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ABSTRACT 

UCRL-18952 

The effect 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 com-

. 122* 121 * 123* pound nucleus ,Te, and two each via the compound nuclei Te and Te. 

3 18 . 
Projectiles ~anging in size from He to 0 were 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 verified. An apparent direct interaction of 7Li projec-

tiles was observed. 

Calculations of a simple type which considered only the angular 

momentum distribution of the compound nucleus, and calculations of the 

Huizenga-Vandenbosh type were performed for the reactions studied. 

t . 
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I. INTRODUCTION 

Many investigators have studied the effects of compound nucleus angular 

momentum on the production ratio of isomeric pairs. However, in none of these 
I 

investigations (with the exception of Kiefer's work done in this laboratory) 

has the compound nucleus leading to the isomers been produced by more than two , 

1 1-4 
paths, and relatively heavy projectiles have been employed in only a few. 

I th t · t · t · th · t · ( 119mT ; 119g,r ) f t · f' n e presen lnves lga lon e lsomer ra lO .e e as a unc lOn o 

the projectile energy vras determined for the follovd.ng reactions. 

3He + ll9sn --> 122* Te --> 119g ,mTe + 3n 

4
He + ll8Sn --> 112* Te --> ll9g,~ e + 3n 

7 Li 115I + n --> 122* 
Te --> ll9g ,mT e + 3n 

12c + llOPd --> 122* 
Te --> ll9g,~e + 3n 

180 + 104Ru --> 122* Te --> ll9g ,mT e + 3n 

3He + ll8Sn 121* ll9g ,mT 2n --> Te --> e + 

4
He 

117
8 + n --> 121* 

Te --> ll9g,mT e + 2n 

3He + 120Sn --·> 123* Te --> ll9g,mTe + 4n 

4 ll9Sn 123* ll9g ,mT 4n He + --> Te --> e + 

122* 
Five reactions proceed·via the compound nucleus · Te. Two reactions 

d th h th d 1 123*T d t 121* procee roug e compoun nuc eus e an wo through Te. Because 

of variation in projectile size, the different reactions produce compound nuclei. 

with similar excitation energies but which differ widely in angular momentum. 

Two methods of calculating isomer ratios were employed. The first was 

a simple method which considers only the angular momentum distribution of the 

compound nucleus. 5 'The second employed the Huizenga-Vandenbosch formalism. 
6: 
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Very little· work has been reported in which this type of calculation has been 

applied to heavy projectiles. ,. 
J 

II. EXPERIMENTAL PROCEDURE 

A y-ray scintillation counting technique was used. The detector was a 

standard 3 x 3 inch cylinder of thallium activated .sodium iodide with an inte-

grally aligned photomultiplier, coupled to a pulse height analyzer. Stacked 

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

from the range-energy data of Northcliffe,7 Hubbard,8 and Sternheimer. 9 All 

targets except those of ll5In were prepared by ele.ctroplating the particular 

enriched isotope upon a thin copper, nickel, or gold backing foil. The 115rn 

targets were prepared by evaporation of natural indium (95.8% 115rn) under 

vacuum onto aluminum. 

The determination of a~ isomer ratio usually.depends upon an accurate 

knowledge of the decay s~heme of each isomer. Any ambiguities in the decay '""-.. 

scheme result in uncertainties in the isomeric ratios. The isomer pair 119m,gTe 

offers a particular adyantage in this respect, in that it-is possible to deter-

mine the ratios without recourse to details of the decay scheme. Pure ground 

ll9g ( . . 
state Te spin l/2 and experimentally determined half life of 16.7 hr) was 

produced by bombardment of KI 
1
Wi th 240 MeV protons. Such a bombardment produces 

119r which decays exclusively to the gr.ound state isomer of tellurium-119. A 

conveniently measured y ray of pure 119gTe, thus obtained, was counted and then 

a timed separation of the ll9Sb daughter was~ performed .. By means of the daughter 

sample (of known chemical yield) it was possible to relate the chosen y-ray 

activity of the 119gTe to a meas:ured activity of the separated 119sb. The same 

~·· ' 
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type of procedure was carried out for the upper state isomer, 119mTe (spin 11/2 

and half life 4. 7 d). Pure 119mTe was obtained by alpha particle bombardment 

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

is no isomeric transition, the shorter lived ground state isomer was allowed to 

decay away and the rem~ining 119~e then chemically purified before the t.imed 

', 119 
separation of the Sb daughter. By this procedure the selected y.:..ray activity 

119 of each isomer was related to a measured activity of the same Sb daughter, 

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

of counting rates of the two chosen y rays without regard to counting efficiencies 

or details of the decay schemes. 

