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Angular Momentum Effects in Charged-Particle Reactions
Producing the Isomer Pair I»"Te-»90Te*

DAVID W. SEEGMILLERt AND K. STREET, JR.
DePartntertt of Ckentistry and Lawrence Radiatiort Laboratory, Urtieersity of Califorrtia, Berkeley, Califorrtia t347ZO

(Received 25 September 1969)

The eBect of angular momentum on compound-nucleus reactions was investigated by measuring the
formation cross-section ratios of the isomers of tellurium-119. Nine reactions were studied. Five proceeded
via the compound nucleus "2*Te, and two each via the compound nuclei ' '*Te and "3*Te.Projectiles rang-
ing in size from 'He to "0were employed. The experimentally determined ratios (upper-state to lower-state)
varied from about 0.75 to 25. The expected increase of ratio with energy and projectile size was verihed.
An apparent direct interaction of 7Li projectiles was observed. Calculations of a simple type which con-
sidered only the angular momentum distribution of the compound nucleus, and calculations of the Huizenga-
Uandenbosh type were performed for the reactions studied.

I. INTRODUCTION

'ANY investigators have studied the effects of
i. . . compound-nucleus angular momentum on the
production ratio of isomeric pairs. However, in none
of these investigations (with the exception of 3:iefer's
work done in this laboratory) has the compound
nucleus leading to the isomers been produced by more
than two paths, ' and relatively heavy projectiles have
been employed in only a few. ' 4 In the present in-
vestigation, the isomer ratio (u9mTe/'"gTe) as a func-
tion of the projectile energy was determined for the
following reactions:

3He+119Sn~122eT 119g,mTe+3r

4He+ 118Sn~llseTe~119 9,mTe+323

ILi+115In~l22eT 119g,mTe+ 3rt

12C+110pd~1224CT 1199,mTe+ 3rt

18O+104Ru~122eT~119g,mTe+3rt

3He+118Sn~1214cT p119g, mTe+ 2N

'He+'"Sn —+"'*T-- &'19' Te+2N

'He+"'Sn —+"'*Te—+'"g Te+4n 7

4He+119Sn~123eTe~119g,mTe+40

Five reactions proceed via the compound nucleus
"'*Te. Two reactions proceed through the compound
nucleus "'*Te, and two through "'*Te. Because of
variation in projectile size, the different reactions
produce compound nuclei with similar excitation ener-
gies but which differ widely in angular momentum.

*Work supported by the U.S. Atomic Energy Commission.
t Present address: Department of Chemistry, U.S. Air Force

Academy, Colo. 80840.
~ R. L. Kiefer and K. Street, Jr., Phys. Rev. 173, 1202 (1968);

this paper gives references to earlier work.
2 I. R. Williams and K. S. Toth, Phys. Rev. 138, 8382 (1965).
'V. V. Bredel, B. A. Gvozdev, and V. A. Fornichev, Zh.

Kksperim. i Teor. Fiz. 45, 904 (1963) t English transl. : Soviet
Physics —JETP 18, 622 (1964)g.

4 M. K. Wetzen and K. S. Toth, J. Inorg. Nucl. Chem. 25, 1073
(1963).

I

Two methods of calculating isomer ratios were em-

ployed. The first was a simple method which con-
siders only the angular momentum distribution of the
compound nucleus. ' The second employed the Hui-
zenga-Vandenbosch formalism. ' Very little work has
been reported in which this type of calculation has
been applied to heavy projectiles.

II. EXPERIMENTAL PROCEDURE

A y-ray scintillation counting technique was used.
The detector was a standard 3&3-in. cylinder of
thallium-activated sodium iodide with an integrally
aligned photomultiplier, coupled to a pulse-height
arialyzer. Stacked foil target assemblies were used in
all irradiations. Energies were calculated from the
range-energy data of Northcliffe, " Hubbard, s and
Sternheimer. ' All targets except those of "'In were
prepared by electroplating the particular enriched
isotope upon a thin copper, nickel, or goM-backing
foil. The '"In targets were prepared by evaporation
of natural indium (95.8% "'In) under vacuum onto
aluminum.

