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Nuclear Science Division
Lawrence Berkeley Laboratory
University of California
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ABSTRACT

The connection between the characteristic features of reactions

86 1

involving very heavy target-projectile combinations (e.g. = Kr+ 97A11)

andﬁlighter:§ystems (e.g. 40Ar-+natAg),is discussed. Evidence for an
eﬁp;rical s;aling law based upon the ratio E/B (center-of-mass kinetic
enefgy~t§.Coulomb barrier) is presented. This scaiing is justified in
tefms of semi-quantitative arguments whereby the different charge and
- angular distribption patterns from light and heavy target-projectile
combinations are correlated with different lifetime regimes for the

"intermediate complex' as it diffuses along the mass-asymmetry coor-

dinate..

*This work was done with support from the U.S. Energy Research and
Development Administration.

TAWU-ERDA Fellow on leave from the University of Maryland.



INTRODUCTION

. Two very different patterns have been observed in heavy-ion col-
lisions. On the one hand, features of the ''quasi-fission' process [1]
aré characterized by rather narrow mass (or charge) distributions and-
side-peaked gross-product (all masses) angular distributions. This
phénomenon has been observed in relatively heavy projectilé-target)col-
lisions. [1-3] On the other hand, the label ''deep-inelastic scatter-
ing" has generally been applied to lighter projectile~target'systems
[4-8] where the'obse{ved features are: relafively broad mass distribu-

tions, and forward-peaked angular distributions.

197 86.

Au + 620 MeV " Kr provided

Detailed studies [9] of the reaction
strong evidence that the two patterns of angular distributions are not
neéessarily due to different mechanisms, but can be associated with dif-
ferences in the lifetime of the'interﬁediate complex. The angular dis-
tributions for this reaction show a continuous transition from side peak-
ing to forward peaking which can be explained by the effective increase
in the lifetime of the complex due to the delay in popﬁlating asymmetries
far removed from that of the eﬁtrénce channel. In light of the above
observation;, it certainly seems plausible that the lifetime of the inter-
mediate complex is the key to understanding the different patterns ob-
~served in light and heavy systems. The success of diffusion model cal-
¢u1ations [9],‘which incorporated an 2-dependent lifetime, suggests that
the lifetime of the intermediate complex is dynamically controlled. A
recent survey [10] of the existing data seems to Show a correlation

‘ between the ratio E/B and the system's average lifetime. To test this

hypothesis, we have attempted to introduce side peaking in a light system
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- by decreasing the bombarding energy.
In this paper we compare recent data obtained at LBL's 88-inch
cyclotfqn from a study of the bombardment of a natural silver target

natpos2s 1974, 485 10%Ag) with a 170 Mev 40

Ar beam with previously
published data on the same system at a higher bombarding energy [11]

and with two examples obtained from Kr reaction studies [9,12]. (All
these data were obtained with a AE-E telescope which allows the identi-
fication of individual atomic numbers up to Z ~ 50.) These data provide
evidence for the characterizatibn of a syStem's charge and anguiar dis-
tributions by the ratio E/B. A semifquantitative model will be.described
: .whiChVattémpfSVto'justify the observed E/B scaiihg by‘relating this ratio
to'the3produét'of the lifetime and rotational velocity (i.e; the rotation

“angle) of the intermediate complex.

RESULTS

Charge and mass distributions obtained in a wide variety of target-
projectile combinations have been interpreted by Moretto and Sventek [13]
in terms of a diffusion model employing“the Master equation and by
Norenberg [14] using the Fokker-Planck equation. For the sake of sim-
"plicity, we shall take the iatter approach. In a diffusion modél the
characteristic features of the mass (or charge) distribution are in-
timately Telated to the lifetime of the system. For example, a solution
"to the Fokker-Planck equation for a mass-asymmetry driving potentiai
‘of constant slope is: 7

[(Z-2.) - uqt]
,'-=¢(z,t3=——1———exp»[- o 1 ] - e
Zuzt




s

where ¢(Z,t) is the population of element Z at time t, and Z, is the

injection point. The quantities Wy and W, are velocities given by,

741 -
wo= fan g,
Z-1 '
(2)
za
= t. 2 '
o= faniag,an,
2°1

where vy is a macroscopic transition probability [13]. The charge (or
masé) distribution described by Eq. (1) is that of a Gaussian which
drifts and broadens in time. The variance oz of the charge distribution
is given by
o =t 3

so that narrow and broad charge distributions correspond to short and
long lifetimes, respectively.

