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NUCLEAR RELAXATION PHENOMENA, DIFFUSION AND ORBITING
107,109 84,86 '

Ag +

*
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IN THE REACTION Kr at 7.2 MeV/NUCLEON
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ABSTRACT
Charged particles pfoduced from the interaction of a 7.2 MeV/nucleon

Kr beam and é natural Ag target have been studied. Fragments up to Z = 50
have been identified by means of an AE,E telescope. Kinetic energy dis-
triButions, charge distributions and angular distributions have been meas-
ured for the individual atomic humbers. The kinetic energy distributions
show two components: a high energy "quasi—elastic" cémponent, and a low
energy or 'relaxed'" component close to the Coulomb energy for touching
spheres. The charge distribution for this system is very broad and appears
- to peak at symmetry rather than ét the Z of the projectilé. The.angular
distributions for the relaxed component increase monotonically with de-
creasing angle and are all forward peaked in excess of 1/sin 6. These
results are dramatically different from those obtéined in Kr bombérdments
of'heavief targets where rather narrow charge distributions ahd side peaked
angular distributioné have been‘observed. The behavior of the reaction
"Ag + Kr is strongly reminiscent of reactions induced by lighter projec-
tiles. An interpretation of these data in terms of a diffusion process

along the mass asymmetry coordinate is presented.

« .
Present address DphN/MF - CEN, Saclay, France.
TSloan Fellow 1974 - 1976.



NUCLEAR REACTIONS 107, 109Ag( 84,86y, ,x) ,

E = 606, 620 MeV; measured .
o(E,0,2), 9 < Z < 50.




‘Introduction

Reaction studies of the light fragments emitted in 14N,.20Ne and

4OAr bombardments of various targetsl—-6 have revealed the presence of a
nearly thermalized or relaxed component at energies close to the Coulomb
enéfgy for touching spheres.

The fission-like kinetic energy distributions imply that substantial
energy equilibration has been achieved in these systems. On the other
hand, the shape ofrfhe observed charge distributions is‘strongly depend-
ent on the entrance chénnel. Angular distributions fof_the'relaxed com-—
ponent are forward peaked invexcess of 1/sin 6 for fragments in the vicin-
ity of the projectile. The charge and angular distributions indicate a
pronounced lack of equilibration with respect to the mass asymmetry degree
of freedom. These observations effectively ruled out the possibility of
a compound nucleus mechanism, and led to an interpret;tion in terms of
an intermediate complex, consisting of touching fragments, evolving along
the mass asymmetry degree of freedom via a diffusion process’ °. Quan-
titative calculations are in excellent agreément with the experimental;
results.

Relaxation and diffusion phenomena haye also been observed in very

heavy systems like Kr + Bilo’11

. However, the characteristics of the so-
called quasi-fission process seem substantially diffefent from those con-
sidered above: the mass distributions are peaked.about the projectile
and the gross angular distribution (all products takén simultanéously)

is side peaked. More detailed studies12 have shown that these features

in no way contradict the hypothesis of a diffusion process; in fact,
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the same model, so successful when applied to lighter Systems, is capable
of reproducing ﬁhe data,13 and thus presents avunified'approachvto the
interpretation of heavy ion reactions.

Most of the expériments done with projectiles heavier than 40Ar
have involved heavy targets and, therefore, strong Coulomb fields. The
éufrentlj available energy range of sﬁch beams has‘éonfined such étudies
to energies about 1.5 fimes the interaction barrier. On the other hand,
many of the detailed studies of 40Ar induced reactions have been carried
out at energies greater than twice the interaction barrier. It has been
shown that the differences in the charge and angular distributions ob-
served in Ar reactions and Kr reactions reflect the difference in the

ratio E/B (i.e. E /B

c.m Coulomb), rather than a difference in the total

mass of the system.14 The current system, Ag + Kr, gives 1.9 for E/B,

and, therefore, may aid in establishing the usefulness of the parameter

.E/B in predicting the character of the charge and angular distributions.
Another attractive feature of this system is the fact that the

initial configuration is close to symmetry, where the potential energy

vs. mass/charge asymmetry is rather flat. Thus the predicted charge

distributions should be in striking contrast with systems like Au + 40Ar6,

where the potenfial energy changés rapidly as a function of mass asymmetry.
Finally, but of paramount importance, the characteristics of such

a system should help in extracting coefficients involved in nuclear trans-

port phenomena.

