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Study of charged particles emitted from Te compound nuclei. II. Comparison between
Ar+ Se and N+ Rh reactions and deteririination of critical angular momenta
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The compound nucleus ~YTe was formed with N+ Rh at 71- and 107-MeV excitation ener-
gies. The deexcitation by protons, deuterons, tritons, and u particles was studied and com-
pared to the deexcitation of the same compound nucleus ~YTe issued from Ar+~VSe at the
same excitation energies. The influence of angular momentum on the evaporation mechanism
(angular distributions and cross sections of charged particles) have allowed to determine dif-
ferent values of critical angular momenta limiting compound-nucleus formation. These values
are discussed with respect to different models.

NUCLEAR REACTIONS '+Rh( N, l N); E=81, 121 MeV; measured 0'(8); opti-
cal-model analysis Rh( N,P), ( N, d), ( N, t), ( N, o); E =81, 121 MeV mea-
sured c(E,Z„ t,.„),o(E „,&, t)), cz„„,l„discussion with regard to statistical
model; comparison with Ar-induced reactions; deduced critical angular

momenta.

1. INTRODUCTION

The most characteristic feature of charged-par-
ticle evaporation in heavy-ion-induced compound-
nuclear reactions, involving large angular mo-
menta at medium excitation energies, is the very
anisotropic emission of these particles. ' ' The
theoretical aspects of angular distributions have
been previously discussed in detail in relation to
experimental result for Ar-induced compound-nu-
clear reactions. ' The main characteristics should,
however, be recalled:

The angular distributions are symmetric with
an anisotropy, which is determined by J//o„' and
consequently depends on the population distribu-
tions of the compound nucleus (J and l being the
spin of the compound-nucleus state and the angular
momentum of the emitted particle, respectively,
v„ the classical spin cutoff parameter); the aniso-
tropy increases with larger J and l but decreases
slowly with higher excitation energy of the residu-
al nucleus. Thus the anisotropies of the angular
distributions allow one to determine the angular
momentum distributions of the entrance channel
leading to compound-nucleus formation.

Liquid-drop-model calculations6 ' and various
cross section measurements' ' have postulated
the existence of a critical angular momentum J„;,
for complete fusion; partial waves with J& J„;,
lead to compound-nucleus formation, while partial
waves with J) J„;t give rise onIy to direct inter-
actions. The value of J„;, should be determined by
a possible maximum deformation of the compound

nucleus' or by a vanishing fission barrier. "Such
a critical angular momentum is quantitatively re-
lated to the anisotropies of the angular distribu-
tions. As a consequence, angular distributions
and cross section measurements of emitted parti-
cles allow one to study the evaporation mechanism
as well as complete fusion cross sections.

In a recent experiment, the formation of the com-
pound nucleus '"Te by "Ar+ "Se at excitation en-
ergies of 71 and 107 MeV with maximum relative
angular momenta in the entrance channel of about
705 and 110&was investigated as well as its decay
by protons, deuterons, tritons, a particles, and
lithium. ' It was found that the population distribu-
tions of the compound nucleus were different at
the two excitation energies; at 71-MeV compound
nucleus spins up to at least 505 at 107 MeV up to
at least 70$ had to be considered. It was concluded
that if J„;,exists, J„;,(Vl MeV) a 50k and J„,, (107
MeV) a 'lOK

Furthermore, these experiments showed that
large angular momenta preferentially affect the
evaporation of a particles, favoring in general the
emission of high-energy a particles, as has al-
ready been indicated by compound-nuclear reac-
tions induced by lighter projectiles. ' " ' How-
ever, this behavior was found to change for states
near the. yrast line, which have a decreasing
emission probability for high-energy a particles. '

For further studies, it seems to be interesting
to form the compound nucleus "'Te at the same
excitation energies as before but with different
angular momentum distributions in the entrance
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channels, in order to deduce more quantitatively
the effects of angular momentum and to obtain
more specific information especially on states near
the yrast line and the critical angular momentum.
Similar experiments were performed by Reedy
et al."with reactions induced by lighter projec-
tiles, and it was found that a quantitative separa-
tion of different angular momentum regions is
possible.

In the present study therefore, the reaction '4N

on ' 'Rh with center-of-mass energies of about
E, = 71 and 107 MeV was used to give the com-
pound nucleus "'Te at the same excitation energies
as before. Again cross sections, energy spectra,
and angular distributions of the emitted charged
particles have been measured. They will be dis-
cussed in comparison with the results of the "Ar-
induced reactions in terms of the influence of an-
gular momentum on evaporation mechanism and
complete fusion cross sections.

