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ABSTRACT

The effect of angular momentum on compound hucleus reactions was

investigated by measuring the formation cross-section ratios of the isomers

of teliurium—il9. Nine reactions were studied. Five proceeded‘via the com-

*® *
121 nd 123_Te.

"pound nucleus 122,Te, and two each via the compound nuclei Te a

3He to 18O were employed.

Projectiles ranging‘in size from
The experiméntally determinedvratibs (upper-state to lower-state)
véried‘from about70.75 to 25. The expected increase of ratio with energy andl
pféjectilé size was verified. Anbapbarent_difect interaction of 7Li projec-
tiles was 6bserved. |
Calculations of a simple type which considered only the angular

momentum distribution of the éompound nucleus, and calculations of the

Huizenga-Vandenbosh type were performed for the reactions studied.

1P'I‘his work was supported by the U. S, Atomic:Energy Commission.
. -
Present address: Department of Chemistry, U. S. Air Force Academy,

Colorado 808L0.
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-  I. INTRODUCTION
Many investigators have stﬁdied the effeéts of compdund ﬁuéleus angular
momentum on thélp;dduction ratio of isomérié pairs. However, ih:none ofvthesevA
investigatiéns (With‘the excepﬁion of Kiefer's work done in this léborétqny) 
has the combound nucleus leading to the isomers been producéd by‘mqre than two |

1-4

paths,l and relatiVely heavy projectiles have been employed in only a few.

119m

In the present investigation the isomer ratio ( Te/llggTe) as a function of

the projectile energy was determined for the following reactions.

34, 1195n ek, 119g,mTeb+ -
hHe.+ ll8Sn | > 112%pe ; t19g.mn, 3n
7Li + llSIn. > ng%Te ‘; ll9g,mTé + 3n *
120 4+ H0pq > 122 > 119g’mfe + 3n
184, 10k, . 122%, L 119%.m o
3He +'li85n > 121%0, > 119gfmTe.+ on
Yo + MTon > 121%7e > HI8Tne 4 on
3he + 120 s 123%1e > 1198:0ne 4 up
AHe + l;QSn' > l23*Te > ll9g’mTe + Ln
Eive reactions ﬁroceedvvia the compound nucleus leg*Té.f Two'reaction$
'pfoceed through the compound.nucleus 123*Te ana two thrdugh.l2l*Te.v'Because;

of variation in projectile=sizé, the different reactions produce compound nuélei,_

‘with similar excitatién energies but which differ widely in éngUlar momentumf'
Two»@ethqu Qf calculating isomer ratios were employed. The first ﬁéé

-a‘éimple methéd wﬁiéh considers oply the angular momentum diStributioh of thé

compound nucleus.s .The second employed the Huizénga—VandenboSch formalism.6f{
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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:ﬁés used. The detector was a
standard 3 X 3 inch cylinder ofvthalliuﬁ éctivafed=sodium iodide with an inte-
grallj alignea photomultiplier, coupled to a pulse height analyzer; Stacked

.fbil target assemblies were used in all irradiations. Energies were calculated

9

froﬁ-the range-energy data of N'orthcljffe,7 Hubbaz_'d_,8 and Sternheiner. All

115

targets except those of In were prepared by eleétroplating the particular

ehriched isotope upon a thin copper, nickel, or gold backing foil. The 115In

115

targets were prepared by evaporation of natural indium (95.8% In) under

vacuum onto aluminum.

The determinatioﬁ of:an isomer ratio usually depends upon an accurate
knowledge of the decay scheme of eéqh isomer. Any ambiguities_ih the.decay k\:
scheme result in ﬁnéertainties in the isomeric ratios. The isomér pair ll9m’gTe
offers a pafticular.adyantage in this respect, in that it .is possible to deter—
mine the ratios withéut recoursevto details of the decay scheme. Pure ground

state llggTe (séin 1/2 ahd_gxperimehfall& determined ﬁalf life of 16.7 hr) waé
produced by bombardment of Ki/ﬁifh 20 MeV protons.: Such a boﬁbardﬁent produces

1l . ' : .
»l 9I which decays exclusively to the ground state isomer of tellurium-119. A

conveniehtly'measured Y ray of pure ll9gTe,

119

thus obtained, was counted andbthen
& timed separation of the
sample (of known chemical yield) it was possible to relate the chosen y-ray’

activity of the ll9g‘l‘e to a measured activity of the sepafated 119Sb. The same

Sb daughter was performed. - By means of the daughter =
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119000 (spin 11/2

type of procedure was carried out for the upper state iscomer,
v : |

119

and half life 4.7 d). Pure "Pe was obtained by alpha pérticle bombardment

of tin. In such bombardments both tellufium isomers are formed, but since there

is no isomeric tranéition, the shorter lived ground state isomer was allowed to
| = ining 119mn . o L.

decay away and the remaining e then chemically purified before the timed

1 , ' -
. 9Sb daughter. By this procedure the selected y=ray activity

119

separation of the
of each isomer was related to a measured activity of the séme Sb daughter,

and it was thus possible to specify the isomeric ratio in terms of the ratio
| .