Angle-integrated charge distributions for four reactions are presented
~in order of inCreasing values of E/B in Figs. 1 and 2. For'the first.
three reactions the obéerved.angular range extended both before and.behind

the grazing angle while the 340 Mev *C

Ar + natAg data do hot extend
forward of the grazing angle. To facilitate comparison, the menbers of
each pair of distributions in both Figs. 1 and 2 have been éhifted to
align the entrance channels (the'projectile Z-value has been left off

both figures because of serious background contamination).
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Comparing the four spectra in Figs. 1 and 2, it is evident that the
width .of the charge distributions increases dramatically as the ratio
E/B increases. for an E/B of 1.2 (170 MeV 40Ar + natAg) the peak in the
integrated charge.disfribution centered ét.the projectile is very narrow
(see Fig. la). (The second peak at’ symmetry could be due to compound
nucleus fission [15] or enhanced diffusion toward symmetry and does not
’affect the conclusions of this work). When E/B is increased to 1.4

86, , 197

(620 MeV ~Kr Au), the integrated charge distribution broadens dramat-

itally although it is still centered at the projectiie Z-value (see

86Kr +'natAg), the integrated-

Fig. 1b). If E/B is raised to 1.8 (620 MeV

charge distribution is broader still and a drift toward'symmetry is ob-

: served-in the centroid (see Fig. 2a). For a still larger value of

E/B'=ﬂ2.3 (340 MeV 40Ar + natAg), the integrated charge distribution

: betbmeé“rélatively flat with no evidence of any peaking near the pro-

” jé&tile Z-value (see Fig. 2b)." Insofar as these Z-distributions can

be interpreted in terms of a diffusion process, the increasing charge

widths imply longer lifetimes for the systems which are correlated with

increasing values of E/B. (Qne should note that we are referring to
an’ average lifetime since there may well be a distribution of lifetimes

" associated with the different %-waves, for example).

Iﬂ figs. 3 and 4 angular distributions are shown for the detected

prodﬁcts from the above four reactions. One is immediately struck by

: &
the very different patterns present in the distributions for the systems

*Note that the cross section for the 620 MeV 86y + natAg system is

plotted as do/d® and that forward peaking is manifested by a straight
line with negative slope.
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with values of E/B <1.5 compared to those with_vaiues of E/B >1.5 .
For the two reactions with low values of E/B, exteﬁsiﬁe side peaking
occurs in the angular distributions of elements'ﬁear the projectile Z;
whereas, for the two reactions with larger values of E/B, no side peak-

ing is observed other than that due to quasi-elastic events,which appear

Ag

as a distinct component in the energy spectra for the 620 MeV Kr + nat

System..

The above trends in the angular distribution patterns are'consistent
with the formation o%\an intermediate complex whose lifetime depends oﬁ |
the vélue of E/B. If the rétio of the lifetime of the intermediate compiex
to its rotational period is small, then fragments pfoduced in the diffusion
pfbcess will be emitted on the side of impact. For larger Values.of this
ratio, the complex may rotate to angles near 0° before decaying, producing.
a forward peaﬁed (in excess of ‘1/sin 0) angular distribution. In the event
that the lifetime is long relative to_the rotatioﬁal period, a 1/sin 6
angular distribution will be produced. | | |

One observes side peaking near the projectile_Z-value (see Fig. 3a)