2. ELASTIC SCATTERING

In order to obtain the angular momentum distri-
butions in the entrance channels, the angular dis-
tributions of the elastic scattering were measured
and described by a conventional optical model, us-
ing the optical-model code ABACUS fl+ 2O (Fig. 1).
For both the real and imaginary potential a Woods-
Saxon form factor was chosen. The optical poten-
tials for the calculations in Fig. 1 are strongly ab-
sorbing and are the same for the two excitation
energies. The parameters are only slightly differ-
ent from those used by Auerbach and Porter for
the description of the elastic scattering induced
by "C, "N, and "0 on various targets from Al to
Au 2~

The resulting transmission coefficients T~ are
presented in Fig. 2, together with those obtained
in the Ar case; furthermore the total reaction
cross sections o„=sX'g ~(28+ 1) T~ are given,
where 4 is the reduced wave length of the incident
channel. The angular momenta J„where T~
= 0.5 are, at the lower excitation energy, J,(' N)
=40+ and j'o(4oAr) =568, differing by 16k, and,
at the higher excitation energy, J,( N) = 605 and
g, ("Ar) =93k with the large difference of 33k.
They are, however, about the same for the N-in-
duced reaction at the higher excitation energy and
the Ar-induced reaction at the lower one. Thus
the comparison of the four reactions should give
definite information on the influence of angular
momentum, compound-nucleus spin, and excita-
tion energy.
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FIG. 1. Angular distributions of the elastic scattering
of N on Rh; Vp and Wp are the depths of the real and
imaginary potentials; rpz and re, the radius parameters,
az and ar, the corresponding diffuseness. The potential
radii are given by R~~i = rpz~i(Az +Ap ), where Az
and Ap are the mass numbers of target and projectile;
rpg corresponds to the Coulomb potential: Vp =41.8 MeV,
rpz=l. 2 fm, a&=0.49 fm, Wp=16.4 MeV, rp; =1.22 fm,
a; =0.49 fm, rp =1.2 fm.
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FIG. 2. Transmission coefficients for the investigated
N- and Ar-induced reactions leading to the compound

nucleus Te at excitation energies of E*= 71 MeV and
E*=107 MeV. Oz are the. corresponding total reaction
cross sections.
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3. EXPERIMENTAL TECHNIQUE

The experiments were performed at the Orsay
energy-variable cyclotron with a 82-MeV '4N4'

beam of 200 nA and a 122.5-MeV ' N'+ beam of 50
nA. The targets were self-supporting ' Rh foils,
prepared by a cold rolling technique, with a thick-
ness of 1.64 mg/cm'. The laboratory energies in
the middle of the target were about 81 and -121

MeV, which in this paper will be called the inci-
dent energies. They correspond to center-of-
mass energies of 71 and 107 MeV, giving excita-
tion energies in the "'Te compound nucleus of 71
z 1.5 and 107+ 2.4 MeV, respectively. The experi-
ments were performed in the same way as dis-
cussed earlier. '

4. COMPOUND-NUCLEUS RESULTS
AND DISCUSSION

A. Charged-particle spectra

Center-of-mass energy spectra of the protons,
deuterons, tritons, and n particles emitted from
the "'Te compound nucleus formed at the higher
excitation energy by "N+'"Rh are shown in Fig.
3. As in the "Ar-case they all exhibit the typical
form of evaporation spectra.

In the "Ar-induced reaction at the higher excita-
tion energy, a dependence of the average n-parti-
cle energy on the emission angle was observed.
The distribution of the average energy versus the
angles was found to be anisotropic and symmetric
around 8, =90', as predicted by the statistical
theory of Ericson' for very high spin states in the
compound nucleus. This effect is significantly
less pronounced for e particles in the ' N-induced
reaction at the highest energy. It could not be ob-
served within the experimental errors for a par-

In order to obtain information about the influence
of angular momentum and excitation energy on
compound-nucleus formation and decay, the mea-
sured energy spectra, angular distributions, and
cross sections of the '4N-induced reactions will be
presented and discussed in comparison with the
results of the 'Ar-induced reactions. '
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FIG. 3. ~4N-induced center-of-mass energy spectra of
the charged particles emitted from the compound nucleus
at the higher excitation energy, E*=107 MeV.
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FIG. 4. 4N-induced proton, deuteron, triton, and n-
particle angular distributions integrated over all ener-
gies. The solid lines indicate the contribution of the
compound-nuclear reaction; for details, see text.
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ticles at the lower energy and protons at both ex-
citation energies as in the 'Ar case. In agree-
ment with the interpretation given earlier, these
results indicate that compound-nuclear states
with larger spins are populated in the ~'Ar-in-
duced reaction at the higher energy than in the
other reactions. Furthermore it may be concluded
that the influence of angular momentum on o.-par-
ticle emission is more pronounced than on proton
evaporation.

