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ABSTRA:C'I' · 

The effect of angular momentum on compound nucleus reactions was 

investigated by measuring the.forrnation cross-section ratios of a pair 

of isomers produced through compound nuclei:-xn reactions. 
' ' 

Five different projectiles were used to produce the ,compolind 
122* nucleus Te , which yielded.the. isomers of tellurium-ll9 through a 

3 t . Th · t'l .. d · · from He3 t·o o18 . n reac lOn. e proJeC l es ~ange . ln slze 

The same isomers were also produced through 2n and 4n reactions 
3 4 by bombardment of the appropriate tin isotopes with He and He . 

A method involving separation of the antimony daughter was devised 

for determining the isomer r·atios. This method was completely independent 

of any decay scheme. 

The e:lq)erimentally determined ratios (upper-state to lower-state 
' 

isomer) varied from a low of about 0. 75 to a high of about 25. The ex-

pected increase of ratio with energy and projectile size was verified. 

An apparent direct interaction of Li7 projectileswas observed. 

Excitation functions were.obtained for the reactions proceeding 
,• 122* 

through the Te compound nucleus. The e:xp.ected shift in peak position 

with projectile size was clearly demonstrated. 

Compound-nucleus calculations were performed by assuming a rounded 

nuclear potential approximated by a parabola (Bunthorne.). Good agreement 

was obta.ined between e:lq)erimentally determined isomer JJatios and predictions 

based upon the calculated average angular momentum of the compound nucleus. 

( 
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Reasonable estimates of the isomer ratios were obtained by assuming 

that all compound nuclei with a spin greater than 8 populate the high

spin isomer, while those with a spin of 8 or less yield ·the. low-spin 

isomer. 

Calculations of the Vandenbosch-Huizenga type were performed for 

the various reactions. Different combinations of input parameters were 

investigated and the best results were obtained by assuming a spin cut

off parameter of 0.5 a . 'd and equal energy, dipole gamma rays of multi-
rlgl • 

plicity defined by 

= ( ..JaE·o, ;2 
- c 

where a A/8 MeV-l and Ec is the nuclear excitation. arigid repre.sents 

the sp:Ln-cutoff parameter calculated by assuming. that the nucleus has a 

moment of inertia equivalent to that of a rigid sphere. 
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I. INTRODUCTION-;--

This work explores the effects of angular momentum on the com

pound nucleus reaction mechanism. Five different projectiles, ranging 
.. . 3 . 18 122* 

in size from He to 0 , were used to produce the compound nucleus Te . 

. The e~fects of angular momentum were studied by measurement of the form

ation cross-section ratios of the isomers of tellurium-119, produced by 

emission of three neutrons from the compound nucleus. All the reactions 

were studied over a wide range of projectile energies, corresponding to a 

broad spectrum of angular momentum. 

Two other compound nuclei, .lead;ing to the same.isomer pair by a 

2n and a 3n reaction, were also studied. They were produced by bombard

ment of the appropriate tin isotopes with He3 and He4. 

A. Compound-Nucleus Theory 

One of the most successful theories for the explanation of many 

nuclear reactions was conceived by Niels Bohr. 1 ' 2 This concept is 

commonly known as the compound-nucleus theory. The theory states that 

when a projectile A interacts with a target nucleus B to yield the products 

C and D, the reaction is in reality not a direct one, but proceeds through 

* an intermediate state E , 

A+B---> 

* 

* E ~C +D 

The nucleus E , being made up of both the projectile and target nuclei, 

is known as a compound nucleus. The compound nucleus thus formed lives 

for a long time and de-excites independently of the mode of formation .. 

Essential to this theory is the idea that a projectile upon entering a 

nucleus becomes subject to strong internal force.s. The direction of 

motion of the projectile is drastically altered and its. energy dissipated 

throughout the nucleus. The identity of the original projectile becomes 

lost. Other properties such as momentum, angular momentum, and parity must 

be conserved. Sooner or later, according to a statistical probability, 

' 
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a nucleon (or a small group of nucleons) may find itself at the nuclear 

surface with enough energy to escape the strong nuclear binding forces. 