Experimental Techniques
The Kr beams used in this experiment had an energy of 7.2 MeV/A and

were produced by the Berkeley SuperHILAC. The initial measurements were



made with a 84Kr beam. Because naturally occurring Kr was used in the

4Kr.), the beam intensity was less than that obtained when

source (57% 8
isotopically enriched 86Kr_was used. As a result, subsequent measure-
ments were made with a>86Kr beam at the same energy per nucleon. - Lt can
be argued:-that the system produced in 86Kr bombardment is different in
both mass and excitation energy; however, it should be noted that two
neutrons represent a rather small fraction of the total system and that
the 4 MeV difference in Ecm for the two éystems is of the same order as
the uncertainty in the beam energy.

'The beam was collimated on target to a diameter of about 3 mm by means
of a system of concentric ringé of low.Z material, either carbon or boron
nitride. The natural silver targets were self-supporting with typical
thicknesses of 500 ug/cmz. After penetrating the target; the beam was
édllected in a faraday cup. Except for very forward angles; where elastic
scattering prohibited high beam currents, the beam intensity ranged from
30 to 150 nA electrical with an averége of about 50 nA.

Reaction products were detected with two or four AE,E telescopesls,
consiéting of gas ionization AE detectors and solid state E detectors,
mounted on two movable arms. Pure methane was used in the detectors at-:
gas pressures ranging from 8 to 40 cm of Hg. The gas pressure was con-

_trolled by a Cartesian-manostat. For pressures’léss than 10 cm of Hg,
Formvar entrance windows approximétely 50 ug/cm2 we?e used on the
telescopés. For higher'pressures, 280 ug/émz'polycarbonate (Kimfoil)
windows wefe used. in~orderlto ﬁrevent poisoning of the gas, high flow

rates were maintained.



-4~

o~
-

The entrance windows to the telescopeé were.mounted from.7 to>15.em
from the center pfrthe chémbet. This cofrespbnds Eo a; angular acceptance
of 2.5° in the reaction plane for the closesf position. The absolute
efficiencies'of the telescopes were measured with a 241Am o~source of
‘known activity and the asymmetfy of the chémber_was determined by taking
elastic scattering data at both positive and negative-angles.

Signals from the telescopes were fed to linear and logic circuitry
deécribed elsewheres. _Coincident AE and E signals were digitized by an
analog multiplexer-ADC system. The digitized iﬁformatioﬁ including'mérker
bits to identify the origin of the event was fed to a PDP-lS computer via
a CAMAC system. For the backward angles, the dead times were less than
IOZ. In the angular regions where.elastic scattering was present, the
dead times were.kept below about 40% by limiting the beam current. To
further insure,that the mgaéuremenﬁs were noﬁ.distorted by highbéounting
rates, a pulser signal of fixed amplitude Qas run through the system
both betweeq and during beam bursts.

ﬁonitoring of the éxperiment was accomplished on-line with a two

dimensional display of E and AE arrays and off-line by printing out

expanded arrays with the aid of a PDP-9 computer.

Data Reduction

The off-line analysis of‘the data was performed on a PDP-9 computer.
Initially, the two-dimensional daté was printed as a AE-E map of dimen-
sionality 960 x 100. The.charged particles pfoduced'in the reaction
appearéd as ridges on this ﬁap. in'the'initial experiments with 84Kr,_

individual charges were visible up to Z = 40. Technological improvements



o
<
<
)
2
o
f
U
N
G

in latter experiments performed with 86Kr extended the resolution to

Z = 50. The maximum resolved Z obtained in these experimenrsvis depend-
ent on fragment energy and therefore angle. As a result more_charges
‘were reselved at forward angles where the energy is highesﬁ.