B. Angular distributions

General asPects
The angular distributions integrated over the to-

tal particle energies of the "N-induced reactions
are presented in Figs. 4 and 5. In contrast to the
~Ar-induced reactions where the angular distribu-

tions are symmetric around 8, =90', in '4N-in-
duced reactions g-particle, triton, and deuteron
angular distributions exhibit large forward-peaked
contributions, which become more important and
decrease rapidly at the higher incident energy.
For protons, this effect is much smaller, but also
exists. These components are normally attributed
to direct interactions and should arise preferential-
ly from- the high-energy part of the particle spectra.

The energy dependence of proton and n-particle
angular distributions integrated over small ranges
of the particle kinetic energies are presented in
Figs. 6 and 7 for the higher excitation energy. In-
deed, it is found that the contributions of the direct
component are less important at the lower particle
energies but become significant for larger ones.

In order to separate the contributions of com-
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FIG. 5. 4N-induced proton, deuteron, triton, and a-
particle angular distributions integrated over all ener-
gies. The solid lines indicate the contribution of the
compound-nuclear reaction; for details, see text.
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FIG. 6. 4N-induced proton and u-particle angular
distributions at the higher excitation energy integrated
over small ranges of the particles' kinetic energy. The
solid lines indicate the contribution of the compound-
nuclear reaction; for details, see text.
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FIG. 7. ~4N-induced proton and e-particle angular
distributions at the higher excitation energy integrated
over small ranges of the particles' kinetic energy. The
solid lines indicate the contribution of the compound-
nuclear reaction; for devils, see text.

pound nucleus and direct interactions, the follow-
ing procedure was applied: The experimental an-
gular distributions at very backward angles could
be attributed to the compound nucleus alone. The
direct contributions at the very forward angles
were obtained as the difference between the experi-
mental cross sections at these angles and the com-
pound-nucleus cross section at the corresponding
backward angles. These direct-reaction cross
sections versus the emission angle are found to

follow a straight line on a semilogarithmic scale
and as a consequence the direct contributions at
larger angles are assumed to continue this beha-
vior. Thus, the probable compound-nuclear cross
sections around 8, =90 may be deduced. Least-
square fits, using a sum over even Legendre poly-
nomials, were performed for the compound-nu-
clear cross sections deduced for angles 8, &90',
in order to obtain the probable compound-nuclear
angular distributions. The solid lines in Figs.
4-7 are drawn to indicate this part of the reaction.
From these fits the anisotropies o,a/o, o. were
deduced. The values for the angular distributions
integrated over the total particle energies are
given in Table I and compared to those of the Ar-
induced reactions.

At each excitation energy it is found that the ab-
solute anisotropies are larger in the 'Ar case,
indicating that the colliding nuclei Ar+ "Se pop-
ulate compound-nuclear states with larger spins
than do the incident particles ' N+'"Rh. On the
other hand, the anisotropies of proton and a-par-
ticle angular distributions are constant or even
increase with the excitation energy of the com-
pound nucleus in the ~Ar-induced reactions as
well as in the ' N cases, indicating that larger an-
gular momenta are reached at the higher excita-
tion energy. This variation is more significant for
n particles than for protons, showing that angular
momentum affects mainly the evaporation of o.

particles. These results had already been re-
flected in the angular dependence of the average
kinetic particle energies. As a consequence, it
may be concluded that the spin distributions popu-
lated in the compound nucleus depend significantly
on the incident channel and the excitation energy.

2. Theoxeti cal descriPtzon

Liquid-drop-model predictions, 6 ' based on cal-
culations of either the maximum possible deforma-
tion of the compound nucleus~ or the angular mo-
mentum, where the fission barrier vanishes, ' '
have indicated the existence of a critical angular
momentum J„... above which the partial waves of
the entrance channel do not contribute to com-
pound-nucleus formation. Moreover the existence
of a critical angular momentum for compound-nu-
cleus formation was qualitatively verified by sev-
eral cross-section measurements. ' "

However, this effect should also be reflected in
the angular distributions, as they depend on the
angular momentum distributions of the incident
channels. As shown by the discussion of the aniso-
tropies, the population distributions of the com-
pound nuclei in the reactions under study are cer-
tainly different for the "N- and "Ar-induced re-
actions and depend also on the excitation energy.
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TABLE I. Anisotropies oo./cd. of the M~ular distrib-
tions, integrated over the total energy spectra.