The theory implies that breakup of the compound nucleus is completely 

independent of the process by which it was formed. Thus compound nuclei 

* * E and E 1 
, produced by two different reaction mechanisms, are in- ~ 

distinguishable (assuming that they are of the same Z and A, that they 

are at the same level of excitation, and that their angular momentum and 

parity are equivalent). 

The validity of the theory was impressively demonst~ated by 
3 64* Ghoshal when he prepared the compound nucleus Zn by two different 

paths--the first by bombardment of Ni60 with He4 and the second by 

bombardment of cu63.with protons. He found that the cross-sections for 

the various reaction products were independent of the mode of formation. 

The }'JOrk presented here deals with compound nuclei produced by 

a number of different reactions. The.nuclei are considered to be identical 

except for the angular momentum they possess. 

B. Isomers 

Normally, gamma decay of an excited nucleus from one state to 

another is a very rapid occurrence (< 10-l3 second). It is normally 

in virtual coincidence with whatever process led to the excitation, say 

a beta decay. Occasionally, however, the gamma process is slow enough 

to be measured experimentally. When this occurs the two states are said 

to be isomers, and the transition from one state to the other an isomeric 

transition. The definition is really rather arbitrary, since a compilation 

of nuclear data by Strominger, Hollander, and Sea borg 
l.~ 

conttains mean lives 

of isomers ranging from 4 years to l0-10 second. 

These isomeric pairs normally owe their existence to large 

differences in spin and small differences in energy between the states 

involved. In the Mayer shell model5 these conditions are usually met for·' 

odd A nuclei near the ends of the various shells. The large difference 

in spin between the· states requires that the multipolarity: of a 'Y ray 
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for the transition be high. Blatt and Weisskopf provide formulae for

calculating the decay constants for gamma emission. 6 The isom~rs studied 

in this work are those of tellurium-119. The meta isomer has a spin of 

-11/2 and the ground state isomer a spin of + 1/2. With a predicted 

energy separation of 300tp 320 keV between the isomer levels, and assuming 

an E-5 transition, the Blatt and Weisskopf formulae indicate the transition 

from the upper to the lower state should have a half life of approximately 

~8-0"Jyears. In fact,- the transition is not- observed, and it must be conP. 

eluded that it cannot successfully compete with the faster beta decay 

(4.7 days). 

C. Angular Momentum Effects in Compound~Nucleus Reactions 

- ' 

t . t• t• 7-12 h d lt 'th th ff t f Many recen lnves lga lOns ave ea Wl e e ec s o 

angular momentum upon both neutron and 'Y ~ray emission from an excited 

nucleus. 

From the classical point of view, one may consider that the entire 

nucleus is put into rotation upon the impact of a projectile. It is 

therefore assumed that the excitation energy provided by the kinetic 

energy of the particle and the Q of the reaction is divide_d between that 

tied up in rotation and that of thermal excitation. --The energy available 

for particle emission is therefore the total excitation of the nucleus 

minus the'energy associated with the rotation.
13 

It is generally valid to assume that if a compound nucleus contains 

an excitation energy greater than the binding energy of one of its neutrons, 

a neutron will be emitted. Above the emission threshold for neutrons, the 
. ~ 

probability forde"7excitation by 'Y -ray emission is normally negligible. 

Mollenauer, however, has shown that the above assumptions may not be 

entirely correct for a nucleus containing large amounts of angular momen-
7 tum. This is particularly true of reactions involving heavy ions, in 

which the angular momentum carried in may reach very high va:lues. 

Mollenauer studied several carbon ion reactions and found that the total 

energy appearing as 'Y rays was greater than the neutron binding energy. 7 
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He was therefore forced to conclude that in reactions involving large 

amounts of angular momentum,~ -ray emission may-be able to successfully 

compete with particle emission. 

Increased ~ -ray emission in systems containing high angular 

momentum may be explained on the following basis: since the binding 

energy of a neutron is normally much greater tnan the kinetic energy it 

removes, the effect of neutron emission is to considerably cool the com

pound nuclceus but carry away very little angular momentum. With a de

crease in excitation energy, the number of available high spin states· in 

the residual nucleus should diminish rapidly. It therefpre becomes difficult 

to populate these states by further emission of neutrons. The process is 

retarded to the extent that photon emission begins to compete. This is 

possible because the ~ rays are not required to carry away as much ex..: 

citation as a particle (they need not carry away a binding energy), and 

they may therefore lead to final states of higher energy and a consequent 

higher density of states. 