The determination of an isomer ratio usually de-
pends upon an accurate knowledge of the decay scheme
of each isomer. Any ambiguities in the decay scheme
result in uncertainties in the isomeric ratios. The
isomer pair '" 'Te offers a particular advantage in
this respect, in that it is possible to determine the
ratios without recourse to details of the decay scheme.
Pure ground-state ""Te (spin I and experimentally
determined half-life of 16.7 h) was produced by bom-
bardment of KI with 240-MeV protons. Such a bom-
bardment produces '"I which decays exclusively to
the ground-state isomer of tellurium-119. A conven-

~ L.Katz, I.Pease, and H. Moody, Can. J.Phys. 30, 476 (1952).
J. R. Huizenga and R. Vandenbosch, Phys. Rev. 120, 1305

(1960).
~L. C. Northcliffe and R. L. Gluskstern, National Academy

of Sciences—National Research Council Report, 1962 (unpub-
lished) .

8 Edward L. Hubbard, Lawrence Radiation Laboratory Report
No. UCRL-9053, 1960 (unpublished) .

~ R. Sternheimer, Phys. Rev. 115, 137 (1959).
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were computed by application of the equation

Oa 01.=
l=c+i l=o

In the equation, 0-~ is the cross section for formation
of a compound nucleus of angular momentum /, c is
the arbitrarily chosen cutoff /, and m is the maximum
value of l provided by the Thomas calculation. '~ The
computation was carried out over the range of ener-
gies experimentally studied and for various values of c.
For each reaction, there was thereby generated a
family of curves of predicted isomer ratios. Figures
1(a)—1(i) illustrate the results (light lines with de-
signated cutoff l) and compares them with the ex-

perimentally determined ratios. It is interesting to
note that for all of the reactions proceeding through
the compound nucleus "'*Te t Figs. (1a) through 1(e)$,
the isomer ratio at higher excitation energies is quite
accurately predicted by a cutoff angular momentum
value of about 8. In the vicinity of the Coulomb
barrier the analysis predicts ratios that are lower than
those experimentally determined. However, Viola et al."
have shown that in the vicinity of the Coulomb bar-
rier the Thomas'~ calculation probably underpredicts
the amount of angular momentum of the compound
system. Correction for this effect would increase the
calculated ratios in the vicinity of the Coulomb bar-
rier and improve the agreement with experiment.
Comparison of the 'He reactions in Figs. 1(g), 1(b),
and 1(i) clearly shows the effects of neutron emission.
In the 2e, 3e, and 4m reactions the experimental
curves fall successively above, at, and below the 1=8
cutoff line as would be expected, since each neutron
carried off considerable angular momentum. The same
trend, although less definite is shown in the 'He
reactions in Figs. 1(f), 1(a), and 1(h).

Calculations were also performed using the method
of Huizenga and Vandenbosch. This calculation, which
follows the formation and de-excitation of the com-
pound nucleus in considerable detail, takes into ac-
count the intrinsic spins of the target and projectile,
the kinetic energy of the projectile, the emission of
neutrons, and the p-ray cascade. Charged-particle
emission is neglected, and it is assumed that all neu-
trons are emitted before the p-ray cascade begins.
After each step in the de-excitation, a spin distribu-
tion is computed and it is assumed that the last p ray
emitted populates either the ground or metastable
state, depending upon which involves the smallest
spin change. Thus, for the isomers studied in this
investigation, on emission of the last p ray all excited
nuclei of spin ~ or less would be assumed to populate
the +~ ground state, and those of spin ~ or greater
would populate the —~~- upper state. However, in

'8 Victor E. Viola, Jr., T. Darrah Thomas, and Glenn T. Sea-
borg, ',-IPhys. Rev. 129, 2710 (1963).