E*=71MeV E*=107MeV

~4N+ 103

P 40Ar+ TSe

~4N+ «3Rh

Ar+ Se

1.32 ~ 0.13
1.43+ 0.10

1.87+ 0,19
2.53 + 0.20

1.34 + 0.13
1.53 + 0.11

1.94+ 0.19
3.16+0.15

100.
40A 77S

~

I

E = 71INeV

y protons

~ cr particles

In order to investigate this problem quantita-
tively the angular distributions of the high-energy
particles which should arise preferentially from
the first evaporation step were described with the
statistical theory of Ericson. ' It was found by a
complete calculation for the whole evaporation
cascade, which will be discussed in a further pub-
lication, that protons with E~ ~ 13 MeV and e par-
ticles with E ~25 MeV may be considered to a
good approximation as being due to the first evap-
oration step (Fig. 8). Thus the angular-distribu-
tion calculations were performed for these parti-
cles, taking different angular momentum cutoffs

J„in the incident channels into account. The free
parameters of the theory were chosen as previous-
ly discussed, ' with the moment of inertia being
equal to the moment of inertia of a rigid body p

=8„,; density parameters of a=A/6 and a=Aj8,
where A is the mass number of the nucleus under
consideration, were found to give the same re-
sults within the experimental errors. The trans-
mission coefficients in the exit channels were cal-
culated by the optical-model code ABACUS 2,"
taking for protons the potentials given by Mani,
Melkanoff, and Iori and for alpha particles those
given by Huizenga and Igo.'

a. ' N on Rh. Results for the o particles
evaporated in the ' N-induced reaction at 10'l-MeV
excitation energies are shown in Fig. 9. A value
of J =62k, which is about the same as the value

Jo defined earlier gives too large anisotropies.
In order to test the influence of the critical angu-
lar momentum, calculations in steps of 105 were
performed. A value of J« ——428 results in too
weak anisotropies as compared to the experimen-
tal data, whereas a good description of the angu-
lar distributions is found with J~ = 525. With this
value also the proton angular distribution from
the same excitation energy is well described (Fig.
9). Thus in the present case the compound nu-

I ) I I I I I I I I I I,I I

N+ Rh E =107 MeV

p10

Q

b
D

IO I 25MeV 4 EN 43Q

cole =

0(

—5x 10
I

C

E03QMeV

Ecole = 33MeV

10
Ec (MeV)

20 30
----- JCp = 626

Ep& l3 MeV

Ecol& - l6MeV

FIG. 8. Comparison between the measured p and +-
particle spectra integrated over 0 and the results of a
statistical calculation using GRQGI2 computer code.
The dashed lines exhibit the part of the spectra issued
from a first step and the solid line, the part of the spec-
tra issued from either a first step or just after one-neu-
tron evaporation. The following parameters have been
used in the calculation and will be discussed in a future
publication: a =A/6 I'y 0 1 eV Jggjt 528'
Shell effects have been introduced.
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FIG. 9. Predictions of angular distributions with the
statistical theory for the first-step emission of protons
and u particles with different "angular momentum cut-
off" in the entrance channel, Jpp.
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cleus was formed with a maximum spin of about
525, which is much smaller than the angular mo-
mentum brought in by the entrance channel. Con-
sequently the existence of J„;, for compound-nu-
cleus formation in the reaction "N on '"Rh at the
higher energy is verified and its value is found to
be 52a ~5@.

It was shown in the discussion of the anisotro-
pies that the maximum angular momentum lead-
ing to compound-nucleus formation is smaller at
the lower excitation energy than at the higher one.
Consequently the critical angular momentum for
the '4N-induced compound-nucleus formation at
E, = 71 MeV is J„;,&50k. Calculations with dif-
ferent cutoff values in the angular momentum dis-
tribution of the incident channel J~ were per-
formed for the high-energy o.-particle angular
distributions (Fig. 10). A value of J~ =321 gives
a too weak anisotropy, while a good description of
e-particle and proton angular distributions is ob-
tained with J„=405 (Fig. 10). Unfortunately,
even larger values of J~ do not increase the cal-
culated anisotropies significantly, as the trans-
mission coefficients are already very small in
this angular momentum region (see Fig. 2). How-
ever, direct-reaction cross-section measure-
ments in the reaction "N on Ag at a slightly small-
er excitation energy have shown that J„;,&36h."
Thus, a value of J„;,-40k+-55 seems physically

reasonable in the "N+' Rh reaction at the lower
excitation energy.

b. Ar on Se. In the "Ar-induced reactions,
however, only lower limits for the values of J„;,
could be deduced. They were found to be J„;,
a 50k at 71-MeV and J„,, a 705 at 107-MeV excita-
tion energies. Calculations with higher compound-
nucleus spins showed that the anisotropies re-
mained considerably constant. This effect was
explained by the influence of the yrast line, the
transmission coefficients being still sufficiently
large in the angular momentum region under con-
sideration.