Pik-Pichak has shown that the result of. a neutron cascade, from 

a compound nucleus containing large amounts of angular momentum, is to 

leave the nucleus ."YJitb insufficient internal excitation to evaporate another 
- 14 

neutron, but with some excitation still tied up as rotational energy. 

The net result is the shift of excitation functions toward higher energies. 

If the decay of a compound nucleus leads to a pair of isomers, 

the effect of angular momentum is exhibited in another manner. It is 

normally expected, at least :q_uali tatively, that the high spin states of 

the compound nucleus will de-cay to the high-spin isomer, while the low 

spin states decay to the low-spin isomer. This idea is more or less 

verified in thermal neutron reactions. A thermal neutron is considered 

to carry in no angular momentum other than its intrinsic spin. The com

pound nucleus may, however, be rather highly excited owing to the neutron 

binding energy. -When the resulting compound nucleus has a spin of l/2 

and decays to isomers of spin 1/2 or 3/2 and spin -9/2 or 11/2, respectively, 

the ratio of formation cross sections of low-spin isomer to high-spin 

isomer is often of the order of 10 to l. 
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Another effect that is commonly observed is the shifting of the 

high-spin isomer excitation function toward higher energies with· respect 
. 15,16 . . 

to the low-spin isomer. The more angular momentum carried in by 

the projectile, the more pronounced is the effect. 

In a compound-nucleus mechanism, in order for angular momentum to 

be conserved,- it is necessary that the projectile~give to.the system 

all the angular momentum it possesses. Since the angular momentum in

creases with the par.ticle velocity, the ratio of produGtion of a high

spin isomer to a low-spin isomer should increase with particle energy. 

Th . ff t h b b db 1 b f . t" t 10,15,16,18-22 
~s e ec as een o serve y a arge num er o ~nves ~ga ors. 

The same effect has likewise been observed quite dramatically in this in

vestigation. On occasion the ratio is observed to decrease instead o~ in

crease. However, this is normally attributed to a direct interaction and 

the compound..;nucleus theory is ruled out. A recent compilation of isomer 

ratio data shows numerous examples of each type. 23 

D. Isomers of Tellurium-119 

Shortly before the commencement of this work, the total information 

available on the isomers of tellurium-119 was summarized in such sources as 

the General Electric Chart of Nuclides24 and The Nuclear Data Sheets.
2

5 

No information was available on the decay systematics, and even the half 

lives were not accurately known. 

Tellurium-119 was first identified in 1943 by Lindner and Perlman. 
26 

':OJ_e isoj;ope was discovered during spallation studies of 200-MeV deuterons 

on antimony. It was first detected through the presence of its daughter 

sb
119. Only the 4.7-d~y isorrier. of tellurium-119 was detected. This is 

understandable, since all counting was of ~ particles and the 16-h isomer 

oftellurium-119 shows practically no direct particulate radiation and 

the one prominent -y ray is only. weakly converted. Goeckermann and 

Perlman also detected the same isomer 1n -fission ~tudies 'of bismuth. 27 

Again no evidence was obtained to suggest that another isomer existed. 
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~ . . .. 28 
The 16-h. isomer of J; fllurium-119 was first reported by Dropesky 

and Fink. 29,30 Their work,.reported in 1953, consisted of the bombard

ment of iodine and cesium respectively with high-energy protons. They 

were able to identify the two is'omers and characterize them to a certain 

extent by means of scintillation counting. They also made the interesting 

observation that if, immediately following the irradiation, the tellUTium 

was separated from the other reaction pr<;>ducts, the yield of the. 16-h 

isomer wasvery low. If, however, the reaction products were allowed to. 

stand for several hours before the tellurium was removed, the 16-,h isomer 

was recov-ered in good yiield. They therefore concluded quite correctly 

that the 16-h tellurium was growing in from an iodine parent. Other 

work was also accomplished which seemed to indicate that the isomers were 

independently decaying to an antimOny daughter. They proposed that the 

4.7-d isomer was the upper state or meta·:lsomer, and that the 16-h isomer 

was the ground state isomer. 

