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Abstract

Recoil range distributions have been measured for the elements be-
tween lutetium (at. no. 71) and astatine (at. no. 85) produced in heavy
ion reactions of 420 MeV, 491 MeV, and 581 MeV Okr with 17Au, 686 Mev

86 38 136 197

U, and 868 MeV Xe with Au; the relative yields were

Kr with 2
establishedvby use‘of x-ray spectrometry. These elements have been
identifiéd in radioanalytical mass distribution studies and kinematic
studies as deep inelastic and quasielastic transfer reaction products.
For the uranium target reactions they form the mass distribution col-
loquially referred to as the ''gold finger.'" The measured recoil range
distributions for the gold target reactions are correlated with energy

and angular distribution measurements made on the projectile-like frag-

ments formed in deep inelastic reactions.

Q
NUGLEAR REACTIONS: °7au(kr,X)Y, E, . = 420, 491, 581 MeV;

197, 136 - _ 238, 86 _
A (TXe,X)Y, By = 868 MeV; “TUU(TKr,X)Y, Ep = 686 MeV.

Measured Recoil Range Distributions for 72 S,Zy_s 84.
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I. INTRODUCTION

Prompted initially by the hopes of synthesizing superheavy elements,
the study and theory of very heavy ion reactions has developed signifi-
cantly since the discovery of the ''quasifission' 'reaction.1 Theoriesz—s
for explaining and unifying the main features of many heavy ion reactions
currently focus on an impact-parameter-dependent interactioﬁ time of the
composite system, the diffusion rates of nuclear matter in the inter-
mediate complex, and on the balance of the coulomb repulsive force and
the dissipative force as the heavy ion projectile and target come to-
gether to form an intermediate complex. The last consideration has been
parameterized by M’oretto,3 using the ratio (E-B)/B, where E is the pro-
jectile energy and B is the coulomb barrier, and by Gaiin5 using a mod-
ified Sommerfeld parameter.6

Mass distribution studies of the reaction of 84Kr + 238U7 and

136y, , 2388

Xe revealed a distribution of products between lutetium
(at. no. 71) and astatine (at. no. 85) colloquially referred to as the
"gold finger." Based‘on mass balance arguments in the Xe + U report8
these products were identified as deep inelastic transfer products
originating from the target. We will use the term target-like, gold-
like or uranium-like in this case, for deep inelastic products that do
not undergo fission in the de-excitation processes.

An alternative explanation, suggested by Deubler and Dietrich,9 is
that the gold fiﬁger is formed by sequentially fast fission of the

uranium target and fusion of one of the fragments to the heavy ion pro-

jectile. Since the theoretical calculations for these events were made



for low-impact-parameter collisioné, the fragments from such a mechanism
might be expected to have an angular distribution very different from
those expected for a deep inelastic reaction.

Recoil range measurements can provide information on the energy and
angular distribution of nuclear reaction produ.cts.10 Since this informa-
tion for the heavy mass target-like reaction products is not available
for heavy ion reaction studies, we have explored the usefulness of
this technique as a complement to information obtained from measured
mass yield distributions, as well as to the heavy ion reaction studies
of the lighter projectile-like fragment.

One objective of the study was to measure the recoil range distri-
bution of the gold finger products so that the possible recoil loss
corrections could be made in the thick target mass yield distribution
studies. A second objective was to evaluate the differential recoil
range data from heavy ion reactions as a way to identify and study re-
action mechanisms. One of the distinct features differentiating the
complete fusion-fission reaction and the deep inelastic transfer re-
action is the angular distribution. When_a large amount of rotational
angular momentum is imparted to the compound nucleus before it undergoes

fission, the angular distribution of the fission fragments will approach
86 r11,12

1/sin 6. The deep inelastic reaction of 620 MeV ""K and
979 MeV 136Xels.with ]97Au has been characterized by a sideways

peaking in the angular distribution of the light projectile-like frag-
ment. Furthermore, beam counter studies of the deep inelastic component
in the Kr + Au reaction12 showed that the sideways peaking in the angu-

lar distributions disappeared and that the angular distributions of the
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projectile-like reaction products became forward-peaked as the Z of the
projectile-like fragment moved to larger values farther away from the Z
of the projectile. Since few angular.distribution studies of the heavy
target-like fragments have been made showing a complementary character-
istic angular distribution, a third objective was to evaluate and use
the recoil range method as a way to study the angular distributions of
the target-like reaction products, particularly in the angular regions
not covered by the beam counter studies.

The recoil ranges of heavy target-like products emitted at small
angles in the c.m. system are easily measured. This corresponds to a
region that is often inaccessible in counter studies of the comple-
mentary projectile-like products and thus recoil range data should po-
tentially provide new information about heavy ion reacfion mechanisms.

We have chosen to study the Kr + Au and Xe + Au reactions as a
test of our method; first because of the availability of counter

11-13 and mass distribution measurem.ents14 that have been made

studies
on these two systemé; second, because of the dominance of the deep in-
elastic reaction mechanism for these systems; and third, because of the
stability against fission of the target-like products. The products be-
“tween lutetium and astatine are formed both in the quasielastic transfer
reaction, characterized by a very narrow mass distribution about the
target, and in the deep inelastic transfer reaction, characterized by a
broad mass distribution extending from the light rare earth region up

to and beyond astatine.

In Sec. IV we show by comparison with counter data that. the im-

portant features directly observed for the quasiprojectile fragments in



the Kr + A.ull’12

and Xe + Au13 reactions can also be deduced indirectly
by proper interpretation of the recoil range data for the target-like
fragments. In-addition, angular distributions in regions not covered

by the kinematic data are deduced. We also show that the angular dis-
tribution for the gold finger products from the Kr + U reaction are side ‘
peaked and that there is a correlation with the 620 MeV Kr + Au angular
distributions as predicted, by using Galin's modified Sommerfeld param-

2,5 . . .
meter. ’” Thus we have direct evidence for associaticn of the gold

finger products, with the deep inelastic reaction.