the tellurium-119 isomers it is likely that a +2 state
also competes. Such a state, if populated, would feed
the ground-state isomer. No data are presently avail-
able on the low-lying states of tellurium-119, but a
good analogy can be drawn from the levels of '"Sn,
which contains the same number of neutrons. "In "~Sn
the +-, level lies in the vicinity of 1-MeV excitation,
and a +~3-MeV level lies between a low-lying —~
state and the +-', ground state. If the same arrange-
ment is present in tellurium-119, the +2 state would
populate either the —~ isomeric state of the +2
state by the same spin change. The first possibility,
however, would require an 3f2 transition, whereas the
second would be an E2 transition. Since the E2 tran-
sition is much faster, it is assumed that the division
in spins determining which isomer is produced occurs
at the —,

' level. All spins of ~ or less are assumed to
populate the ground-state isomer and those above ~~

the upper-state isomer. The calculated isomer ratio
is influenced rather strongly by the chosen point of
division. A division at spin ~ yields a ratio approxi-
mately twice as large as a division at spin 2.

The calculation requires input values for the fol-
lowing parameters: (a) the angular rnornentum brought
into the system by the incoming projectile and the
associated transmission coefTicients, (b) the angular
momentum carried off by the neutrons and the asso-
ciated transmission coefficients, (c) the number and
rnultipolarity of the p rays emitted, and (d) the spin
cutoff factor 0-.

The angular momentum brought into the system
by the incoming projectile and the associated trans-
mission coefficients were calculated using the para-
bolic approximation previously discussed. ' The an-
gular momentum carried off by the neutrons and the
associated transmission coefficients are functions of
the neutron velocities. Bishop" has shown that rea-
sonable results can be obtained by assigning to the
neutrons an energy of 2t, where t is the nuclear tem-
perature. This is one of two methods used. Calcula-
tions were also performed using the experimental
neutron energy values of Simono6 and Alexander. "
Transmission coefficients for the outgoing neutrons
were taken from Feld et a/22

In calculating nuclear temperatures it is necessary
to assign a value to the level-density parameter a.
Recent work indicates that for a simple Fermi gas
model, reasonable values lie in the range of A j12 to

"L.S. Kisslinger and R. A. Sorensen, Kgl. Danske Videnskab.
Selskab, Mat. -Fys. Medd. 32, No. 9 (1960).

'0 Carl T. Bishop, Argonne National Laboratory Report No.
ANL-6405, 1961 (unpublished) ."Gabriel N. SimonoR and John M. Alexander, Lawrence
Radiation Laboratory Report No. UCRL-10099, 1962 (unpub-
lished) ."B.T. Feld, H. Feshbach, M. L. Goldberger, H. Godstein,
and V. F. Weisskopf, Final Report of the Fast Neutron Data
Project, Nuclear Development Associates Report No. NY-636,
1951 (unpublished) .
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A/8 MeV '." "In the present work, calculations were
performed for various values of a lying in this range
in ord.er to select a best value.

Different methods were used for assigning the num-
ber and energy of the p rays emitted. The most suc-
cessful employed, Strutinsky's equation"

X,(l+1) = (aU)'Is,

where the average number of p rays emitted is E~,
the multipolarity of the 7 ray is l, a is the level
density parameter, and U is the excitation energy of
the nucleus. Calculations were also performed assum-
ing constant p-ray energy and using the average 1.5
MeV/p found experimentally by Mollenauer. 's At low
excitation energies this is about the same energy
predicted by the theoretical equation, but at high
energies, it is much less, and consequently emission
of a large number of y rays is required (as many as
17 for the ~C reaction). It was always assumed that
a single y ray was emitted if the excitation energy
remaining after emission of the 6nal neutron was less
than 1 MeV. The calculation is quite sensitive to the
multipolarity of the p rays emitted, especially if a
large number is required.

One of the most sensitive parameters in the cal-
culation (since a value must be assigned for each
event) is the spin-cutoff or spin-density parameter o.
A number of investigators have assumed constant
values for 0. in calculations of this type, and have
obtained reasonable results for values ranging from
two through five. '" " Such a procedure is probably
quite useful at low energies at which the number of
neutrons and p rays emitted is small. However, when
neutron and p-ray emission occur over a fairly wide
range of nucleus energy, the variation of r with energy
must be considered.