In order to illuminate this point, the emission of
30-MeV o. particles from the compound nucleus at
both excitation energies is considered, leading to
states of about 40- and 75-MeV excitation energies
in the residual nuclei. The corresponding yrast
levels have angular momenta of about 555 and 755,
respectively. Thus, the evaporation of high-energy
~ particles from compound-nuclear states with
very large spin is expected to be hindered by the
yrast levels in the residual nucleus.
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FIG. 10. Predictions of angular dist'ributions with the
statistical theory for the first-step emission of protons
and 0. particles with different "angular momentum cut-
off" in the entrance ch~Flel, J, .
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FIG. 11. Dependence on the compound-nucleus spin of
the average kinetic energy E of high-energy a particles
(E„&25 MeV) at both excitation energies.
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Figure 11 shows the calculated average kinetic
energy of the particles with an energy of E &25
MeV emitted during the first evaporation step
from the compound nucleus at both excitation en-
ergies versus the compound-nucleus spin. The
average energy increases significantly with angu-
lar momentum, but indeed passes a maximum at
about 505 and 70k for the 71- and 107-MeV exci-
tation energies, respectively, and decreases after-
wards. Thus in general an enhancement of high-
energy e-particle evaporation with the compound-
nucleus spin can be observed, in agreement with
earlier results""; for states near the yrast
line, however, their emission probability drops
significantly.

It is evident that, in the presented study, the in-
fluence of the yrast line is only observed in the
'Ar cases and not in the ' N ones. At the same

excitation energies, the "N-induced reactions
lead to compound-nuclear states with considerably
smaller spins than do the "Ar-induced reactions,
as indicated in Fig. 11, where the arrows corre-
spond to the critical angular momenta in the '4N

cases and to the minimum critical angular mo-
menta in the 'Ar reactions, as deduced earlier.
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C. Cross sections

1. General features

The cross sections for proton, deuteron, triton,
and o.-particle emission in the "N-induced reac-
tions are given in Table II. The values are inte-
grated over all particle energies and emission

3. Anisotropies
00

The variation of the anisotropies o+/&r~. of pro-
ton and e-particle angular distributions with par-
ticle kinetic energy are presented for both the ' N-
and "Ar-induced reactions in Fig. 12. They were
deduced from the solid lines describing the angu-
lar distributions integrated over small ranges of
particle energy, examples of which were shown in
Figs. 6 and 7.

The a-particle anisotropies increase with the
particle energy for Ar- and "N-induced reac-
tions; however, in the 'Ar case, they approach
some constant values for energies E a 30 MeV,
whereas they still increase in the ' N case. This
different behavior may be explained by the varia-
tion of the average z-particle energy with com-
pound-nucleus spin as discussed in the previous
chapter. It was shown that in general the emis-
sion of high-energy e particles is favored by a
high compound-nucleus spin, but decreases for
states near the yrast line. The observed effect in
the anisotropies may be qualitatively reproduced
by statistical model calculations of the first evap-
oration step for different particle energies (Fig. 12).

For protons, the anisotropies versus the proton
kinetic energy are constant within the experimen-
tal errors, in accordance with the result that the
proton average kinetic energy is only slightly af-
fected by the compound-nucleus spin.
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FIG. 12. Anisotropies op /0'90o of proton and o, particle
angular distributions. The upper part represents the ex-
perimental values of the Ar- and N-induced reactions
at both excitation energies, obtained from the angular
distributions integrated over small ranges of the par-
ticles' energy. The lower part shows calculations of the
first evaporation step for n particles emitted in the Ar-
and N-induced reactions at the high excitation energy.
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TABLE II. Cross sections (mb), integrated over particle energies and emission angles, of
the evaporated charged particles. Oz is the total reaction cross section as calculated by the
optical model.

+Ar + ~'Se

E*=71 MeV E*=107MeV Ofpv/0'&f

N+ Rh
E*=71 MeV E*=107 MeV O~p7/0'7~

p
d
t

410 + 60
8.5+ 1,5
1.5+ 0.7

207 + 30

0.51
826

1090+ 110
47+ 10
15+ 5

840 + 90

0.77
1698

2.7
5.5

10
4.1

1.51

794 + 80
18.4 + 3.0
3.5 + 0.7

266 +30

0.34
1281

1894+190
90 + 14
21+ 3

930+ 90

0.49
1878

2.3
4,9
6
3.5
1.49

angles, taking only the evaporation part into ac-
count as indicated in the discussion of the angular
distributions.