IT. EXPERIMENTAL PROCEDURES
A. Target geometry and bombarding conditions

A stacked foil arrangement was used and a schematic diagram of the
target and catcher foils is shown in Fig. 1. The targets consisted of
2.3 mg/cm2 golf leaf foil, or approximately 1 mg/cm2 of uranium as UF4
on 1 mg/cm2 aluminum backing. The uranium targets were prepared by
vacuum evaporation of UF4. These target foils were placed directly onto
and in front of a stack of 1.0 to 1.1 mg/cm2 aluminum reccil catcher
foils. Aluminum reccil catcher foils were placed ‘in front of the target
whcnever there was a possibility of recoiling fragments escaping from
the target into the backward hemisphere. Table I gives a summary of
the experiments and bombarding conditions. The energy drop in the tar-
gets ranged between 3% and 9% of the incident beam energy. Most of the
experiments were run under parasitic conditicns (i.e., as an adjunct
to the experimenté of a primary investigator). These targets and

catcher foils were placed in the faraday cup of the scattering chamber
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of the primary user. The bombarding energies in Table I are the energies

at the center of the target.

B. X-ray counting

Following the irradiation, the catcher foils and target were re-
moved from the target holder, separated and individually taped to
aluminum plates. The target and catcher foils were then analyzed for
x rays with energies between 10 and 200 keV using a thin window intrinsic
gérmanium detector under constant geometry conditions. In this way
neither the.absolute nor relative efficiency for the geometry used needed
to be known. The maximum efficiency obtainable was 2%. The energy
calibration of the x-ray system was determined by measuring the radia-

2
L41Am and 207B

tions from i. The energy resolution of the -system was

650 eV FWIM. The decay of the observed x-ray peaks in one of the foils
showing strong x-ray activity was followed during the counting interval.
Typically the counting was started several hours after the end of the
irradiation. This allowed time for short-lived beta activity, primarily‘
from spallation and transfer reactions of the heavy ions with aluminum, '
to decay. The beta activity added significantly to the compton back-
ground in the spectra and was the primary cause for the deadtime with
the long range foils.

The irradiation times were, in almost all cases, longer than the
total counting interval. These long low-intensity irradiations favored
the formation of long-lived isotopes for each of the elements. Both
short-lived components of a few hours and long-lived components of

several days were seen. The decay data from the decay curves when

taken over a long period of time, however, were statistically too



uncertain to be analyzed for isotope identification. Due to the bom-
barding conditions and decay characteristics, isotopes of a few hours
to a few days were approximately equally represented in the x-ray spectra.
Since the decay of oniy one of the recoil foils was followed, the
empirical decay correction made for each of the other foils assumes that
the isotopic distribution was the same in all recoil foils. Also, since
the charge distributions are summed into a few of the long-lived (sev-
eral hours to a few days) isotopes of each of the elements, rapid changes
in the mass distribution if present could cause the recoil range dis-
tributions to be highly dependent on the decay characteristics of the
few isotopes contributing to the x-ray peak of an element. This would
result in noticeable irregularities in the recoil range distributions
between elements. However, these irregularities were not seen. FErrors
in the decay correction are likely to be small since the time between
the end of the bombardment and the start of the counting.interval was
in most cases greater than the length of the counting interval. There-
fore, any isotopes with half-lives short compared to the counting inter-

val would have decayed before the counting started.

ITI. RESULTS

A. X-ray spectra
X-ray spectra of the third recoil catcher foil, which usually con-
tained most of the x-ray activity, are shown in Fig. 2 for each of the
reactions studied:. In the region from lutetium to astatine, 54 keV to

< ray of any given element and the Kaz x ray of the

81 keV, the Kal X

element of the next higher Z have differences in energies that are small



compared to the resolution of the detector system. Thus a set of
well-resolved peaks can be seen in this region consisting of overlapping
K&l and KaZ lines from adjacent elements. No X rays were €ver seen cor-
responding to elements above polonium because of the short half-lives

of most of the isotopes in the region between polonium and thorium or
because of low yields in the uranium and transuranium region for the gold
target reactions. The KB x rays from the elements around and above

gold do become significant and appear at energies greater than the mer-
cury Kal X-ray energy.

There are several factors contributing to the lack of clearly'dis-
tinguishable x-ray peaks corresponding to elcments in the rare earth
region. The first is a combination of nuclear half-life systematics
resulting in a relatively few number of detectable nuclides between
cerium and lutetium. A second factor is characteristically lower
production cross sections in this region, which repfesents near Ssym-
metric mass division of the composite systems of the reactions used in
this study. Finally, the energies of the K1 and Kdz x-ray lines do
not overlap between adjacent elements and the resolution of the detector
is insufficient to clearly resolve x-ray peaks in this region. .

The x—réy spectra from the Xe + Au reaction show clearly for the
first time structure in both the projectilé-like and target-like region.
The felative intensities of the x rays in the 86Kr + 197A.u spectrum
in Fig. 2 fbrm qualitative pictures of the mass distribution for the
products extending from lutetium to thallium that are nearly quantita-

tively consistent with thick target mass distributions determined by

gamma-ray analysis for the same reaction.14 However, the relative
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intensities of the x rays in the uranium reaction in Fig. 2 do not
quantitatively reflect the distribution of mass in the gold finger region
as determined by gamma-ray analysis in the thick target mass distribution

7,8 The explanation of these differences could be related

experiments.
to differences in the charge and mass distribution of the reaction
products from thick and thin targets, the decay properties of these
products, and production saturation effects favoring the'longer-lived
isotopes..