It has been shown that for nucleons moving inde-

23 H. K. Vonach, R. Vandenbosch, and J. R. Huizenga, Nucl.
Phys. 60, 70 (1964).

24 C. T. Bishop, H. K. Vonach, and J. R. Huizenga, Nucl. Phys.
60, 241 (1964).

2' R. Vandenbosch, L. Haskin, and J. C. Norman, Phys. Rev.
137, B1134 (1965)."K.J.LeCouteur and D. W. Lang, Nucl. Phys. 13, 32 (1952).

'~ R. L. Bramblett and T. %. Bonner, Nucl. Phys. 20, 395
(1960)."J. R. Grover, Phys. Rev. 123, 267 (1961);12'7, 2142 (1962).

2 V. M. Strutinsky, L. V. Groshev, and M. K. Akimova, Nucl.
Phys. 16, 657 (1960).' J. K. Mollenauer, Phys. Rev. 127, 867 (1962).

3'A. J. Cox, Nucl. Phys. 49, 577 (1963).
~~ J. H. Carver, G. E. Coote, and T. R. Sherwood, Nucl, Phys.

37, 449 (1962).
~ J. R. Tatarczuk and H. A. Medicus, Phys. Rev. 143, B818

(1966).
O' C.E. Rhoades, Jr., and H. A. Medicus, Phys. Rev. 167, B1049

(1968).
3' Z. Kolar, P. Strohal, and ¹ Cindro, J. Inorg, Nucl. Chem.

27, 2471 (1965).
'~C. Riley, K. Ueno, and B. Linder, Phys. Rev. 135, B1340

(1964}.

pendently in an infinite square well potential that
o„'=l,1/5', where d„ is the moment of inertia of the
nucleus, taken as a rigid sphere, and t is the "nuclear
temperature" as given by the Fermi gas model. '~ ~
Calculations were performed using 0's determined in
this manner. Computations were also performed using
0-'s derived from the pairing models of Lang, "Erick-
son, ~ and LeCouteur. "The superconductor model was
not considered, since results obtained by others have
not proved significantly better than those resulting
from the simpler procedures. '"

Because of the number of parameters involved in
the computation, and the various available means of
determining their values, many combinations are pos-
sible. Most investigators who have studied, a number
of reactions have considered each reaction separately,
adjusting the various required parameters until a fit
between experiment and computation was obtained.
In this investigation trial calculations were performed.
with the requirement that the same method of selecting
parameters 6t both of the reactions '"Sn('He, 3e) '"Te
and '"Pd("C, 3m)'"Te. It was not uncommon for a
method of assigning parameter values to give good
results for one reaction, but poor results for the other.
On the basis of the trial calculations for the two
reactions, a best method of assignment of the required
parameters was selected. The most successful set of
calculations performed for the trial pair used param-
eters obtained by assuming neutrons of energy 2t,„
a=0.094 2 MeV ', dipole p rays of multiplicity deter-
mined by Strutinsky's equation, " and. a spin-cutoff
parameter of 0.50-„. These same methods of parameter
determination were applied in the calculation of the
isomer ratios for the other seven reactions. The results
are shown as a dashed line in each of the figures.

All theoretically calculated spin-cutoff parameters
yield isomer ratios that are much too large. A spin-
cuto6 parameter equal to 0.50; produced results that
agree reasonably well with experiment. The modifica-
tion of the Huizenga-Vandenbosch treatment suggested
by Dudey and Sugihara, ~ which takes into account
charged-particle emission and assign a limiting angular
momentum to the compound nucleus system would
probably allow the use of 0- values which are somewhat
higher.

The calculations indicate that dipole radiation is
more important than quadrupole radiation. The slopes
of the calculated curves assuming quadrupole radia-
tion were not satisfactory. It is very probable, how-

IH. A. Bethe, Rev. Mod. Phys. 9, 84 (1937).' C. Block, Phys. Rev. 93, 1094 {1954).
39 T. Erickson, Nucl. Phys. 11, 481 (1959).' T. Erickson, Advan. Phys. 9, 425 (1.960).' D. W. Lang, Nucl. Phys. 42, 353 {1963).
4' T. Erickson, Nucl. Phys. 6, 62 (1958).
43 D. W. Lang and K, J.LeCouteur, Nucl. Phys. 14, 21 {1959).
44N. D. Dudey and T. T. Sugihara, Phys. Rev. 139, B896

(1965).
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ever, that a judicious mixture, with some quadrupole
radiation would yield satisfactory results.