40Ar + natAg (E/B = 1.2),which indicates that the

in the system 170 MeV .
lifetime of the intermediate complex is 'small relative to its rotational
period. However, for large mass transfers 1/sin 6 angular distributions

oCccur. For the case of 620 MeV 86Kr + 19

"au (E/B = 1.4) side peaking
is also observed (see Fig. 3b). One should note that in both of the
above systems there is no clear-cut distinction between quasi-elastic
and deep-inelastic processes; only a single broad peak is seen near

the grazing angle.
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For the case of 620 MeV 86

Kr + natA.g,.the angular distributions
are for the most part forward peaked (see Fig. 4a). Although there is
some weak side peaking for a few elements on either side of the pro-
jectile, it is entirely due to the separable quasi-elastic component
(see Fig. 4a).' The extensive forward peaking indicates that the average
system lifetime is long enough so that rotation can proceed thréﬁgh

0° (i.e. orbiting). In Fig. 4b are shown the angular distribufions

. for two systems with 1onger lifetimes, 288 MeV (E/B = 2.0) and 340 MeV
(E/B =.2.3) 4OAr + natAg, which are strongly forwara peaked. A com-
parison.of these data with those in Fig. 3a deﬁonstrates that it is
possible to change the angular distribution pattern from a forward-

to a side-peaked one by simply decreasing the bombarding energy. A
more cbmplete set of data for a large variety of target-projectile
combinations is summarized in Table 1. These data indicate that side-
peaked angular distributions (short lifetimes) tend to occur for values
of E/B £ 1.5 and forward-peaked distributions for larger values of

E/B; providing further evidence for the characterization of heavy-ion

- reactions by this parameter.



DISCUSSION

To justify the apparent connection between the ratio E/B and the
observed characteristics of the charge and angular distributions, in the
former case,one must relate this factor to the system lifetime and,in
thé latter, to the ratio of the lifetime to the rotational period (or,
equivalently, the rotation angle). To do this let us consider a Véry
simple picture, namely that of an '"idealized" system which contaihs only
a Coulomb intefaction.and no dissipative forces. We shall see that for
this system the E/B scaling law follows.

Consider the quantity:

E _ E-B
F-1 = 22 . | (4)

Provided that the Coulomb barrier is close to the interaction barrier,

- the above quantity can be written as follows:

2 2
E-B . o K - 1 _ZE o] _ 1 qu_O_R_Z_ o1l (5)
B 2747, 41 ZyZ, || R 2 vz 44|l vZ R

.where p is the reduced mass of the target-projectile at the interaction ra-

dius R; Vv_ is the center-of-mass velocity at the same radius; and Zl’ Zz

0
are the target and projectile charges. -

Let us now consider an impact parameter such that the radial and tangen-

tial velocities are equal (i.e.blrm ). At the interaction radius these veloc-

S

\Y v :
ities are -2~ . Then the first square bracket in the last expression repre-
V2
sents the time it takes the system, subject to a force equal to the Coulomb
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force at the interaction radius, to move in and out along its radial
coordinate. For a moderate value of v, the first square bracket can
be identified with the system lifetime:

Vo T RE _ YZhig.

= w o 9 = ' 1
2 Mz 2 g (6)

T1ife

where v is the velocity; ¢ is the force; lmax is the maximum £ wave
assqciated with the reaction. Thus we see that this simple model
rpredicts that the lifetime increases as the ratio E/B increases which
in thé case of a diffusive mechaﬁism predicts a broéder charge distri-
7 butidn for a larger E/B. I

t The second square. bracket in eq. (5) is just the angular velotity '
(assumihg né sticking and.no dissipation).‘ The pfoduct of the twb

. brackets is the angle of rotétion of the complex, prior to decay:
o, =2E- 1 v | 7
Rot B )