At forwardvangles the actual atomic numbers of the fregments were
identified by the presence of the elastically scattered projectile. At
more backward angles the Z calibration was obtained.through.a'comparison
with forward angles, and by the presence of a low energy tail for Z - 36
presumably due‘to secondary scattering and/or slit scattering. Boundaries
for the Z ridges were determined either by visual inspection or by an
automatic brocedure deScribed elsewherel6. Kinetic energy spectra were
then‘produced by summing the regions of the individual Z's.

Energy calibrations were obtained from short runs of elastic scat-
tering with and without gas in the AE detector. These meesurements agreed-
reasonably well with those obtained with a precision Hg pulser system
and are brobably good to abeut_3%.

The resulting laboratory. kinetic energy distributions were.corrected
for the effect of the window end target using polynomial fits to the
Northcliff—Schilling.range energy tebles. In addition, a correction
for rhe pulse.height defect was made using the relationl7:

Ae = 6.c + | 18.

£+ 8 1+ 525.6—1'407 ’

‘where Ae is the pulse-height defect of the ion in silicen for energy E.
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All energies are L.S.S. units™ defined by:

Ae = k(Z,A)AE

€ = k(Z,A)E

where Ae and € are in MeV and: . .

6.53 x 10%

k(Z,A) =
+ 5.81)1/2

2/3

Z(Z (A + 28.1)

where Z and A are the charge and mass of the particle.

The corrected labdrafory spectra were thén transformed to the center
of mass assuming binary division and chérge—to—mass équilibration of the‘
cbmplex at fixed mass asymmetryg. That is, for a fixed mass asymmetry of
the complex, the resulting charge is that which minimizes-the_liquid drop
poteﬁtial energy of the system. |

The transformation of the laboratory kinetic energy distfibutions

is easily accomplished in view of the fact that:

_ 2%
cm  OQOE

820
N 'ade

% sin 6
lab - sin ¥ ’

where Q, E,.e'and ', €, Y are the respective solid angles, energy and
angle in the lab and center. of mass systems.

The kinetic energy distributions were then edited interactively
to correct for the various experimental effects which might distort the
da;a, like energy cutoffs and secondary scattering or slit scattering
for Z = 36. The latter effect is quite'significant for forward angles

for Z's adjacent to the projectile, and it can account for as much as



50% of the relaxed peak for Z = 36. Another problem arises from the
elastié scattering contaminating the high energy part of the spectra

for Z = 35,37. At all angles but the grazing, tﬁe "elastic spillover"
-is easily identified in the neighboring Z's and has been removed. In
addition, the elastic has been removed from the spectra for Z = 36 when-
ever it appeared as a_distinctvcomponent; No atteﬁpt was made to analyze
the:elastic gcattering‘datavas the angular acceptance (as large as 2.5°)
made it unfeasible to do so. The following quantities were calculated

from the spectra:

i) the total cross section

Ei_C_F_ =/___:820 ' dE .
dQ?/c.m. 909K Jc.m. c.m. °’

_ii) the mean kinetic energy

E = -dﬂ—l | = 820) dE :
c.m. \dQ/c.m. c.m. \3NIE/c.m. c.m. >

iii) and the mean angle
o - (1)t e () &
c.m. dQ/c.m. c.m. \OWBE/ c.m. ~Tc.m. '
The lab cross sections so obtained are generally reproducible to
within about 10%, reflecting the relative errors in the measurements.
The absolute errors on the cross sections are probably not greater than

about 257%. Some general kinematical features of this system are given

in Table 1I.