About the time the investigation reported here was begun there 

appeared in rather close.sequence four papers, all devoted to the character-

. t . f th . f t ·11 . . . . 119 31-34 I l th f. d . f 1za 10n o e 1somers o e ur1um-. . · n genera . e 1n 1ngs o 

the four groups are quite harmonious.. Another group (Russian) has also 

done work in the region, but not as extensively.35,36 There are a few 

discrepancies, but they are of minor d.mportance so far as this investi..

gation is concerned. Kocher et al. produced the tellurium by bombarding 

tin with He 4 , 31 Finkf~'- and Gupta33 by proton bombardments of antimony. 

Sorokin et al. 34 (Russian) duplicated. the original work of Dropesky, 
28 

producing the isomers by high-energy proton bombardments of. iodine, The. 

upper-state isomer was determined unequivocally to be the 4.7-day isomer. 

It:will h€nceforth in this paper be designated Te119m, and the ground-state 

isomer Te
11

9. Whenrefering t.o the two isomers in combination or when not 

refering to a particular isomer,. the designat'ion tellUTium-119 will be 

used. Fink et al. measUTed the spins of the two isomers and determined 

them to be -- 11/2 and + 1/2 for the meta and ground states respective:ly.32 

The half-life determinations were all in reasonable agreement. Te
119m 

was assigned values ranging from 4.5 to 5 days. Te119 was assigned a 

value of 15.9 ± 0.3 h by the Fink .[group32 and a value of about·l2 h by 
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the two Russian groups,34 ,35 and merely listed as approximately 16 h by 

the other workers. This investigation has determined and uses a slightly 

higher value (16 .7 h) .. Table I contains a summary of the gamma energies 

and their relative abundances as reported by the Fink group .32 The 
~\,::. 

results obtained by the other investigators are in reasonably gobd agree-

ment with these values. 

Although the above cited papers are in good agreement with respect 

to thevarious radiations ahd their energies, the principle purpose of 

. each investigation, except for the last cited, was to construct a decay 

scheme for the isomers. Unfortunately in this respect there is con

sierable discrepancy. The decay schemes proposed by the four groups are 

shown in Figs. 1 through 4. 

In most isomer ratio determinations it is essential to know with 

all possible exactness the decay scheme of the isomers being considered. 

Fortunately, in this investigat:lon it was possible to make use of another 

methodwhich is independ.ent of the mechanism of the decay. If this were 

not so) there would be uncertainties in the ratios based upon the dis

crepancies of the decay schemes. In order to calculate absolute cross 

sections i-t1 is essential to known accurately the decay systematics of 

one of the isomers even if the cross-section ratios are ~own. The re

sults given for the. lower i·somer are quite consistent,. and reasonable 

calculations can probably be made from them. It is also necessary to 

know. the conversion coefficient for the particular. -y ray being counted. 

This has been determined by the Kocher group .31 For the 645-keV -y ray 

of Te119 the conversion coefficient was foundto be 9' X 10-3,± 10%. 

At the time of this writing another paper had just appeared 

which alters to a certain extent the. conclusions of the earlier invest

gations.37 The primary difference is due to the discovery of a new·720 

keV gamma ray.belonging to thel6h.isomer ... The new results do not alter 

the conclusions reached in this investigation, since no recourse to.decay 

systematics is necessary. The decay scheme proposed is shown in Fig. 5· 
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Table I. Summary of energies and-relative intensities of ~-rays from 
Te119m and Te~19.)2 

Energy 
(keV) 

153·7 ± 1.0 

165·5 ± 1.0 

270.0 ± 2.0 

,_, 4oo 

918 ± .15 

955 ± 15 

1000 ± 20 

1130 ± 15 

1214 ± 10 

1763 ± 20 

2092 ± 15 

648 ± 5 

1763 ± 20 

Te119m (4.7 d) 
; ~ .. 