2

- of counting rates of the two chosen Y rays without regard to counting efficiencies

. |
or details of the decay schemes.

I1T. EXPERIMENTAL RESULTS

Thé éxperimentally determined formation cross-section ratios for ﬁhe
téllurium;llé isomefs are plotted (as the solid dots énd heavy lines)‘in'
Fig. 1{a)-(i) as a function of the laboratéry prbjectilé energy and the com-
pound nucleus excitation energy. Compound nucleus excitation energies wére
calculated ffom Seeger's mass tables.lo The limits of error include sténdard
‘deviatidns of the counﬁihg rates, uncertainties in‘the_backgfoﬁndAsubtractidn5
and the beam energy sﬁ?ead; .

It will be noticed that ih all cases except the 7Li reaction, the
isomer rafio continuously increases with projeétile,energy.: This incregsebin.
rétio corresponds to an increasing angular momentum of the compound nucleus
system. For the 7Li reacfion, the ratio increases with projectile energy uptto
an“enérgy Qf‘about‘hO MQV? and then falls off. This éffect pfobably cén be

attributed to the onset of a direct interaction mechanism. From a classical;E
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point of_vieﬁ, compound nuclei resulting from nearly head-on collisions corre-
spond to small amounts of angular momentum transfer, while collisionsvthat bring
into a compound nucleus the greatest amount of angular momentum are those which
have a grazing‘trajectory. Hence, if the grazing trajectory collisions do not
result in the formation of a compound.nucleus,\the highest angular momentum
states will be missing in the compound system.' Such é decrease in angular
momentum would result in a reduction of the isomef ratio.

A number of investigations have shown that under certain conditioﬁs the

11-
7Li nucleus may be considered to consist of an alpha and a triton cluster. 1-16

115 by y118c ney be

On the basis of such a model, reactions of the type In(7Li, He)
visualized as stripping reactions, in which the triton is absorbed into the
target nucleus and the alpha particle goes on by. The decrease in isomer

ratio with energy observed in this investigation is probably attributable to

L,
~

ébmpetition from direct interactions of this type.

IV. CALCULATIONS AND DISCUSSION

Undoubtedly there exists a relationship between the angular momentum
of a compound nucleus and.the relative amounts of isomers formed through iﬁs‘
decay. Accordingly, compbund-nucleus'angular momentum distributions were cal-
culated by the procedure suggested by Tbgmas.l7 This model envokes a diffuse
well approximated at the barrier by a parabola, with height and second deriv-
ative matching at the maximum.

The simplest approach for thevprediction of isomeric ratios is to
assume that_fhere e#ists some sharp cutoff-in the angular momentum distribution

such that all compound nuclei with angular momentum equal to or less than a
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chosen % yield the low-spin isomer, whereas all compound nuclei with angular
momentum greater than the cutoff £ yield the high spin isomer.5 In accordance .

- with this approach the isomer ratios were computed by application of the

equation

| .om

_O_Ii - 5L=;+102

I, S

AZ% ’
In the equatiop dz is the cross section for formation of a compound nucleusf
of angular momentum &, ¢ is the arbitrarily chosen cutoff £ and m is thé.
. 17

mgximum value of & provided by the Thomas calculation. The cbmputation wasf
cafried out over the range of energies experimentally studied and for various -
values of c¢. For each reaction, there was therebj generatéd a family of

curves of predictéd isomer ratios. Fig. 1(a)-(i) illustrate the results (light
lines with designdted cutoff L) and compares them with the experimentally.deter;
mined ratios.v it is interesting to note that for all of the reactions pro-

% -
2 e (Fig. 1(a) through (e)), the isomer

ceeding through the cémpéund nucleus
fatio at highér_excitation energies is quite accurétely predicted by a cutoff“
angular momentum value of about 8. In the vicinity of the Coulomb barrief the
ahéiysis‘predicts.ratios that are lower than thos¢ experimentally determined;
However; Viola18 EE.EL' have shown that in the vicinity of the Coulomb barrie?
the Thomas;7‘calculation probably underpredicts the amount of angular momentuﬁ
ofvthe_cémpound system. Cbrrectioh for this effect would increase ﬁhe talculated
rgtios.in the vicinity of the Coulomb barrier and improve the agreement with

experiment. Compafiéon of the hHe reactions in Fig. i(g), (b), and (i) clearly

_shows the effects of neutron emission. In the 2n, 3n, and in reaétions the
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experimental curves fall successively above, at, and below the £ = 8 cutoff
line as would be expected since each neutron carried off considerable angular

3 .
He reactions

‘momentum. The same trend; although less definite is shown in the
in Fig. 1(f), (a), and (n).