Results and Discussion

1. Kinetic Energy Distributions

The kiﬁetic energy distributions of the reaction products reveal
tﬁe existence of two components (in addition to elastic scattering):
a quasi-elastic péak, at near elastic energies; and_a deep-inelastic, or
relaxed, component at substantially lower energies. The existence of
these two components has already been confirmgd with lighter érojectiles
like 14N, 2ONe and 40A1:.1—6 This is somewhat atypical of Kr reactions
with heavier target where the quasi-elastic and relaxed components often
lose their separate identitieslg. Representative SPéctra are given in
Fig. 1(a), (b).

This figure shows that the quasi-elastic component is restricted
to forward angles and to atomic numbers close to that of the projeétile.
As was mentioned above, the elastically scattered projectile tends to
contaminate the spectra fér adjacent atomic numberé.  The removal of
this component is somewhat uncertain for 19.5° because the quasi-elastic
peak attains its maximum energy at this angle, resulting in some overlap.

For angles forward of the grazing, the distinction between quasi-
elastic and deep-inelastic diminishes, and very broad distributibns are
observed for elements around Kr. Sufficiently behind the grazing éngle,
a single, fully relaxed peak is visible. 1In this angular range the
spectra are approximately Gaussian. The width of this peak is essen-
tially independent of_angle implying a constant degree of energy re-
laxation over a broad angular range.

The dependence of the shapes of kinetic energy distributions with

angle is very similar to that observed in Ar induced reactions. Just
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such a pattern, observed in the reaction Th + Ar, lead Wilczynsﬁi to
an ihterpretation in terms of orbitingzo. For rather high impact param-
eters only small amounts of matter and/or energy are transferred. Frag-

ments produced'in these collisions follow near Coulomb trajectories

‘and account for the quasi-elastic component near the grazing angle.

As the impact parameter is decreased, more energy and mass are trans-.

ferred and the fragments are deflected towards smaller angles. At

still lower impact parameters, "sticking" of the fragments occurs, and
the complex may rotate past 0° to negative angle§ in the reaction
plane. "At backwérd angles, only the damped long range "orbiting' com-
ponent is observed. The overlap of the positive and negative angle
contributions leads to broad energy distributions for forward angles.
The mean cehter of mass.kinetic energy and FWHM of the relaxed
béak averaged over a large angular range (24° tov70° in the lab) is
shown in Fig. 2 for the various fragments. Two trends are evident in
this figure: the constancy of the mean c.m. eﬁergy and FWHM as a |

function of angle and the proximity of the mean energies to that aris-

.ing from the repulsion of two touching spherical fragments. Similar

trends have been observed in reactions induced‘by lighter projectiles
like 4OAr, making it reasonable to.assume that the mechanism involved
in the reaction Ag + Kr is similar.

The energiés given in Fig. 2 have not been corrected for particle
emission. Re;sonable_estimates based on the available excitation
energies and the a5sumptibn_df-neutron emission indicate that the
initial mean kinetic energies for the relaxed peak are at worst about

12% higher than the plotted values. The complication of particle
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evaporation and the problem of an unknown 2-distribution make it diffi-
cult to extract detéiled information regarding the shape of the frag-
ments at the moment of decay. However, it seems from the data that even
correéted for particle evaporation, the observed energies are lower
than those’expected_for_spherical fragments, implying some deformation
in ﬁhe complex at scission.

The large widths of the relaxed energy spectra can be understood
in terms of a model employing shape polarization of the fragments?4 Semi-
-quantitative agreement has been obtained for the case l07;109Ag + ]AN.4
Again particle emission and an uncertain f-distribution complicate the
matter and make quantitative fits impractical.

The overall behavior of the kinetic energy spectra with
angle for this‘reaction is very similar to that obtained_with'lighter
ions,‘and prbvides strong evidence for orbiting. Further discussion

of the orbiting in the reaction Ag + Kr will be given in the last

"section.