Te119 (16 h) 

Relative gamma intensity 
(uncorrected for conversion) 

'440 ± 150 

"-' 30 

150 ± 50 

weak 

~< 100 

"-' 100 

< 100 

"-' 50 

320 ± 50 

1-3, 

25 ± 5 

97 

3 

.... 
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MTJ-31177 

Fig. 1. Tentative decay scheme for tellurium-119 as proposed 
by Kocher et al. The relative intensities of the r rays 
for Te119m are given in parenthesis with the intensity of 
the 1.22-MeV y ray taken as 100. The fraction of the 
disintegration is given in square brackets. (Reproduced 
from reference 31.) 
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Fig. 2. Tentative decay scheme for te11urium-119 as proposed 
by Fink et al. (Reproduced from reference 32.) 



-11-

• 1112 --,:-:-::-:-:-:-;-"'r---------,--~ 
11/.2.: 116~ 0 

• + 
1/2 or 312 

- ____ !_ __ _ 

I 
I 

920(-51 
I 

: 1000(- ~~ 
·-+---t----"--1--- --

1 I 
1 1000(-51 
I 
I 
I 

2100 (6 I 

_II;{ -'-,---L,---f----L-t--"1370 

an•-'-r---+-..J....,--'--t--1220 

1100(131 

1220(941 

11/2 
119m 

Te l4.5dl 

~2·-~--t---t---t--------t--.-' 

7!2' --+---'----'-----'-,.-- 270 645(1001 

270 ( 331 

5/2•---'---------'--·-----....L.-'--o 
119 

Sb 

MU-31178 

Fig. 3· Tentative decay scheme for te11uriwm-119 as proposed 
by Gupta et at. The numbers in parenthesis represent 
Y-ray intensities. (Reproduced from reference 33.) 
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Fig. 4. Tentative decay scheme for tellurium-119 as proposed 
by Sorokin et al. Relative r-ray intensities are·given 
in parenthesis. (Reproduced from reference 34.) 
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Fig. 5. Decay scheme for the tellurium-119 isomers as 
proposed by Kantele and Fink. The numbers in paren
thesis indicate the relative transition intensities, 
corrected 'for conversion.· Note the inclusion of a 
702-keV .y,ray for the 16-h· isomer. (Reproduced from 
reference 37.) 
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E. This Investigation 

The investigation presented here can be rather conveniently 

broken down into three separate experimental and two theoretical parts. 

The first experimental section involves some preliminary experi

ments designed to characterize the isomers and to determine the feasi

bility of producing them by means of both light and heavy ions. Half 

lives were determined and several experiments performed to verify the mass 

assignment of the 16 -h isomer. . No attempt was made to determine any sort 

of decay scheme, sihce it was·unnecessaryfor the investigation being 

considered. 

'l'he second experimental section. involves the method by which the 

isomer ratio was determined. Three fortuitous circumstances allow the 

determination of the isomer ratios without recourse to a decay scheme. 

They are as follows: First, it is possible to produce each isomer in 

such a way that it is not contaminated with the other. Second, there is 

no internal transition between the two states; and third, the product re

sulting from the decay of the two isomers is radioactive and.has a con

venient half life. Based upon the foregoing circumstances, an experi

mental method for determining the isomer ratios was developed. This 

method is treated in detail in Section III. 

, The third experimental section involves the actual measurements 

of Tell9m - Te119 formation cross section ratios. In all, 70 irradiations 

were carried out and 75- experiments performed. Of. this, a total of 

about 35 actually yielded isomer cross-section ratios. The other experi

ments all fall under the first two classifications. In numerous experi

ments performed by various grot;Lps a pair of isomers is produced by a 

number of different reactions.10,15,17-,38 So far as has been determined, 

however, none of these invest~gations has produced a given compound 

nucleus, leading to the isomers., in more than two ways. For example, 

the same compound nucleus has been produced in a number of investigations 

by bombardment of an isotope of mass A by protons, and by bombardment 

of an isotope of the same Z but of mass A-1 by deuterons. Most of the 
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experiments involve the preparation of various compound nuclei, all. 

leading to the same.l3et of isomers.· In this investigation the compound 
122* . 3 nucleus Te . was produced by five different paths, namely: He . on 

S 119 H 4 S 118 L" 7 I 115 Cl2 110 .18 104 n , e on n , · J. on n. , on .Pd , and 0 on Ru . The 
~~ ~y 3 compound nuclei Te and Te have also been produced by He and 