For the gold target reactions the quasielastic transfej products
‘make some contribution to the x-ray activity of the elements near the
target. However, the quasielastic products tend to have charge and mass
similar to those of the target nucleus so that some will undergo negative
beta particle decay and not produce x rays. The dominant contribution to
the x-ray activity would be from the neutron deficient products fofmed
in the deep inelastic reaction. The products in the hafnium to bis-
muth (or higher)'regioﬁ from the uranium reaction are too far removed
in Z and A from the uranium target'to be quasielastic transfer products.
Since these ''gold finger' products are very neutron deficient, they would
rapidly undergo decay by electron capture or by alpha particle decay to

longer-lived isotopes of lower Z that also undergo electron capture de-

cay producing X rays.

B. Analysis of x-ray spectra
To determine the recoil range distribution from the x-ray data,
each of the peaks-was first identified with one of the elements in the

hafnium to bismuth region based on the peak energy. Since the relative
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intensity of the Kal.and Kaz lines is approximately 2 to 1, unwanted
gamma-ray contributions in a sequence of x-ray spectra would be rec-
ognized because they resulted in unacceptable intensity ratios. Recoil
distributions were not calculated for the peaks where gamma-ray contri-
butions intervended. The area under the x-ray peak was calculated by
integrating the counts between the minimum points on either side of the
peak. The compton background was calculated by using a_linear inter-

~ polation between the minimum points. Once the area under each of the
peaks in every spectrum was determined and the count rates calculated,
correction for decay was made based on the measured decay in one of the
foils. Since all of the reaction products were caught in one or an-
other of the recoil foils, the fraction of the total activity of each
of the observed elements in each recoil foil at the beginning of the

counting interval could be obtained. What may be called the differential

axial recoil range distribution for each element identified was then

calculated by plotting the percent activity per recéil foil as a function
of the axial range of the fragment.

The recoil range distribution plots shown in Figs. 3-11 can be un-
derstood as follows. There is one range distribution derived for each
x-ray peak identified in the x-ray spectra. The ordinate labeled
"Percent (of Recoil Product Activity) Per Recoil Foil'' represents the
relative number of atoms in each recoil foil of the two elements cor-
responding to the identified x-ray peak. Each aluminum recoil foil has
a finite tﬁickness represented in the figure by the width (in mg/cmz)
of the bar. Also, each recoil foil in the stack corresponds to upper

and lower limit axial recoil range depending on its position in the
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recoil stack. Thus, these recoil range plots show the distribution of
the reaction products among the foils expressed as éAfunction of their
axial range with a resolution equal to the thickness of the aluminum
recoil foils. The resulting axial recoil range distributions from the
reactions studied for elements between hafnium and polohiwmareshown in
Figs. 3, 4, and 5. When the peak area was less than the uncertainty
associated with the compton background, upper limits were set equal to
one standard deviation in the compton background in the region in which

the peak would be expected to be observed.

C. Methods of analysis of recoil range distribution

The most striking feature in the range distribution (compare Figs.
3, 4, and 5) is the similarity of the differential recoil range distri-
butions among the elements for a given bombarding energy and reaction.
This similarity spans a much broader region of elements than would be
expected for the span of elements contributing to a single recoil range
distribution through growth and decay in an isobaric decay chain. Thus
these curves reflect the kinematic properties of the priﬁary products
produced in these heavy ion reactions. |

To make a more complete analysis of the measured recoil range
distributions and correlate them with the kinematic studies of the com-
plementary light projectile-like fragments, a simplified reaction model
was chosen. Using this model a computer code was written that could be
used to calculate a theoretical recoil range distribution for the given

reaction under the experimental conditions.

Beam counter studies of the projectile-like products in the quasi-

11,12

fission or deep inelastic reaction of krypton with gold targets
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have shown, to first approximation, that for this target and projectile
combination the average energies of the fragments correspond to the
coulomb repulsion energy of two touching spheroids. Second, it has been
shown that the average c.m. energy is iﬁdependent of the angle of
emission. Our reaction model includes these observations.

In this model the reaction is assumed to occur in two steps. In
the first step the projectile collides with the targef nucleus. The
relative motion of the target and projectile is assumed to be completely
damped.into internal excitation energy of the combined target-projectile
system. The target and projectile are effectively merged together for
some time, referred to as the interaction time, that may be long or short
compared to the rotational period of the system. The laboratory velocity

of the c.m. system Ve is determined by the momentum conservation

.S

equation used for compound nucleus reaétions, Mbe = (Mp

During the interaction time nucleon exchange and excitation energy equi-

* N%) Vé.m.s‘
libration between the two temporarily merged fragments takes place. The
extent of the interaction may vary from the net transfer of one or two
nucleons to the formation of a compound nucleus (complete fusion). In
the second step the merged system separates into two fragments. The
velocity of the fragments is determined by the coulombic energy of two
touching spheroids. At this point it would be possible to add an initial
dynamical fission energy or to reconvert the orbital rotational angular
momentum of the system into additional translational motion of the two
fragments. Neither of these two additional energies was used at this time
in these calculations. The final separated fragment velocities are

assumed to be independent of the c.m. angle at which they are emitted.
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The light and heavy fragments are emitted directly opposite each other
in the c.m. coordinate system, so that the emission angles and the angular
distribution probabilities are complementary. For a fully damped col-
lision each of the fragments contains a fraction of the total excitétion
energy (minus the separated fission kinetic energy) that is proportional
to its mass. Particle evaporation will result in small angular devia-
tions for the heavy fragment from its iﬁitial direction; therefore,
these corrections have not been made in the recoil calculations.