Laboratory Charge Distributions

Laboratory cross sections integrated over energy for various atomic
numberé and for several angles are given in Fig. 3(a),(b). For angles
behind the grazing, only the deep-inelastic or relaxed component con-
tributes to the.cross section. The observed charge distributions for
these angles are very broad and the cross section increases with in-
creasing Z. At ﬁore forward éngleé the quasi~elastic component be-
comes dominant for Z close to Z = 36, and a good deal of the cross

section is concentrated in this region. The yield for the quasi-elastic
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‘¢omponent is distributed more or less symﬁetrically ébouth = 36. This
is not surprising siﬁde the target and projectile are similar in mass
.so.thaﬁ stripping and pickup a?e éimilér processes;_ Whenvthe quasi-
elastic component is removed, tﬁe distributions look very similar to
those obtained at‘backward anéles and peak near symmetry (Z = 41.5).
The charge distributions.fqr the relaxed component of the reaction
Ag + Kr are Qerﬁ different from.those thained with Kr projectiles and

0-12 (in these cases the "quasi-fission" yield peaks

heavy targétsl
near the projegtile Z),_and resemble the broad diétributions observed
with lightefvprqjectiles like AOAr._ These observafions éupport the
contention tha; it is the ratio E/B that determines the shape of the
mass distribution and not: the totalfmass of the systemlA.

- The charge and angular distributions produced in 14N, 20Ne and

40Ar bombardments have beeh interpreted in ferms of a diffusion model
in which target and projectile combine to form an intermeaiate complex
consisting of two touching fragments which evolves along the mass/
charge asymﬁetry modevvia a diffusion mééhanism. Pfédictions.of this
model for Ag + 288 MeV Ar ére in very good agreement with experimental
resultss. Receﬁtly, thé diffusion model_has been successfully extended
to very heavy systems like Au + Kr providing strong evidence that the
deep—inéléstic and quasi—fission'processes are the éamel3.

The liquid drop potential energy‘as a function of charge asymmetry
(ridge-line potential) ‘is given in Fig._4 for several l—wayes. The
.calculation assumes that the complex consists of touching spherical
frégments. ‘For ail %-wave the injection;poiﬁg (i.e., entrance channel

mass asymmetry) is close to the potential>minimum, and as a result,
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thé diffusion-process causes rabid spreading in mass asymmetry; Results
of diffusion calculations are given in Fig._S._ The pattern of the ex-
perimental charge distributions is qualitativeiy reﬁroduced.

These charge distributions alone do not téli us if equilibriﬁm
has been achieved with respect to the mass asymmetry mode. One exfects

that the equilibrium Z-distribution, Y(Z), should be given by
Y(Z) = K(Z,Q,) exp ("VZ/T) ’

where VZ’

momentum, and K is a slowly varying function of its independent variables.

T and % are the potential energy, temperature and angular

Detailed comparisons of a variety of target-projectile combinations in-
dicate that the relaxation of this mode is slow when compared with that
of other modes like the dissipation of energy and equilibration of the

N/Z rati§%3’14’22

Charge Distributions For Different Kinetic Energy Windows

Since the aisfinctibﬁ.between the quasi-elastic and relaxed com-
ponents is, in some caées, not'well,défined, we have generated Z-dis-
tributions for various energy windows (see Fig. 6). These distributions
have been obtained by integrating the center of mass kinétic energy
.spectra between Ec vs Z lines parallel to the expgrimental mean

. .

Eé n. V8 Z line (see Fig. 2) obtained at backward angles, and integrat-
ing over center of mass angles. Thig procedure thus defines energy
lines relative to the relaxed energy line]I4

For high kinetic energies, the distributions are fairly narrow and

are peaked at the pfojectile Z. As one moves towards lower kinetic
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energieé, the centroids move towards higher Z and become broader. The
shape of the distributions does not change over the last few lines.
This is expected since the energy spread,in this region is due to shape
polarizationiof the fragments and is not a continuation of the energy
damping process.

The total cfoss section integrated over energy and angle-as a
function of Z is given in Fig. 7. The.peaking around Z = 36 is due to
the quasi-elastic component. The total cross section summed over Z

-is 1.7b. This number is considerably smallef than the calculated
value 2.6b; However, since the angular distributions are forward
peaked, a large fraction of the cross section may be outside the range .

of the experimental measurements.