Calculations were also performed using thé method of Huizenga and
Vandenbosch.6 This calcﬁlation, which follows the formation and de-excitation
of the compound nucleus in considersble detail, taskes into account the intrinsic
spins of the target and projeétile, the kinetic energy of the projectile, the
emission‘of ﬁeutrons, and the y fay cascade. Charged particle emission is‘ |
neglected, and it is assumed that all neutrons are emitted before the y-ray
cascade beginsT After each step iﬁ the de-excitation, a spin distfibuﬁion is
'COmputed and it is assumed that the last vy ray‘emitted populates either the
ground or metastable state, depending upon which involves the smallest spin
éhange. Thus, for the isomers studied in this investigation, on emission of-
the last vy ray:all excited nuclei of spin 5/2 or less wouid bé assumed to pop-
ulate the +1/2 grouﬁd state, and those 6f spin T/2 or greater would populate
the ~11/2 upper state. However, in the tellurium-119 isomers it is likely
that a +3/2 state also competes. Such a state, if populafed, would feed.the
ground-state isomer. -No data are presently a&ailable oﬁ.the‘iqw—lying states

. . . 11 :
of tellurium-119, but 'a good analogy can be drawn from the levels of 7Sn,

19 n ll7sh the +7/2 level lies

which contains the same number of neutroﬁs. I
in the vicinity of 1 MeV excitation, and a +3/2 MeV level lies between a low-
lying -11/2 state and £he +1/2 ground state. If the same arrangement is
presént in tellﬁrium—llQ, the +7/2 state.would populate'eifher the -11/2

isomeric state of the +3/2 state by the same spin change. The first possi-

bility, however, would require an M2 transition, whereas the second would be.

i
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an E2 transition. Since the E2 transitioﬁ is much faster;'it is'aésumed that
the division in spins detefmining which isomer ié produced occurs at the T/é
ievél. All—Spins“of 7/2 or less are assﬁmed to populafe tﬁe grouﬁd—state
isomer and those above 7/2'the upper-state isomer. The caléﬁlated isomer
ratio is influenced rather strongly by the chosen point of division. A -divi-
sion at. spin 5/2 yields a ratio approximaﬁely fwice_as large as a division
at spin T/2.

The calculation requires input values for the following parameters: .=
é) the angular momentum bfought into the system by the incoming projectile aﬁd

the associated transmission coefficients, b) the angular momentum carried off

by the neutrons and the associated transmission coefficients, c) the number

and multipolarity of the gamma rays emitted, and d) the spin cutoff factor, O.

The angular momentum .brought into the system by the incoming projectile -
and the associated transmission coefficients were calculated using the parabolic

17

approximation previously discussed.”.' The angular momentum carried off by the
neutrons and thé associated transmission coefficients are functions of the
neutron veloéities. Bishop20 has shown that reasonable results can be obtained
by éssigning to the néutrons an energy.of 2t, where t 1is the nuclear tempera-
ture. This is one of two methods qsed;_ Calcuiations were also pefformed usihg
the experimental neutfbn énergy_Values of.Simonoff and Alexander.21 Transmisj
sion coefficients for the outgoing neutrons were taken from Feld EE.Elf22 |
in calculating nuclear temperatures it is neééssary to aséign a valuéi
to?the level density parémeter, a. Recent work indicates that for a simple

-1 23-28

Fermi gas model, reasonable values lie in the range of A/12 to A/8 MeV
In the present work, calculations were performed for various values of.gAlyiﬂg

in this range in order to select a best value.
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Different methods were used for assigning the number and energy of the

‘ 2
Y rays emitted. The most successful employed Strutinsky's equation 9

O

NY (2+41) = VaU

where the average number of vy rays emitted is Ny’vthe multipolarity of the

gamma ray is 2, a is the level density parameter, and U 1is the excitation
energy of the nucleus.. Calculations were also performed assuming constant

Y-ray energy and uéing the average 1.5 MeV/y found experimentally by Mollenauer.BO
At low excitation energies this is about the séme energy predicted by the theo-

retical equation, but at high energies, it is much less, and conseguently emis-
. %

sion of a large number of Yy rays is required (as many as lf'forrthe t2q reaction).
if was always assumed that a siﬁglé Y réy was emitted if the excitation energy
remaining after emission of the final neutron was less than 1 MeV. The calcula-
tion is quite sensitive to tﬁe multipolarity of the Yy rays emitted, especially
if é large number is reguired.