The exact methods and formulas used to calculate the theoretical

. recoil range distribution and the values Rma

N Rmin’ R90 and Rg under

the experimental conditions is described in Appendix A. Rmax corresponds
to the maximum target-like fragment range being emitted to 0° in the

c.m. system. Thus the coulomb repulsion velocity and vélocity of the
c.m. are aligned. Rmin’ the minimum target-like range, results from

the coulomb repulsion velocity and velocity of the c.m. being opposed
for the heavy target-like fragment. The range for a product emitted at
90° in the c.m. coordinate for a fully damped collision is represented

as R For an angular distribution symmetric about 90° (c.m.s) such

90°
as an isotropic or a 1/sin 6 type angular distribution expected for
fusion-fission reactions, half of the recoiling products should have
ranges longer than R9O' The axial range of a product emitted at the -
classical grazing angle in the c.m. system for the fully damped deep
inelastic reaction is represented by Rg' These ranges, Rmax’ Rmin’

R90’ and Rg calculated for the indicated products produced in the re-

. actions studied, are giv:n in Table II.
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Our calculations predict differential axial recoil range distri-

butions that are distinctly different for different-angular distributions.
As an example, Fig. 6 shows three hypothetical angular distribution for
the complementary light fragmentvand the corresponding recoil range distri-
butions for gold fragments from the reaction of 581 MeV'86Kr + 197A.u.
Furthermore, changing the coulomb repulsion energy of the two fragments
by adjusting T, between 1.0 and 1.4 had little effect on the relative
shape of the calculated range distributions. For fully damped reaction
mechanisms the range distributions primarily reflect the angular distri-
pution. Figure 6 also indicates that a small 1/sin 6 component, possibly
' associated with a compound nucleus reaction, would cause a signifiéant
fraction of the activity to have the maximum range, Rmax ~ 7 mg/cmz,
contrary 10 tihe experimental results. An alternative to the above
calculations would be to deduce the angular distribution from the recoil
range data for a given element. It is possible to do this in a somewhat
straightforward manner if the kinetic energy of the fragment is con-
sideréd to be.constant in the c.m. system, and the thickness of the tar-
get is not taken into account. A simple way to visualize the relation-
ship between the axial recoil range distribution and the angular dis-
tribution, (do/d8), is to imagine that the probabilities of finding a
given product in the three dimensional coordinate space around the tﬁrget
are projected onto a line defined by the beam axis.A These probabilities
summed over distances equal to the thickness of the recoil foils are just

the axial recoil range distribution. Using the same formulas given in

the appendix, it is possible to associate each axial recoil range with
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~a c.m. angle. In this way, the angular distribution (in relative units)
has been calculated directly for some of the products from the 86Kr + 197Au
reaction (see Fig. 7).

There are several errors introduced into the recoil range calcula-
tion. First, only the range corresponding to the average fragment energy
is calculated when in fact the fragment energy distributions are broad
and asymmetric. This effect should be averaged out to some extent in
the calcuiation for smooth and slowly varying angular distributions.
Second, the recoil range is calculated for a single isotope of each ele-
ment, chosen by assuming charge to mass equilibration of the two frag-
ments, when in fact the experimental range distributions come from‘broad
charge distributions and irregular contributions from nearby elements
due to growth and decay. In addition, neutron evaporation effects from
the primary fragments, although expected to be small, are not taken into
account. Also, the range energy relationship for Very neutron deficient
fragments is not well known. The calculated ranges are based on the
Northcliffe Schilling15 range values and these values are thought to be

16 -Multiple scattering effects have been estimated to

10% too large.
cause deviations of +10° about the emission angle, and this effect along
- with recoil range straggling will also add some small error to the
calculation. In spite of these shortcomings in the model and calcula-
tions, we have found by comparison with experimental data that the mea-

sured and calculated recoil range distributions are sensitive to the

major features of the reaction mechanism being studied.
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Iv.  COMPARISON OF EXPERIMENTAL AND CALCULATED RECOIL RANGES
A. Kr + Au

The majority (50% to 80%) of the activity in each of the recoil
range distributions in Fig. 3 is in just two of the 1 m.g/cm2 Tecoil
catcher foils. 1In Fig. 7 a comparison is made of typical recoil range
distributions for each of the three bombardments. The most probable
range in each distribution is at or slightly less than Rg’ indicating
that the angular distribution associated with these products is sideways
peaked at or near the grazing angle consistent with the kinematic
studies. Shown to the right of the recoil range distributions are the
angular distributions (do/d6) for the .Pt(Au) products deduced from these
range distributions as described in the previous section. It can be
seen in this figure that the peak in the angular distribution is near
the calculated grazing angle for the heavy fragment.

In the Kr + Au reactions the most probable range of the products
increasés as the bombarding energy decreases. This effect is clearly seen
‘in Fig. 7. This experimental trend of increasing range of the target-like
product with decreasing energy of the projectile can be correlated
with the shift of the peak in the angular distributions of the projectile-
like products to larger angles as the bombarding energy decreases.

This trend was first reported in a study of the reactions of Kr with lead

targets.17’18

The angular distributions of the krypton-like products in these
reactions was sideways peaked. As the bombarding energy decreased the
peak moved toward larger angles, following the same trend in the grazing

angle, and the peak width broadened. Since the reaction is a binary process



-16-

the focused angular distribution of the krypton-like products results in
a complementary focused angular distribution of the gold-like products
reflected by 180° in the c.m.s. As the angular distribution peak of the
krypton-1like ﬁroducts moves to larger angles in the c.m. system, the
gold-like products angular distribution peak must move to smaller angles
(closer to 0°) resulting in longer axial ranges, exactly as observed in
Figs. 3 and 7. Thus the peak in the angular distribution of the projectile- —
like component is correlated with the peak in the recoil range distribu-
tions of the target-like products.