Angular Distributions

The center of mass angular distributions aré given in Fig. 8. In
ﬁhe cases where a decomposition of the quasi-elastic and relaxed com-
ponehts‘was feasible, both the relaxed ahd total are given. The angu-
lar distrlbutions Eﬁ-vs 0 are.all.forwardvpeaked in exéess of 1/sin 6‘
(with the exception of Z = 9,10). To make this more'readily visible
we_havg‘plotted g6-rather than Eﬁ' |

It should be noted, that until thié point, no experiﬁental evidence
has been given to rule out the poésibility of avcompound nuclgus mech-
anism for the relaxed component of the reaction Ag + Kr. If the mechanism
were fission of a compound nucleus, the ahguiar_distributions woﬁld be
l/sin 0 in = dQ (or flat in 36 . if‘is now evident that, while some compound

nucleus fission may be present, such a mechanism cannot be the dominant

one.
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The. forward peaking in excess of l/sin.e.impiiés thatltheAlife—
time of the intermediate complex is compérable-to the rotational period
(about 6 X% 10--21 sec for the r.m.s. angular momentum assuming that the
complex consists of spherical fragments in contact and rotating o
rigidly). The excess forward peaking is strongest in the vicinity of
the projectile. As one moves down in Z, the forward peaking decreases
gradually until about Z = 17, where it tends to inéreééé again, and
then decreases again. This behavior for the very 1owlZ's is not easily
explained, and may be an:experimental effect due to secondary réactions
with a low Z material like Al.

This pattern of angular distributions can be qualitatively accounted
fbr within the framework of the diffusion model. One expects to see the
greatest forward peaking for the shortest lifetimes. At the same tiﬁe,
short lifetimes>imp1y-small mass transfers.'.Hence, one observes the
greatest forward'peéking in the vicinity of the projectile. Atomic
numbers farvfrom the projectile aré populated on a much 1onger‘time
scale, so the complex haé, on the average, rotated_through'much larger
angles. As a result;.the angular aistributions afe 1eés forward peaked.

While patterns similér to fhe presént one have been observed in
the angular distributions of N, Ne and Ar‘induced reactionsl_6, the
distributions for the reaction Ag + Kr are in striking contrast.to
those obtained in Kr bombardménts of>heavy targets like Bi and Aulo-lz.
In the latter caseé,>tﬁé‘groés product (i.e. the sum of all masses)

angular distributions are side peaked. Such contrasting behavior can

be attributed differences ir rati A A here T, . and
attridb | to differences in Fhe atio Tllfe/ ror® ¥ life

Trot represent the average lifetime and the average rotational period
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of the coﬁplex,v For small values of this ratio, the complex does not
live long enough to reach_0°, and the ffagments are emitted on ﬁhe side .
of impact. For slightly largervvalues, the complex Aecays at angles
néar 0° producing angulgr distributions'that afe forward peaked. As
‘tﬁe value of this ratio increases-further, the complex rotates to
larger negative angleé before. decaying, resulting in decreased forward
peaking and énhanced yields in the backward hemisphere. In the limit f _ H_ .M

of large 1T the complex may undergo one or more complete revo- I S

life/Trot’
lutioﬁs, and the angular distributions tend to the 1/sin 6 behavior
expected fof the décay of a compound nucleus with large angular momen-
tum, |

There is gather extensive éxperimental evidence to support this
pictufe. The reactions Ag + Ne5 and Auv+ Krl2 are good exémples. In
‘the former case, there is a continuous evolution from enhanced forwérd S
peaking near the projectile to 1/sin © behavior 4 or 5 Z units above
Ne. 1In the latter case, a transition occurs from sidé peaking to for-
ward peaking as more mass is transferred.‘ The variation in the‘anguiar
distributidns can, in both cases, be attributed to the effective time
delay associated with increased mass transfer. Thét is, the time delay
in populatihg cqnfigurations very different ffom the entrance channel

