Nucl. Phys., A259 (1976) 173.

. P. Schmitt, P. Russo, R. Babinet, R. Jared and L. G. Moretto,

in preparation.

. G. Moretto, B. Cauvin, P Glassel R.. Jared P, ‘Russo, J. Sventek

and G. sznlak Phys Rev Lett., 36 (1976) 1069.

. G. Moretto and J.S. Sventek, Proceedlngs of the "Symp051um on.

Macroscopic Features of Heavy Ion Collision'', ANL, Argonne IL,

April 1 - 3, 1976.

. Russo, G. Wozniak, P. Glassel, R. Jared, B. Cauvin and L; G. Moretto,
~in preparation.
. W11czynsk1 Phys. Lett., 47B (1973) 484.

. Gatty, D. Guerreau, M. Lefort, X. Tarrago, J. Galln B. Cauvin,

J. Girard and H. Nifenecker, Nucl. Phys., A253 (1975) 511.

. F. Tsang, Physica Scripta, 10A (1974) 90.

. Chandrasekhar, Rev. Mod. Phys.,'li'(1943) 1.



Figure 1.

Figure 2.
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Figure 3.-

(b)

'FIGURE ‘CAPTIONS

Potential energy of the intermediate complex as a function

of Z for & = 50.

~ Probability distributions along the mass-asymmetry

coordinate as a function of time calculated for 2 = 50.
Experimental’centér—of-mass angular distributions for the
reaction '°7Au + 620 MeV BéKr.

Theoretical center-of-mass angular distributions for the-
same reaction using model described.in thé‘text.

Experimental change of distributions for fixed center-of-

mass angle for 620 MeV *¢Xr + '°7Au.

Theoretical charge distributions for the same reaction

using model described in the text.’
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- disclosed, or represents that its use would not infringe privately
owned rights.
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