If the rotation of 1 radian is a good criterion for discriminating

between orbiting past 0° and side decay, we then obtain:
=2 - E.
1 Z(B 1), or CE = 1.5), | (8)

and one would expect side;peaked angular distributions for E/B < 1.5
éﬁd forward-peaked ones for larger values. Of course, one should add
an angular térm to Eq. (7) which takes the defiection arising from the
Coulomb field into account. However, thié term is a monotonically
increasing function of E/B and will not effect the overall validity

of the scaling.
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The success of this idealized model in predicting the observed
depéﬁdence of the charge widths and angular distributions is encourag-
ing; however, a more_realistic approach must take viscosity into
accéunt. To estimate the possible effect of a viscous force on Eq. (5),
we have integrated the equations of motion for a system with a poten-
tiél of constant slope and a frictional férce proportional to the
velocity, and have assumed that the radial and angular equations are
uncoupled. We find in this case that both the lifetime and angular
velocity can decrease by as much as 30% for a large viscosity coefficient.
. This reduction introduces an additional factor on the right-hand side
of Eq. 5. However, one expects that in a completé solution to the
equations of motion which properly account for the nuclear potential
- there will be some cancelation of the effect of viscous forces. This
cancelation would arise from the increase in the lifetime of the system
caused by the deepening of the effective potential due to the trans-
formation of orbital angular moméntum into intrinsic angular momen-
tum. waever, the fact that the simple model considered above predicts
the experimentally observed trend implies that there is some sort of
cancelation of such effects. To prbﬁerly account for the above dynamical

effects, an effort is being made td incorporate them into diffusion
model calculations.
In Table I the lifetime of the intermediate complex for % s has

86 197

Kr + Au

22

been estimated using Eq. (6). For the system 620 MeV

one obtains good agreement between the estimate (8.3 x 10~ sec) from

22

Eq. (6) and the corresponding value (11.7 x 107 ““ sec) obtained from

diffusion model calculations [9]. One can also obtain estimates of the
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the centroids and varianceé of the charge distributions using fhis
simple model. From Eq. (1) we see that the centroids and variances
should scale with the system lifetime provided that the potential
energy as a functioh of mass : asymmetry. does not deviate
significantly from a constanf slope over the range of diffusion.
Although the latter is a crude approximation, it is of some interest
to test this assumpfion by predicting the widths of the charge dis-

tributions with Eq. (3). Expanding Eq. (2);for»u2 according to the
CAUPS
3Z T
independent of ¢ (a rather crude approximation), one can write an

procedure described elsewhere [10] and assuming that is small and

approximaté expression for My o

R, . : _ ,
L | |
Uz-j'ﬂ'K Wd’ (9)
21 charge units and d = 1.0 fn
sec.fm2

corresponds to the distance over which diffusion occurs. If the values

where k is taken [10] to be 0.5 x 10

of T1ife and uz-éstimated from Eqs. (6) and (9) represent approximate
averagés, then the calculated variances (uleife) given in Table 1 may
roughly correspond to the variances of the experimental total charge

40pr + Datpg, for example, we estimate a

" distributions. For 170 MeV
variance of 3.0 compared to the experimental value of 1.7 obtained by
- a Gaussian fit to the charge distribution in Fig. la (omitting points
in the interval 16 < Z < 20 and after subtracting out the symmetrié

component). At higher energies where the lifetime of the intermediate

complex is longer and the potential deviates significantly from a con-

stant slope we expect to underestimate the distribution widths. In
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- particular, for these long times the %-dependent drift (due to changes
in dV/3Z for different %-waves) will generate an envelope of Gaussians
with the centroids distributed over a 1erge range, thus making the
experimental widths far larger than our estimates ti.e. we estimate
a variance of ~ 7, compared to an experimental value of ~ 76 obtained
from a Gaussian fit to the Kr + Ag charge distribution, see Fig. 2a).
Nevertheless, the overall trend in the data towards broadening at

higher energies is reproduced by'the calculations (see Table 1).