/T

effectively increases the ratio T

life’ "rot*

The angular distributions for the Ag + Kr are intermediate to

those of the two systems discussed above: excluding the quasi-elastic,
there is no side peakingi;however, the 1/sin 6 limit is not attained

even after the transfer -of over 20 charge units.
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The value of Tror €20 be estimated with simple models like touching
-
spheres rotating rigidly. However, the lifetime is more difficult to
calculate. Values of théllifetime for the reactions Ag + 288 MeV Ar
and Au + 620 MeV Kr have been obtained by fitting the angular distri-
' ' 8,13

butions with the diffusion model of Moretto and Sventek;’ ~but, in general,

the ratio T /T is not readily available for an arbitrary system.

life’ rot

‘There is empirical evidence that the ratio-E/Bvis useful in pre-
dicting the character of charge and angular distributions, impiyiﬁg that
the lifetime of the ihtermediate complex is dynamicaily contrdlled.
For values of E/B S 1.6, side peaking is observed. For larger E/B
values, the angulér diétributions are forward peaked. The ratio is
about_l.9Afor Ag + 620 MeV Kr, and, in agreeﬁent with energing systematics,

the angular distributions are forward peaked. A more detailed discussion

/T is given

of the E/B effect and its connec;ion with the ratio Tlife rot

in. Ref. 14.

Wilczynski Diagrams

As a final presentation of the data we have constructed Wilczynski
diagraﬁsl7 for the individual atomic numbers. Representative examples
are showQ‘in Fig. 9. 1In constructing these diagrams the center of mass
kinetic energy distributions have been converted to 820/5ET36 by mul-
tiplying by sin © and converting to total center of mass energy assuming
binary division. Intermediate angles have been estimated byvlinearly :
iﬁtefpolating between adjacent spectra. Contours of constant cross

section have then been drawn with the aid of a CDC-7600 computer.
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On such a plot, a 1/sin 6 angular distribution will yield a‘series
of horizontal parallei contours. For Z's very far from the projectile,
éuch.behavior'is approached but never fully attained; For small center
of mass angles, the contours indicate that thevdiétributions are forward
éeaked in excess of 1/sin 6.

- For all Z's(the relaxed cOﬁponent appears as a low energy ridge‘
abproxima;ely parailel to the B-axis. For atomic numbers close to that
of the projectile, there is a second ridge extending for the quasi-
elastic peak towards lower energies at smaller angles. These patterns
are strong evidence for orbiting in the reaction Ag +’Kr20.

In this picture, the high energy ridge is composed of decay
products from the short-lived intermediate complex formed at high
impact paraméters. Because of the short times invélved, the kinetic
énergy is only partially damped and the complex has not undergone
large angular deflections past 0°.

The low energy branch results from the decay 6fvthe complex formed
smaller impact parameters where longer 1ifetimes have allowed more

" complete relaxation and rotations past 0° to large negative angles.

There is some doubt as. to thé origin bf the.yield at vefy baékward

angles. It could be produced when the cbmplex orbits past 0° and ;
decays at backward angles. On the other hand; it may be associated

with low 2-waves. 1In thé latter case, a large overlap of nuclear

matter may lead to a long-lived intermediate essentially equilibrated

.1in energy. The low aﬁgular velocities involved would tend to inhibit

large rotations so that the complex would decay at backward angles. On the
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.basis of results obtained in the reaction Au-l.-Kr12 and compound nucleus studies
with heavy préjectileSZl, the latter explanation is attractive. However,
‘the first possibility cannot really be excluded on the basis of the
data obtained in the'present'study.

It is interesting to note that the orbiting characteristics become
less proﬁounced for larger mass transfers. For atomic numbers far
from the projectile, only the low energy branch is visible. This is
consistent with diffusive evolution along the mass/charge asymmetry
mode provided that the energy relaxation occurs more rapidly. This
is particularly apparent in experiments in which both the mass and
charge of deep—inélastic reaction products have been measured simulta-

neously22’23.