Of the methods used to predict the number and

energy of the p rays emitted, the most successful was
the equation of Strutinsky. " The assignment of a
constant p-ray energy of 1.5 MeV was not successful.
Kiefer' found the constant-energy p-ray assumption
was adequate in fitting his experimental data. The
present work extends to considerably higher excitation
energies and it is at high energies that this assump-
tion proves inadequate. The two methods used for
assignment of neutron energies predicted approxi-

mately the same total de-excitation and the calcula-
tion results were in good agreement.

The experimental and computational procedures and
results are presented in much greater detail in Ref. 45.
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Direct Measurement of Neutron Transmission CoefBcients
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Neutron transmission coefficients are determined experimentally by investigation of the neutron decay of
isobaric analog resonances (IAR) in the compound nucleus. Assuming a statistical decay of the IAR, the
neutron branching ratios to the different final states are determined by the transmission coefficients of the
partial waves allowed by angular momentum and parity conservation. Therefore, knowing the spin and the
parity of the resonance and of the final states, the transmission coefficients can be obtained from the measured
decay rates. This method is applied to the "Zr(P, n) "Nb reaction. The decay of two pronounced IAR in
»Nb at g*=4.70 MeV (4+) and 8*=5.30 MeV (2+) is studied by the time-of-Qight method. The measured
transmission coefficients are compared with calculations, using two diBerent optical-model parameter sets.
Agreement for all partial waves is obtained by modifying the parameters of Moldauer, Engelbrecht, and
Fiedeldey.

"EUTRON transmission coefficients determine the
neutron branching ratios in a compound-nucleus

decay. They are calculated from the optical model. Its
parameters are chosen to fit the elastic scattering,
polarization, and neutron-strength function measure-

ments. It is not certain, however, whether transmission
coeKcients calculated with these parameters are reli-

able. In this paper, we report on a direct measurement
of the neutron transmission coefficients for different
partial waves. The method uses the neutron decay of
isobaric analog resonances.

In a normal compound-nucleus reaction, a Hauser-
Feshbach analysis involves the sum over many spin
values in the compound nucleus. Therefore, except for a

very few special cases, ' it is impossible to evaluate the
different transmission coeS.cients. The neutron decay
of isobaric analog resonances can be also be treated as a
compound-nucleus decay. ' ' However, it has the great
advantage that only one spin value in the compound
nucleus occurs. In this case, the Hauser-Feshbach

' E. W. Vogt, Phys. Letters 7, 61 (1963)
2 H. J. Kim and R. L. Robinson, Phys. Rev. 151, 920 (1966),
3 H. J. Kim, R. L. Robinson, R. L. Kernell, and C. H. Johnson,

Phys. Rev. Letters 19, 325 (1967).' E. Finckh and U. Jahnke, Nuci. Phys. All 1, 338 (1968).

formula reduces to the simple expression

o;„=constX g Tt;.
Ij.

By o.„„we describe the enhanced part of the (p, n)
cross section arising from the resonance. The T~, are
the neutron transmission coefficients for the different
partial waves. The summation goes over all l and j
values which are allowed by the selection rules of the
transition. Knowing the spin and the parity of the
resonance and of the final states, the values of limited
sums of transmission coefficients can be obtained from
the measured decay rates. The transmission coefficients
of each partial wave are determined from many such
sums. In order to obtain the absolute value, the
constant in the above formula, which is different in
every resonance, must be known. In some cases, this
can be achieved simply by a suitable normalization. In
the given formula, the width-fluctuation corrections~
are neglected. This is justified since the corrections are
small because of the many open channels in the reaction
studied.

5 D. Wilmore, Harwell Atomic Energy Research Establishment
Report No. AERE-R 5053, 1966 (unpublished).