CONCLUSIONS |

| AThe apparent dichotomy presented by reaction studies ofllight and
heavy systems can be explained by differences in the average lifetime
of the system. This conclusion is supported by the fact that it is
possible to induce "quasi-fission" behavior in a relatively light sys-
tem, 40Ar + natAg at a low bombarding energy (170 MeV). A comparison
of the charge and angular distribdtions from several reactions reveal
a strong dependence of the charge and angular distribution patterns
on the ratio E/B. Within the framework of an "idealized'" model it is

possible to relate this quantity with the product of the lifetime and

rotational velocity of the intermediate complex.
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FIGURE CAPTIONS

Fig. 1 integrated laboratory charge distributions for (a) 170 MeV

86y, , 19

Opr + ™% (8/B = 1.2), and (b) 620 MeV "ay (B/B=1.4).
These distributions have been shifted to align the projectile
Z-values and exhibit relativély narrow mass disfributions,

Fig. 2 Integrated laboratory charge distributions for (a) 620 MeV
86 40 tAg

(E/B = 2.3). These distributions have been shifted to align

Kr + "@%¢ (E/B = 1.8) and for (b) 340 MeV *‘Ar + M@
the projectile Z-values; they are rather broad and have drifted
towards symmetry.

40

Ar +nat

Fig. 3 Center-of-mass angular distributions for (a) 170 MeV Ag

86y, + 1970, (E/B = 1.4). The

(B/B =1.2), and (b) 620 MeV
"~ occurrence of sidé peaking near the projectile Z is clearly
- evident {the'soiid lines drawn through the data points are
solely to guide the eye)./'The number in parenthesis is the
common log of the multiplication factor in Fig. 3a whereas in
3b it is the multiplication factor.
- Fig. 4 Center-of-mass angular distfibutions, (a) (do/de) for 620 MeV

80 + Mg (B/B = 1.8) and (b) (do/dn) for 288 and 340 MeV

405 4 Matys (E/B = 2.0, 2.3). Here one finds the forward
peaking which is typical of lighter ion reactions (the solid
lines drawn through the data points are solely to guide the

- eye). The number in parenthesis in Fig. 4a is the common

log of the multiplicatibn factor whereas in 4b it is the

multiplication factor.



Table I. Quantities character}21ng SY?% heavy ion reactions. All assume an interaction
: radius R = 1.07 (A1 2.7 fm [17].

22, (Charge Units)”

B, (MeV) E_ _ (MeV) BMeV) E/B  T(l0 u,7 (Charge Units®)

u + 7y (@) 365. 277. 250.  *1.11 3.8 6.7 2.6
g+ 17,000 220. 183. 163,  *#1.12 4.1 6.3 2.6
03cu + Pnp(@) 280. 167. 145, *1.15 4.8 6.2 2.9
40p, 4 108y,(c) 170. 124. 106.  *1.17 5.0 5.9 3.0
3cu + 197,(a) 443. 336. 250. *1.34 6.9 6.7 4.6

136ye + 197, () 980. 580. . 425.  *1.36 7.7 7.5 5.8
86y + 197,(d) 620. 432. 300.  *1.44 8.2 7.1 5.8
136xe + 159, (b) 980. 528. 361.  *1.46 8.8 7.3 6.4
405 4 197y, (e) 288. 239. . - 163.  *?1.47 8.0 6.3 5.0
86 + 1817, (b) © 620. 420. 281.  *1.50 8.8 7.0 6.2
86y, 4 159, (b) 620. 402. . 255. 1.58 9.6 6.9 #%6. 6
Wpr + 17p(0) 340. 283, 163. 1.74  10.0 6.3 *46.3
86y, 4 108,,(£)  620. 345. 195. 1.78  11.2 6.5 **7 3
40pr + 1085,(8) 288. 210. 106. 1.98  12.1 5.9 **7 2
405, + 108,,(8) 340. 248. 106. 2,33 14.2 5.9 x5 4

*Indicates side- -peaked angular distributions. :
**Indicates that the charge distribution for the relaxed component is broad and exhibits no clear evidence for

a peak near the projectile Z.

(a) Ref. 16 (e) Ref. 11
(b) Ref. 10 (f) Ref. 12
(c) This work (g) Ref. 6

(d) Ref. 9

_9‘[_
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