Summary and Conclusions

Nuclear relaxation phenomena are clearly visible in the reaction
Ag + Kr. Most apparent are the relaxation of enérgy as seen in the
‘kinetic energy spectra for Z's close to that of the projectile and re-
laxation of the mass/charge asymmetry mode, as reflected in the charge
and angular distributions. The relaxation along the mass asymmetry
mode seems to be slowet than the relaxation of kinetic energy and
appears to be diffusive in nature. The charge gnd angular distribu-
tions have been interpréted within the framework of the diffusion
model of Moretto and Sventek and provide evidence fof such a unified
approach in the interpretation of heavy ion reaction phenbmena.
Finally, the experimental data show that nuclear orbiting is well

‘developed in the reaction Ag + Kr.
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" Table 1. . Characteristics of the reaction 108Ag'+ 86Kr

at 620 MeV bombarding energy.

E . (MeV) ' 345.

c.m, : .

E: (MeV) ' ' 191,
Tc‘n..(MeV) - . » c 2.8

Lmax (h) : Co ' 255.

0'r (b) S 2.57

crit N , »

oS (aen - .
BCoulomb (MeV) ' ' ‘ .184‘

- ' h : o -21
oot (sec) | » 6.5 x 10 °

An R of 1.2249 fm was used in calculating the nuclear radii. 1In

addition, 2.0 fm was added to the sum of the radii in the calcu-

_-_-‘, *
n. Ec.n./a

assuming a = A/8‘and £ = Oh. The rotational period Trot is given

lations. The temperature was obtained from T

for the entrance channél mass asymmetry and assumes £ = Qr n.s

and sphefical fragments.
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Figure Captions

Fig. 1 (a),(b) Center of mass kinetic energy distributions for.various

atomic numbers at four lab angles. For purpose of comparison with

other Z's, the elastic component has been extracted from Z = 36

‘at 9.5° and 19.5°.

Fig. 2 Meaﬁ'centef of massvenergiés and FWHM's for the relaxed peak
averaged over a broad angular range (24° to 70° in the 1lab) as a
function of ffagmentlz. The error bars corresﬁond to one standard
deviation from the mean.

Fig. 3 (a) Laboratory charge distributions for l07’108\Ag + 620 MeV 86Kr

at various lab angles. The cross section for the relaxed component
is shown when it was possible to make a distinction between it and

the quasi-elastic.

(b) Same as (a) for 107’109Ag + 606 Mev 84Kr. At these more backward

angles, the kinetic energy spectra are essentially all relaxed.

Fig. 4 Ridge-line potential energies for 108Ag + 86Kr for various

angular momenta. The energies are plotted relative to the entrance.

channel.

Fig. 5 Diffusion model‘calculétions éf contours of cdnstént population
in‘the plane defined by ﬁhe charge asymmetry coordinéte and the
time.for the same %-waves given in Fig. 4.

Fig. 6 Charge distributions (integrated over angle from elab = 9,5°

to 55°) for various kinetic energy-bihs. The bins are 20 MeV
wide. The bin number multiplied by 20 gives the upper energy

limit of the bin in MeV for Z = 36.



Fig. 7 Total cross section for all non-elastic energies integrated

over angle from 0 = 9.5° to '55° as a function of Z. The dashed

lab
lcurve at Z = 36 reflects the unéertainty in distingUishing elastic
and non-elastic events. | |

Fig. 8 Center of mass angular Aistributions for 32 afomiq numbers.
The quantity do/d6 is.plotted. Both the felaxed aﬁditotal contri-
butions are given whenvthevrelaxed component appeared as a dis-
tinct component.' The number.in pafeﬁthesis is the commdn log
of the multiplication factorf

. Fig. 9. _Cbntogrs of coﬁétaﬁt center of mass cfoés section SZO/QBBE,

in the plane defined by center of mass angle 0 and total center
_ ofbmass kinetic eﬁergy E. The spacing as given by 320/363E =

23,24, ... ub/rad-Mev.
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