We have also used the measured angular distributions of the

krypton-like fragments from a'study of the reaction of 620 MeV

86Kr N 197Au11,12

to predict the recoil range distributions of the com-
plementary quasigold products for the same reaction at our slightly lower
bombarding energy of 581 MeV. Figure 8 (left side) shows the experi-

11,12

mental angular distribution data for the krypton-like products
a smooth angular distribution function fit through' these data used as
input for the calculation. Figure 8 (right side) shows that there is a
good fit of the calculated and measured recoil range distributions for
the gold-like fragments. These comparisons show that the recoil calcula-
tions provide a way to identify and determine the major features of the
reaction mechanism associated with the recoil range distributions. |

To reproduce the experimental recoil distribution shapes for ranges
beyond 3 mg/cmz, an exponentially decreasing angular distribution of
the projectile-like component between 120° and 180° was assumed and

used in the calculation. This is the angular region where there were no

measurements of the angular distributions for the light krypton-like
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fragments. Calculating the range distribution using a small 1/sin 6 (actually
1/[sin & + 0.01]) component in the angular distribution requires-a signif-
icant fraction of the activity to have ranges corresponding to 6 to 8

mg/cm2 (see Fig. 6). This does not correspond to the experimental data.

No evidence for such a component can be seen in the 581 MeV Kr + Au re-
action, even though as little as 5% of the reaction mechanism having a

1/sin 6 component for these products would have been detectable in these

recoil range distributions.

B. Xe + Au
The measured recoil range distributions for the reaction of
868 MeV Xe + Au are shown in Fig. 4. For comparison, the calﬁulated
values Rmin Rg’ R90 and Rmax values are displayed in Fig. 9 with the

measured recoil range distribution for the elements Re(Os). The peak

of the range distribution corresponds to Rg’ indicating that the angular

distributions for the complementary xenon-like products are peaked at or

near the grazing angle. The angular distributions for the xenon-like

products have in fact been measured for a limited angular range for the

36Xe + Aul3 and found to be relatively narrow, and

reaction of 979 MeV 1
peaked at the grazing angle. Figure 9 shows a comparison of the cal-
culated range distributions using the measured angular distribution widths
for the Xe + Au reaction. The experimental range distribution probability
for the target-like products Re(0Os) is much broader, extending to longer
ranges than the calculated range distribution. This contrasts with the

better fit for the Kr + Au reaction in Fig. 8, where the asymmetric shapes

of the distributions result from asymmetrically shaped angular distributions

/
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of the projectile-like fragments. These angular distribution shapes and
trends for the Kr + Au reaction are correlated with long interaction times
and a tendency toward forward peaking.13 However, incomplete damping and

shorter interaction times characterize the Xe reactions with Bilg; Ta

and PbZO. Thus the assumption of long interaction times and complete
damping, which worked well for the Kr + Au case, apparently does not apply
to the Xe + Au reaction. The range of the heévy fragment, torresponding
to the light fragment being emitted at the érazing angle, is 4.2 mg/cm2
for a purely elastic collision and 3.3 mg/cm2 for a fully damped collision.
The range for partially damped events would fall somewhere in between
these values, resulting in an asymmetry of the type observed in Figs. 4
and 9. | /

Another feature seen again in the Xe + Au range distributions is the
absence of any evidence for a 1/sin6 component in the angular distribution.
This follows from the fact that no pfoduct X-ray actlvity was seen in
recoil foils corresponding to ranges equal to Rmax' The most interesting
region to lbok for a 1/sin 6 component would be at the mass symmetry point
around dysprosiuﬁ. The lowest mass number, corresponding to the largest
mass diffusion from the target to projectile and therefore 1ongést in-
teraction times for which it was possible to obtain recoil range data,
was for the element rhenium. The region of Z < 75 and particularly the
region near dysprosium, which represents the mass symmetry point and
longest interaction times for the two fragments, could ﬁot be explored

because of significant interference of gamma-rays with energies near that

of dysprosium x rays in the recoil foils beyond 3 mg/cm2 of aluminum.
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According to Moretto3 the observed transition for the projectile-like
fragments from side peaking to forward peaked angular distributions can
be correlated with decreasing values of the ratio (E-B)/B. A survey of

86 197

Table 1 shows that the (E-B)/B value for 491 MeV ~ Kr + Au is most

136Xe " 197Au- Comparison of FigS. 3

similar to the value for 868 MeV
and 4 shows that the shapes of the recoil range distributions are similar
for both reactions, indicating similar angular distributions for the
quasigold products for the two reactions. An effect common to both sets:
of range distributions is the broad widths of the recoil range distribu-
tions. This width was correlated for the Kr + Au reaction with broader
peaked angular distributions for the complementary krypton-1like products
that result from increased intéraction times. In contrast, the widths |
of the Xe + Au range distributions are correlated with incomplete damping
corresponding to shorter interaction times. Moretto3 shows that the
(E-B)/B ratio is proportional to the product of the life time of the
intermediate complex system and the rotational velocity which is larger
on the average for the Xé + Au reaction. Although the similarity of the

136, , 197

recoil range distributions for 868 MeV Xe Au and 491 MeV

86Kr + 197Au would appear to support this interpretation of the ratio
E-B/B, the analysis of the range data consistent with the other experi-
ments previously mentioned, that suggest different degrees of damping in
the deep inelastic reaction, indicate that the proper scaling parameter
should include the viscosity, or dissipative effects, which are ignored
in the above interpretation but which must play an important role. In

the next section we discuss the n' parameter suggested by Galin.5 The

fact that this parameter and the ratio (E-B)/B are closely related,
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explain why they both qualitatively scale with the angular distribution
trends. The n' parameter, however, is interpreted somewhat differently
to include the dissipative frictional forces.