A significant increase of deuteron, triton, and
e-particle cross section with the excitation energy
is observed as in the 'Ar case. ' This behavior
might be attributed to the strong influence of angu-
lar momentum, although, unfortunately, the ef-
fects of Coulomb barrier and binding energies
should also favor the emission of tritons and a
particles with increasing excitation energy. On
the other hand, at each excitation energy, the val-
ues of o /o~ are larger for the "Ar case. They
are, however, about the same for the '~N-induced
reactions at the higher energy and the "Ar-induced
reaction at the lower excitation energy. For these
two reactions, the angular momentum population
distributions of the compound nucleus had been
found to be very similar. These effects indicate
that the emission probability of n-particles rela-
tive to that one of protons depends essentially on
the compound-nucleus spin and increases with
larger angular momentum.

2. Cross sections of comPound nucleus fo-rmation

According to the statistical theory, the cross
section for the evaporation of a particle v from a
compound nucleus formed by entrance channel x
is given by

o(x, v) = x X,' Q (2 J + 1) T~(x) P,'"',

where xK,'(2J +1) T~(x) is the cross section for
the formation of the compound nucleus with spin
J'; K, is the reduced wave length and the T~(x)
are the transmission coefficients in the entrance
channel; P~'& is the probability for the emission
of particle v from this state.

With the comparison of the ' N- and ' Ar-in-
duced reactions, a qualitative study of the cross
sections in different angular momentum regions
is possible, by applying a method first used by
Reedy et al." This method is based on the inde-

pendence hypothesis of compound nucleus forma-
tion and decay, which was verified among others
by Fluss et al."and shown to be valid also for
heavy -ion-induced reactions. "

Thus the emission probabilities P~" of Eq. (1)
are the same, when the same compound nucleus
at the same excitation energy is formed by differ-
ent entrance channels. Denoting the cross sec-
tions divided by 3(,' for the evaporation of parti-
cle v from the compound nucleus '"Te formed
with "N+ '"Rh and "Ar +"Se by o„('~N) and
o„("Ar), respectively, it follows from Eq. (1)
that

o~( OAr) —o ("N) = P (2 J+1)Pz"

x[Tz( Ar) —Tz(' N)].

(2)

The left-hand side of Eq. (2) consists only of
values which can be determined experimentally,
while the right-hand side depends on the differ-
ences in the transmission coefficients leading to
compound-nucleus formation in both reactions.

It turns out to be useful to distinguish three
regions: (1) r T~= T~("N) 0 0: In —this region the
evaporation cross sections are given by o„(' N);
(2) S Tz = T~( Ar) e 0: In—this region they are given
by o'„("Ar); (3) AT~ =T~("Ar) —T~("N) c0: In
this region they are determined by o',("Ar)
—o„("N). The quantities (2J+1) T~ of each re-
gion, taking the whole angular momentum distri-
butions of. the incident channels into account, are
given in Fig. 13, indicating that the average
angular momentum increases from region (1) to
(3), thus allowing the study of the dependence of
cross sections on the compound-nucleus spin.

In the following all cross sections will be con-
sidered in units of K,'. Table III shows for both
excitation energies the average spins of each
region, the cross sections o~ and o~, and the
total reaction cross sections o~. Furthermore
the values o„/a„and the quantities qgo„are
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TABLE III. Average compound-nucleus spin (J), cal-
culated reaction cross sections Oz, and various experi-
mental cross sections in units of the square reduced
wave lengths for regions 1, 2, and 3, taking the whole
angular momentum distributions in the entrance channels
with maximum value J~„ into account; for further de-
tails, see text.
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I

40 60
1
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I
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E*=71 MeV
Jm~ ( 4N) = 5N'
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1 2
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Jm~("N) = 72+

J~( Ar) =11($
2

Ioo

25 50 75 J (y)
IOO

(J)

Oa

0'p

fya/fry

cr~/cr„

27.2
540
112
335

0.208
0.62
0.84

38.6
995
250
494

0.251
0.498
0.76

50
455
138
159

0.304
0.350
0.65

41.1
1180
585

1190
0.50
1.01
1.56

66.5
2820
1400
1820

0.50
0.64
1.18

79
1640
815
630

0.50
0.38
0.91

FIG. 13. The quantities (2J +1)AT+ taking the whole

argular momentum distributions of the incident channel
into account; the corresponding values in region 2 are
the sum of those in regions 1 and 3; region 1 is defined

by AT+—= T~( + ~0, region 2 by DT~=—Tz( Ar) ~0, and

region 3 by n Tz= Tz( 0Ar) Tz(t—4N) ~0—; for further de-
tails, see text.