III. EXPERIMENTAL RESULTS 

The experimentally determined formation cross-section ratios for the 

'. 

tell uri um-119 isomers are plotted (as the solid dots and heavy lines) in 

Fig. l(a)-(i) as a function of the laboratory projectile energy and the com-

pound nucleus excitation energy. Compound nucleus excitation energies were 

. 10 
calculated from Seeger's mass tables. The limits of error include standard 

deviations of the counting rates, uncertainties in -the background subtraction, 

and the beam energy spread. 

It will be noticed that in all cases except the 7Li reaction, the 

isomer ratio continuously increases with projectile.energy. This increase in 

ratio corresponds to an increasing angular momentum of the compound nucleus 

system. For the 7Li reaction, the ratio increases with projectile energy up to 

an energy of about 40 MeV, and then falls off. This effect probably can be 

attributed to the onset of a direct interaction mechanism. From a classical 
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point of view, compound nuclei resulting from nearly head-on collisions corre-

spond to small amounts of angular momentum transfer; while collisions that 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 •rill be missing in the compound system. Such a decrease in angular 

momentum would result in a reduction of the isomer ratio. 

A number of investigations have shown that under certain conditions the 

I . 11-16 Li nucleus may be considered to consist of an alpha and a trlton cluster. 

On the basis of such a model, reactions of the type 115In( 1Li,
4

He)
118

sn may be. 

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 

competition 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 its 

decay. Accordingly, compound-nucleus' angular momentum distributions-were cal-

11 culated by the procedure suggested by Thomas. 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 the prediction of isomeric ratios is to • 
assume that there exists 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 5I, yield the low-spin isomer, whereas all compound nuclei with angular 

momentum greater than the cutoff 5I, yield the high spin isomer. 5 In accordance 

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

equation 

m 

L: 051, 
Sl,=c+l 

c L: ', d 
51,=0 5I, 

In the equation 051, is the cross section for formation of a compound nucleus 

of angular momentum 51,, c is the arbitrarily chosen cutoff 5I, and m is the 

maximum value of 5I, provided by the Thomas calculation. 17 The computation was 

carried out over the range of energies experimentally studied and for various 

values of c. For each reaction, there was thereby generated a family of 

curves of predicted isomer ratios. Fig. l(a)-(i) illustrate the results (light 

lines with designated cutoff 5I,) and compares them with the experimentally deter-

mined ratios. It is interesting to note that for all of the reactions pro

ceeding through the compound nucleus 122*Te (Fig. l(a) through (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
18 

et al. have shown that in the vicinity of the Coulomb barrier 

the Thomas 17 calculation probably underpredicts the amount of angular momentum 

of the compound sys-tem. Correction for this effect would increase the calculated 

, ratios in the vicinity of the Coulomb barrier and improve the agreement with 

experiment. Comparison of the 
4

He reactions in Fig. l(g), (b), and (i) clearly 

shows the effects of neutron emission. In the 2n, 3n, and 4n reactions the 

Q 
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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 

momentum. The same trend, although less definite is shown in the 3He reactions 

in Fig . 1 ( f) , ( a) , and ( h ) . 

Calculations were also performed using the method of Huizenga and 

. 6 
Vandenbosch. This calculation, which follows the formation and de-excitation 

of the compound nucleus in considerable detail, takes into account the intrinsic 

spins of the target and projectile, the kinetic energy of the projectile, the 

emission of neutrons, and they ray cascade. ChaTged particle emission is 

neglected, and it is assumed that all neutrons are emitted before the y-ray 

cascade begins. After each step in the de-excitation, a spin distribution is 

computed and it is assumed that the last y 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 y ray all excited nuclei of spin 5/2 or less would be assumed to pop-

ulate the +1/2 ground state, and those of spin 7/2 or greater would populate 

the -11/2 upper state. Hmrever, in the tell uri um-119 isomers it is likely 

that a +3/2 state also competes. Such a state, if populated, would feed the 

ground-state isomer. No data are presently available on the low-lying states 

117 . 
of tellurium-119, but a good analogy can be drawn from the levels of Sn, 

which contains the same number of neutrons. 19 In 117sn the +7/2 level lies 

in the vicinity of 1 MeV excitation, and a +3/2 MeV level lies between a low-

lying -11/2 state and the +l/2 ground state. If the same arrangement is 

present in tellurium-119, the +7/2 state would populate either the -11/2 

isomeric state of the +3/2 state by the same spin cha~ge. 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 transition is much faster, it is assumed that 

the division in spins determining which isomer is produced occurs at the 7/2 

level. All spins, of 7/2 or less are assumed to populate the ground-state 

isomer and those above 7/2 the upper-state isomer. The calculated isomer 

ratio is influenced rather strongly by the chosen point of division. A divi-

sion at spin 5/2 yields a ratio approximately twice as large as a division 

at spin 7/2. 