C. Kr+U

86

The recoil range distributions for the reaction of 686 MeV ~"Kr with

238U are shown in Fig. 5. These products are part of the mass distribution
identified as component G (the distribution colloquially referred to as
the gold finger) in the Kr + U mass distribution.7 Figure 10 shows that
the range distributions are peaked at values slightly less than Rg’ in-
dicating an angular distribution side peaking of the complementary quasi-
krypton fragment at angles slightly 9arger than the grézing angle.

Galin5 has shown that the angular distributions for heavy ion reactions
Can be grouped into three categories; forward peaking (n' < 210), in-
termediate forward plus side peaking (210 < n' < 280), and side peaking
(n' > 280). The scaling parameter n' is given by Eq. 1.

2 2
o 2,2, . Z,2," + u
n o= “““\)v— - ——‘_‘—f‘ (1)
h(BE-B)™

Z1 and Z2 are the atomic numbers of the target and projectile, V'
is the relative velocity of the fragments at the peak of the coulomb
barrier, u is the reduced mass of the system, and E and B are the c.m.
bombarding energy and coulomb barrier, respectively.

The parameter n', as pointed out by Galin5 and Lefort,2 is pro-
portionai to the ratio of coulomb repulsive force and the dissipative

frictional forces in the intermediate system. Thus one might expect the

interaction times and angular distributions for two different heavy ion
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86

reactions such as 86Kr + Au and °“Kr + U to be similar under conditions

in which n' is nearly the same. The calculated value of n' is 304 for

86 238

686 MeV "~ Kr + U. The calculated value of n' is 283 for 620 MeV

86Kr + 197Au, close to the Kr + U value. Thus we expect the angular dis-
tributions for the deep inelastic reaction products for these two systems

to be comparable. In Fig. 11 we have used the measured angular distribu-

86 197, 11,12
]

tions of the projectile-like products from the 620 MeV "~ Kr + A

reaction to calculate recoil range distributions for the 686 MeV

86y, 4 238

U uranium-like recoil product Ir(Pt). Based on these Kr + Au
angular distributions, the left side of Fig. 11 shows two possible
angular distributions for the Ir(Pt) products from the Kr + U reaction.
The solid line is deduced from the measured angular distribution from:the
620 MeV Kr + Au reaction of the krypton-like products (Z = 37) that

were cdmplementary partners to the platinum products. The angular dis-
tribution corresponding to Ir(Pt) deep inelastic products taken from the
Kr + Au data is converted to a range distribution for the Kr + U re-
action and compared with the measured range distribution for these products.
A better fit of the experimental range data is obtained with the dashed
line angular distribution. This distribution is closer to the shape
(again 180° reversed) of the distributions obtained for Z > 44 products
(AZ > 8) for the Kr + Au reaction. This is exactly what one expects
since the Ir(Pt) products from Kr + U correspond to a AZ = 14 transfer
from the target to the projectile. Thus the majority of the Ir(Pt) gold
finger products are associated with a weakly focused deep inelastic

angular distribution. Since up to 12-20 protons must be transferred,
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and at least an equal number of neutrons, from the target to the pro-
jectile to form these products, long interaction times are required. Also
since our results indicate there is little or no orbiting (no 1/sin 0
component), these products must be formed in the more penetrating low
impact parameter, low angular momentum collisions.

The suggestion that the gold finger products are formed by '"'fission
followed by fusion'' mechanism cannot bé distinguished in these recoil range
data. Low impact parameters are expected to lead to this type of re-
action.21 Thus the gold finger products would be formed by a combination
of‘a forward moving (~0°) projectile and a backward moving (~180°)
uranium fission fragment so that the final range of these fragments would
be expected to be zero on the average. Short ranges do in fact char-

86Kr + 238U reaction

acterize most of the recoil produéts formed in the
in agreement with the above conclusion. It is more reasonable, however,

to aséociate the range distribution with the deep inelastic mechénism
since the fission-fusion theory predicts very neutron excessive gold finger
products contrary to what was found in the mass distribution studies.8

It would be possible to test this theory, however, by lowering the pro-
jectile energy. The deep inelastic reaction mechanism would result in

a shift of the peak in the range distribution plotsrto longer ranges, as

in Fig. 7 for Kr + Au at 420 and 491 MeV. The fission-fusion mechanism

should result in a small shift of the peak to longer ranges by assuming

small impact parameters and using the arguments above.
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IV. CONCLUSIONS

The mefhod of measuring the recoil ranges of elements between iutetium
and astatine using a stacked foil geometry and x-ray spectrometry has proven
to be an experimentally simple and at the same time a useful method for
stﬁdying heavy ion reactions of Kr and Xe with heavy targets. The recoil
range data for these reactions show that the elements between lutetium and
astatine are produced primarily by the deep inelastic transfer reaction
mechanism. The recoil range distributions for the heavy target-like frag-
meﬁts from the Kr + Au reactions can be correlated with measured angular
distributions of projectile-like fragments from the same or similar re-
actions using the simplified fully damped model. Partial damping of the
Xe projectile in a deep inelastic collision with Au explains the long
range tailing effect in the recoil range distributions of the gold-like
products. The recoil range distributions of the products near gold from
the Kr + U reaction indicate that the products have a predominantly side
.peaked angular distribution. The peak is near and below the grazing angle.
Using the modified Sommerfeld parameter n' to equate the angular dis-

tributions of the two reactions (686 MeV 86Kr + 238U and 620 MeV

86y, , 197

Au), one would predict weakly side peaked angular distributions
‘as indicated in the recoil range aata.