One of the most sensitive parametersbin the>calculation (since a value
must be assigned for each event) is the spin cutoff or spin density parameter, o.
A number of investigafors have assumed cénstaﬁt values for O in‘calculatiéns of
this type, and have obtéined reasonable résults for values raﬁging from two

through five.6’31—36

Such é procedure is probably éuite useful at low energies
ét which the number of neutrons and y rays emitted is small. Howevef, wﬁen'
neutron and y-ray emission occur over a fairly wide range of nucleus energy, the,
variation of 0 with energy must be considered.’ |

It has been shown that for nucleons moving independently in an infinite

square well potential that Or = &rt/hg, where tﬂr is the moment of inertia of'_
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the nucleus, taken as a rigid sphere, and t is the "nuclear temperature" as

given by the Fermi gas model.gT—ho Calculations -were performed using 0O's

determined in this manner. Computations were also performed using O's derived
o bl bo b3 '

from the pairing models of Lang, Erickson, and LeCouteur. The super-

conductor model was not considered‘sihce results obtained by others have not -

>

préved significantly better than those résulting-from the siﬁpler procedures.
Because of the number of pafametefs involved in the computation, and

the various avaiiable means of determining their values, many combinations are

possible. Most investigators who have studied a number of reactions have con-

gidered each reaction separately, adjusting the various required parameters

"until a fit between experiment and computation was obtained. In .this investiga-

tion trial calculations were performed with the requirement that the same

method of selecting parameters fit both of the reactions 118Sn(hHe,:%n)llgTe and

,3n)119Te. ‘It was not uncommoﬁ for a method of assigning parameter
&aIUes to give goodvresults fér one reaction, but poor results for the other.i

Oé the‘basis’of the trial calculaticns for the two reactions, a best methbd of
aésignment Qf the required parameters Was'selectedﬂ The ﬁost successful set -

of calculations-performed for the trial pair usea parameters obtained by assuming
neutrons of energy 2t, a = 0.094 A MeV_l, dipole Y rays of multiplicity_deteré

29 ’

mined by Strutinsky's equation,”” and a spin cutoff parameter of O.S-Or. These
same methods of parameter determination were applied in the calculation of the
isomer ratios for the‘other seven reactions. The fesults are shown as a dashed

line in each of the figures.

All theoretically calculated spin cutoff parameters yield isomer ratibs

that are much too large. A spin cutoff parameter equal to 0.5 Of‘produced
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results that agree reasonably well with experiment. The modification of the
Huizenga~Vandenbosch treatment suggested by Dudey and Sugihara,Llh which take
into account charged particle emission and assign a limiting aﬁgular momentum
to the compound nucleus system would probably ailow the use of 0 values which
are somewhat ﬁigher.

The calculations indicate that dipole radiation is more important than -
quadrupolé‘radiation. The slopes of the calculated curves éséuming guadrupole
radiation were not satisfactory. It is very probable, however, that a judi-
cious mixture, with some quadrupole radiation would yield satisfactory results.

Of the methods used to predict the number and energy of the Yy rays
emitted, the most successful was the equation of Strutinsky.29 The assignment
of a constant y;ray energy of i.S MeV was nbt successful. Kiefer:L found the
constant—energy Y-ray assumption was adeQuate in fitting his experimental data.
The présent work -extends to considerably higher excitation energies and it is
at high energies that this assumption proves inadequate. The two methods used
for assignment of neutron energies predicted approximately the same total
de-excitation and the calculation results were in good agreement.

-

The experimental and computational procedires and results are presented'

in much greater detail in Ref. Ls, - ' . : N
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FIGURE CAPTION
Fig. 1. Isomer ratios as a function of the excitation energy of the cémpound
nucleus. The experimental results are given by the points and heavy solid
line. The light solid lines give the results of the simple angular momentum
partition model for partition at the £ indicated. The dashed curves give
the fesults of the Vandenbosch-Huizenga calculations. ~"cb" indicates the

approximate position of the Coulomb barrier.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. \

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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