The calculation requires input values for the following parameters: 

a) the angular momentum brought into the system by the incoming projectile and 

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, a. 

The angular momentum brought into the system by the incoming projectile 

and the associated transmission coefficients were calculated using the parabolic 

approximation previously discussed. 17 The angular momentum carried off by the 

neutrons and the associated transmission coefficients are functions of the 

neutron velocities. Bishop20 has shown that reasonable results can be obtained 

by assigning to the neutrons an energy of 2t, where t is the nuclear tempera-

ture. 'rhis is one of two methods used. Calculations were also performed using 

21 
the experimental neutron energy values of Simonoff and Alexander. Transmis-

sion coefficients for the outgoing neutrons were taken from Feld et a1.
22 

In calculating nuclear temperatures it is necessary to assign a value 

to the level density parameter, ~· 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 a lying 

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 

y rays emitted. The most successful employed Strutinsky's equation29 

N (hl) = hu 
y 

where the average number of y rays emitted is N , the multipolarity of the 
y 

gamma ray is ~. ~is the level density parameter, and U is the excitation 

energy of the nucleus. Calculations were also performed assuming constant 

30 y-ray energy and using the average 1.5 MeV/y found experimentally by Mollenauer. 

At low excitation energies this is about the same energy predicted by the ~heo-

retical equation, but at high energies, it is much less, and consequently emis-
. . 12 ~·,~ 

sian 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 final neutron was less than 1 MeV. The calcula-

tion is quite sensitive to the multipolarity of the y rays emitted, especially 

if a large number is required. 

One of the most sensitive parameters in the calculation (since a value 

must be assigned for each event) is the spin cutoff or spin density parameter, a. 

A number of investigators have assumed constant values for a in calculations of 

this type, and have obtained reasonable results for values ranging from two 

. 6 31-36 
through flve. ' Such a procedure is probably quite useful at low energies 

at which the number of neutrons and y rays emitted is small. However, when 

neutron and y-ray.emission occur over a fairly wide range of nucleus energy, the 

variation of a with energy must be considered. 

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

square well potential that a = ~ t/h2 , where 
r · r 

J is the moment of inertia of 
r 

• 
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the nucleus, taken as a rigid sphere, and t is the "nuclear temperature" as 

37-40 given by the Fermi gas model. Calculations were performed using a's 

determined in this manner. Computations were also performed using a's derived 

t . . 41 . k 42 d . 43 from he palrlhg models of Lang, Erlc son, an LeCouteur. The super-
' 

conductor model was not considered since results obtained by others have not 
; 

proved significantly better than those resulting from the simpler procedures.
1

' 23 

Because of the number of parameters involved in the computation, and 

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

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

sidered 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 
118

sn(
4
He,3n) 119Te and 

, 
110

Pd(
12

c,3n) 119Te. It was hot 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 parameters obtained by assuming 

neutrons of energy 2t, ~ = 0.094 A MeV-1 , dipole y rays of multiplicity deter~ 

mined by Strutinsky's equation, 29 and a spin cutoff parameter of 0.5 a . These 
r 

same methods of param~ter 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 cutoff parameter equal to 0.5 a produced 
r 
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results that agree reasonably well with experiment. The modification of the 

. t . 44 . h k Hulzenga-Vandenbosch treatment sugges ed by Dudey and Suglhara, whlc ta e 

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 

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 y rays 

emitted, the most successful was the equation of Strutinsky. 29 The assignment 

of a constant y-ray energy of 1.5 MeV was not successful. Kiefer
1 

found the 

constant-energy Y-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 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 procedures and results are presented 

in much greater detail in Ref. 45. 
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FIGURE CAPTION 

Fig. l. Isomer ratios as a function of the excitation energy of the compound 

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 t indicated. The dashed curves give 

the results of the Vandenbosch-Huizenga calculations. 11 cb 11 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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