The recoil range studies provide another dimension to mass distri-
bution studies of heavy ion reactions that can be correlated with the
kinematic studies of these same reactions. The Kr + U recoil range re-
sults provide direct evidence to support the conclusion reached in the

report of the Xe + U mass distribution8 concerning the mass distribution

colloquially referred to as the gold finger observed for both the
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Kr + U and Xe + U reactions. These products -are primarily part of the
uranium-like fragment distribution that deexcited by proton and neutron
evaporation rather than by fission. The '"fission followed by fusion"
theo;y of Deubler and Dietrich has been considered. The measured range
distributions for Kr + U do not provide a good test for the theory.
However, the theory pfedicts neutron excessive ''gold finger' products
contrary to what was found in the mass distribution studies.

The recoil range method used in this study is a good way to identify
the reaction mechanism or mechanisms associated with the. production of
heavy mass products between lutetium and astatine, provided the production
reaction is a binary event. The use of this method in the study of
even heavier projectile-target combinations such as the reaction of
U + U should provide useful ‘information about the reaction mechanisms

responsible for the production of products between lutetium and astatine.

APPENDIX: CALCULATION OF RECOIL RANGE DISTRIBUTIONS

The recoil range distribution is calculated by a numerical summing
process that can be made independent of the chosen reactibn mechanism,
but at the present time is restricted to the fully damped model described
in the text. The initial variables for the kinematic calculation are
specified for a given reaction. These variables are the mass aﬁd charge
of the target and the mass and charge and laboratory energy of the heavy
ion projectile. The atomic number of the heavy fragment for which a
range distributioﬁ is to be calculated and the angular distribution for

the light fragment in the c.m. system is also chosen. The target
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thickness and the thickness of each of the aluminum recoil foils is also
given.

The reaction is considered to be a binary event, solthe mass of the
heavy fragment and the mass and charge of the light fragment are calculated
first. No particles are assumedjevaporated before the formation and
separation of the light and heavy fragments. Mass to charge equilibration

is assumed to take place and the mass and charge of the two fragments are

then determined by the choice of Z

H

MH=ZH°I;P:P;T (A1)
T+ Zp

2, = Ip* Iy - I (A2)

Mp, = Mp + My - My, (A3)

where the letters M and Z repfesent mass and atomic number and the sub-
scripts P, T, H; L denote the projectile, target, heavy and light frag-
ments, respectively.
The total kinetic energy of fission EC is calculated next using the
separation distance formula given in Eq. (A4) for two touching spheres.
11
R= [1.225 (A;> + A)%) + 2] fn. ' (A4)
Once the mass of the fragments is fixed and the total kinematic energy
of fission calculated, the energies and emission angles of both fragments
in the c.m. reference frame and in the 1aboratory can be calculated by

choosing the emission angle in the c.m. system for the light frag-

GL,
ment. The relationship between the velocities of the fragments both in
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the laboratory and c.m. system are shown in Fig. 12. The following

formulas were used to calculate the final energy and angle of the heavy

fragmenté under the conditions specified:

Vems = (2 M B/ 04y + M) (A5)

o

M
= h%i L (A6)

MM

L \
Vy = (2 E; - w*/ My (A7)
TV, sin ¥ ' |
lab H H
0., %" = arctan _ (A8)
H L Vem. Vg cos WH]
lab | 2 2| =
ab _ : .
Vy = [(VH cos Y + Vc.m.)" + (Vy sin WH) ] (A9)
lab lab, 2
By = My (V)5 (AL0)

where ¥ is used to represent the emission angles in the c.m. system and
8 the corresponding laboratory angles. u is the reduced mass of the
fissioning system and Vc.m.s is the velocity of the center of mass of the
reéction. Again subscripts P, T, H, and L refer to the projectile, tar-
get, heavy fragment and light fragment, respectively, superscripts c.m.
and lab refer to the center of mass and laboratory reference frames, and
V and M are used to denote velocity and mass.

Once the labératory energy and angle of the heavy fragment have been

calculated, its range in aluminum was calculated using a parameterization
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5

of the Northcliffe and Schilling1 tables. The range for several ele-

ments in Al were fit to an equation of the form

Rrer = KiFrer * K5 [1 - exp (- KsE op) (A1)

where M
lab | “ref ' (A12)

ref = H M,

and Mref is the mass of the same element, fouhd in fhe range tables, as
the heavy fragment with mass MH'

K,, and K, were fit to an empirical set of func-

1> 722 3
tions that depended on the Z of the fragment for which a range was to be

The parameters K

calculated. The functional forms are given below where Z is the atomic

number of the reference mass'Mref and the fragment mass.
P. + P Z

- 1 2
K, = (10 ) /[ M.o¢ (A13)
Py + Pz
Ky = (10 ) Mpos (a4
P_+P.Z
- 576 2
Kz = (10 ) / M pes | (A15)

The values sued for this parameterization were:

P, = 0.36514
P, = 3.3287 x 10”4
P, = -1.7967

P, = - 1.8132x10°°
P. = 2.7082

P = 3.3025 x10 >
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To calculate the range of the fragment corresponding to EH and MH

the value R must be corrected.
ref

Ry =R My . (A16)

ref 1of
~ The final reference ranges are within +5% of the values given in the
range tables for elements between iodine and uranium.