given where q„=po„, v =p, d, t, a is the charged-
particle cross section. At both excitation ener-
gies qh/o~ is found to become smaller with in-
creasing average angular momentum. On the
other hand, the total evaporation cross section
o,„divided by the cross section for the compound-
nucleus formation o~ should be a constant in the
three regions. o,„ is given by the cross section
of charged-particle emission plus the evapora-
tion cross section of neutrons, o„, plus the
emission cross section for y, a&, and the fission
cross section, of .

that the cross sections for the compound-nucleus
formation OCN are smaller than the total reaction
cross sections o„.

For the "N-induced reactions ~is known from
the analysis of the angular distributions. With
the condition that o,go~ is independent of the com-
pound-nucleus spin, an upper limit of the cross
sections for the compound-nucleus formation by

Ar+ "Se may be deduced and consequently an
upper limit for the cr'itical angular momenta.

With a J„;,("N) =40k at 71-MeV excitation energy
there follows J„„("Ar)(52k; at 107-MeV excita-
tion energy the value J „('~N) = 52K implies J„,,("Ar)
( 70h. Combining these results with the study of
the angular distributions it is found that J;,("Ar,
71 MeV)-50h and J„,,("Ar, 107 MeV)-70L

Vev Gch+ +n +0 y
+ Of '

Fission studies with a "N beam of 126 MeV have

shown that of =0.4 mb in the mass region under
consideration "; similarly the cross section was
found to be small in the fission induced by "Ar on

Mo." Thus in the present discussion of may be
neglected as compared to o,„.

The quantity oz/tfc„may be assumed in a first
approximation to be independent on the compound-
nucleus spin. Calculations of Grover and Gilat"
show that the y-ray emission probability depends
essentially on the neighborhood to the yrast line.

Furthermore theoretical calculations predict
that the neutron-emission probability decreases
slightly with the compound-nucleus spin. " Con-
sequently, o,„/&x~ is expected to be constant or to
increase slightly with angular momentum. Thus
the presented results imply, independently from
the earlier discussion of the angular distributions,

Region

E4'=71 MeV

J„;,(40Ar) = 5W
2

E*=107 MeV
Z t('4N)=5'

J~t (@Ar) =70I
2

tea/frCN

~p / ~cN
ted /acN
~t i~c

24.6
507

0,21
0.66
0.014

34.6
837 '

0.30
0.59
0.010

0.94 0.84

46
330

0.42
0.48
0.005

35.3
880

0.67
1.35
0.06
0.015
0.75

49.5
1585

0'.88
1.15
0.05
0.016
0.56

62.5
705

1.15
0.89
0.03
0.017

TABLE IV. Average compound-nucleus spin (J), cal-
culated cross sections for the compound-nucleus forma-
tion ocN, and various experimental cross sections in
units of the square reduced wave lengths for regions 1,
2, and 3—as defined in the text—considering those
angular momentum distributions in the entrance chan-
nels leading to compound nucleus formations and being
determined by J~;, .
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3. Influence of the compound-nucleus spin on the
evaporation cross seetson

Some further conclusions concerning the evapora-
tion mechanism may be drawn from this procedure.
Table IV presents the cross sections for compound-
nucleus formation in the three regions, obtained
with the above given critical angular momenta,
as function of the average compound-nucleus spin.
Furthermore the values of o„/ocN are given for

. protons, deuterons, tritons, and n particles.
At both excitation energies the relative emission

probability of e particles increases significantly
mith the compound-nucleus spin, whereas the rel-
ative pro~on cross sections decrease slowly, in
agreement with theoretical predictions of Williams
and Thomas. " The same behavior for o. particles
mas found at smaller angular momentum by Reedy
et al. ,

"mhereas in their experiment the proton
cross sections remained constant within the ex-
perimental uncertainties.

Vhth slightly increasing relative cross sections,
the tritons exhibit an intermediate behavior. A
physical explanation may be found in the fact that
tritons and especially u particles can carry away
larger angular momenta than do protons. Thus a
compound nucleus excited at high spin states
favors the emission of those particles which can
diminish considerably the compound-nucleus spin.
The relative deuteron emission probabilities,
however, decrease even more strongly with angu-
lar momentum than do the relative proton cross
sections. This effect cannot be explained in a
coherent may mith the other results.