The recoil range along the path of the fragment RH and the axial
rangé RH are calculated for the heavy fragment for angles every 0.1°

between 0° and 180° in the c.m. system.
. . Lab
RH (axial) = RH cos (GH ). (A17)

The ranges are sorted into axial range intervals and the angular dis-
tribution probability P(6), proportional to do/d6, is calculated and
summed for each interval as the calculation proceeds.

P(8) = sin %% = gg . ' (A18)

When the calculation has been completed for each of the 1800 c.m. angles

the normalized probabilities in each bin represent the differential axial

recoil range distribution for the element.

The entire calculation cycle from 0° through 180° is repeated for 10
separate depths in the target and the results normalized and summed. In
this wéy the target thickness is taken into account. The target thick-
ness is expressed as an equivalent thickness of aluminum by using the
relationship in Eq. Al9:

(dE/dX)Target

=T > (Alg)

T Target  (dB/@X)

Al
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where the differential energy losses are evaluated at 1 MeV/nucleon for
a typical heavy fragment in the_target material and in aluminum. The
range probabilities can be summed for range intervals corresponding to
the experimental recoil foil geometry and compared with the experimental

results.
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TABLE I. Summary of recoil range experiments and bombarding conditions.

Projectile b E-gS Average beam Target
and Ep(MeV) 5 n' intensity thickness
target (particles/sec) (mg/cmz)
80gr + 970y 581 0.43 351 1 x 1010 2.32
86y, + 195, 401 0.22 587 1 x 1010 2.32
86pr + 1975, 420 0.04 1076 1 x 1019 2.32
136ye + 1970 868 0.29 561 4 x 10° 2.32
86p, 4 2388 (g6 0.58 304 4 x 1010 1.014

aNonparasitic experiment.

bAverage energy of projectile in target. 1
1
“B was calculated using R = (1.225(A13 + A23) + 2)fm.

dmg/cm2 of uranium as UF4.




TABLE II.

Calculated ranges for quasitarget fragments.

Grazing angle (degrees)@

Reaction Ep (MeV) _ projectile T§;§et Fragment Fragment ranges_(m.g/cm2 of Al)
s tab Rinax min Rgp Rg
86kr + 197,, 581 64 46 57 1lp 7.5 -0.89 3.7 2.3
86y, + 1975, 491 89 65 46 191p, 7.1 -0.98 3.3 3.3
86 + 197,y 420 136 113 22 11p 6.7  -1.0 3.1 5.7
136ye + 1975, 868 78 47 51 YW o 115 -0.81 5.2 4.2
54 187pe 12.1 -0.95 5.2 4.0
86y + 238y 686 54 5] 63 1990 8.6  -1.1 3.6 1.3

The grazing angle was calculated using. ]
| | 11
COt(egrazing) = (2R/b)-1 where R = 1,225(A3 + Ag ) +2 fmand b = eZZlZZ/Ec.m.s.'
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Fig. 2. X-ray spectra from the third aluminum recoil catcher foil in
each of three experiments. Each x-ray peak in the region between
50 and 70 keV is composed of the Kal x ray from the element shown
-above the peak and the KaZ x ray from the element one atomic
number larger. The highe} energy KB x rays associated with the

x-ray'peaks in the region between 60 and 70 keV are noted.
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86Kr with 197Au at the three energies shown in the figure. Each
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x-ray peaks composed of the K& x ray from the element indicated

1
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2
higher atomic number shown in parenthesis. See text for further
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>Re(Os) products for the reaction of 581 MeV
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the complementary projectile-like fragmént shown to the left of the .
range distribution. The experimental range distributions are shown
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86 7

of 80kr with 1°

7. Comparison of the recoil range distribution for the reaction

Au at three different energies. The range dis-

tributions were obtained from the measured x-ray peak areas com-

posed of the Pt Kal

X ray and the Auml(2 x ray. See text for ex-

planation of axes and Rmi n’ Rg’ R90’ and Rm. Shown to the right

are the angular distributions for the same products calculated

from the recoil range data.



-42-

|
Calcutated recoll
* § range distributions|

981 MeV
7%k

T T 1
Angulor distributions
620 MeV
86K r 4 1¥7py

da/df) (relotive)

Percent (recoil product activity) per recoil foil

|
30 60 90 120 150 180 0
Gc.m.s. mg/cm?

8L 7771333

Fig. 8. C(Calculated range aistribdtions (solid lines on right) for the
reaction of 581 MeV 86Kr + 197Au. The range distributions were
calculated using the fully damped model and the angular distri-
butions of the complementary light fragment (shown to the left)
from 620 MeV 86Kr + 197Au11’12. The shaded regions represent the
experimental fecoil range distributions for each element (see

Fig. 3).
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9. Calculated recoil range distribution for the element Re(Os)

1:l’é)(e + 197Au. The calculated

produced in the reaction of 868 MeV
recoil range distribution is shown as a dotted line and the experi-
mental range distribution for the same element is shown as a solid

line. See text for explanation of axes and Rmin’ Rg’ R90’ and Rmax'
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Fig. 10. Comparison of the experimental recoil range distribution for
the reaction of 686 MeV 86Kr + 238U. The recoil range distributions
were obtained from the measured x-ray peak areas composed of the

Au Kal x ray and the Hg Kﬁz x ray. See text for explanation of

axes and Rmin’ Rg’ R90’ and Rmax.
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Fig. 11. Comparison of experimehtal and calculated recoil range distri-
butions for the-Ir(Pt)nproducts formed in the reaction of

86 238

686 MeV = Kr + U. The shaded distribution shown with error

bars is the experimental axial recoil range distribution. The
angular distributions shown to the left as solid and dotted lines
were used to calculate the theoretical range distributions on the

right also shown as solid and dotted lines.as explained in the test.
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Fig. 12. Velocity vector diagram of the simplified reaction model used.
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