5. COMPLETE FUSION CROSS SECTIONS
AND CRITICAL ANGULAR MOMENTA

In heavy-ion-induced reactions the determination
of complete fusion cross sections remains a
crucial problem. The most important questions
concern the existence of a critical angular momen-
tum and its dependence on the masses of the col-
liding nuclei and on their relative energy or some
other related parameter, i.e., the energy above
the Coulomb bar rier or the excitation energy of
the compound system. Recently, Zebelman and
Miller' have measured fusion cross sections for
the same compound nucleus with three entrance
channels; Natowitz et a/. "have studied the in-
fluence of the incident energy on fusion cross
sections.

In the presented studies the same compound
nucleus mas formed by tmo different reactions at
tmo excitation energies and four values for J„,-,
could be determined (Table IV). It seems interest-

ing to compare, at least qualitatively, these re-
sults to those of Zebelman and Miller and of
Natomitz. The comparison might be all the more
useful as the determination of the critical angular
momenta are quite different. In the earlier ex-
periments"" complete fusion cross sections have
been measured by solid track detectors and the
corresponding J„;,have been deduced; in the pres-
ent experiments, values of J„;,have been directly
determined by an analysis of u -particle angular
distributions.

Table IV reflects tmo tendencies. Considering
the same projectile and target system, J„;,is
found to increase with increasing energy (from
40k to 52k in "N induced reactions, from 508
to 70h in 4'Ar reactions). A similar variation
mas observed by Natomitz et a/. "in bombarding
Al, Ti, Ni, and Cu targets by "C ions at different
energies. This behavior does zot agree with the
results of liquid-drop-model predictions; Kalinkin
and Petkov, ' calculating the maximum possible
deformation of the compound nucleus, have post-
ulated a decrease of the critical angular momen-
tum with increasing energy; Cohen, Plasil, and
Smiatecki' found, by the determination of the an-
gular momentum where the fission barrier van-
ishes that J„;& should be independent of the ex-
citation energy. Furthermore, the presented ex-
perimental results shorn that at a given excitation
energy J„;, is larger mith the heavier projectile,
i.e., ~Ar. A similar result has been reported
by Zebelman and Miller. " Thus, the processes
which compete with fusion are certainly not com-
pletely determined by the equilibrium proper-
ties of compound nucleus. Consequently Blann
and Plasil's' formalism which is based on an
equilibrium model taking into account fission com-
petition during deexcitation of the compound nu-
cleus is expected to give the energy dependence
of J„;,but cannot reproduce completely the ex-
perimental results. On the other hand, a dynamic
model based on the force equilibrium concept pro-
posed by Wilczynski" shoms a dependence of J;,
on the combination of target and projectile used
for the production of the compound system. How-
ever, no energy dependence is givenbythis model.
Another interpretation for the limitation of com-
plete fusion processes could be connected to the
existence of the yrast line. However, in the pre-
sented experiments a rough calculation of this
line, taking into account the moment of inertia
of a rigid body, leads to values of 75k and 958,
respectively, for the lower and higher excitation
energies, independently from the incident channel.
Thus, no existing theory can completely explain
the values of critical angular momenta measured
in these experiments.
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6. CONCLUSIONS

This study of charged particles emitted from
'"Te compound nuclei obtained by two different
ways gives some answers on the role played by the
angular momentum of the compound system in its
deexcitation. It could be shown that n-particle
emission depends strongly on the spin states of
the compound nucleus. A significant increase of
n-particle anisotropies with increasing particle
kinetic energy was found. This effect indicates
that high spin states favor the emission of high-
energy e particles. However, as a new result,
in Ar-induced reactions the anisotropies approach
some constant values for the high-energy n par-
ticles. This effect reproduced by statistical
model calculations of the first evaporation step
indicates a strong influence of the yrast levels on
the deexcitation of high-spin states. For these
states the probability of evaporating high-energy
a particles is very small. At the same excitation
energies this effect was not observed in "N-in-

duced reactions as the maximum spin of the com-
pound nucleus was considerably smaller.

The other point which should be emphasized is
the possibility of determining values of the critical
angular momenta J„,, leading to compound-nucleus
formation by an analysis of o.-particle angular
distributions. This is a new and sensitive method
so long as the transmission coefficient corre-
sponding to this J„;,is not too small and so long
as the J,, value for a given excitation energy is
not too close to the corresponding yrast level.
By this procedure and a study of charged-particle
cross sections four values of J„;,have been ob-
tained for the presented reactions. Introducing
them into a complete statistical deexcitation cal-
culation for the whole evaporation chain, a good
description of the experimental energy spectra
was obtained. '
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