4 
He bombardment of the appropriate isotopes of tin.· . All these reactions 

have been carried out over. a widE;; range of energies, and the effects of 

angular momentum. on the formation cross-section ratio of Te
119m to Te119 

are vividly seen, 

The first theoretical section involves some compound-nucleus 

calculations performed on an IBM 650 computer, These calculations are 

based on a diffuse nuclear potential of expotential form, which is 

approximated at the top by an inverted parabolic (Bunthorne)~9) 40The pro

gram also y.:ields transmission coefficients for penetration of the potential 

barrier for the various particles used in the investigation. Some qualita

tive predictions are made as. to what one might expect to see in the isomer 
) 

ratios. 

The second theoretical section is more complicated and attempts to 

make more quantitative predictions of the isomer ratios. The calculations 

are perf"Or:med with a program written by Robert Vandenbosh, John R. . ' . 4 
Huizenga, and w .. L. Hafner at Argonne National Laboratory, 

1 
An. IBM 

7094 computer is employed. The calculation makes use of the level-

d 't' t' 42,43 ensJ. y equa J.on 

. where p .. is the relative level density of levels with spins J, is 

the density of levels with J = Z'ero,, and cr is a nuclear spin density 

parameter. The calculated cross-section ratios for isomer production 

are very sensitive to the parameter cr , and~-to a somewhat smaller ex

tent--on the number and .mult:i:eol'ax:i,t.y of the gammas involved in the 

'Y -ray cascade. The parameter· cr is known to increase with excitation 

energy, and attempts are made in this work to define its values. 
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II. PRELIMINARY EXPERIMENTS AND CHARACTERIZATION OF: 
TELLURIUM-119 ISOMERS 

A. Counting Techniques 

The same counting techniques were employed in all parts of the 

work; the following discussion applies throughout. 

All counting was of · 'Y rays, and consequently a scintillation 

counting technique was employed. The detector was a standard 3 x 3-inch 

cylinder of thallium-activated sodium iodide. The crystal and a number 

6363 Dumont photomultiplier tube as an integrally aligned unit were 

obtained from Harshaw Chemical Company. 44 The resolution of the assembly, 

as determined by measuring the width at half ~ximum of the Csl37 photo

peak, was approximately 8.2ojo. 

·The pulse from the detector was amplified in a DD2 amplifier and 

fed into a multichannel analyzer. During the period of the investigation 

two different instruments were used. In the early experiments a PENCO 

model PA-4 100-charmel analyzer was employed. 45 For the bulk ·of the 

work, however, a RIDL model 34-12 transistorized·400-channel analyzer 
46 was used. In conjunction with the RIDL instrument, which had a type-

writer printout, it was also possible to use a Moseley Autograph model 

2D-2 X!-Y recorder. 47 This recorder saved countless hours that would have 

been required to hand plot the hundreds of spectra recorded. The re

corder did lack somewhat in accuracy, and in critical areas checks were 

always made against the typewriter printout. 

The detector shield was constructed with 2-in . .,. thick lead walls 

and had inside. dimensions of 24 inches in each direction. The shield 

was lined internally with 30-mil cadmium, 5-mil copper, and plastic. 

sheet. One of the problems inherent in any detector shield is the pro

duction of. x-rays, through the photoelectric effect, by the shield itself. 

The cross section for this type of reaction is often quite high, es

pecially in materials of high Z such as lead. Spurious radiation -of this 

type. may often be reduced by lining the lead with materials of. pro-

'gressively smaller Z values. The particular materials are chosen for 
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high absorption of the fluorescent radiation from the preceding layer. 

Thi_s ·is the reason for lining the lead shield with the cadmium and cop

per. Heath provides plots showing the effect of just such an arrange-
48 ment. · 

The samples were counted quite close to the crystal face. Most 

counting was done within 1/2 inch. of the aluminum can containing the 

phosphor. Normally such closeness to the crystal is not desirable, since 

it induces large Compton scattering peaks and occasionally leads to size

able summation peaks. These effects, however, .. are unimportant for this 

investigation, and the increased counting rates obtained by being near 

the crystal were. felt to outweigh the undesirable side effects. The most 

important consideration for this study was consistency. Once it had been 

decided to count with the samples near the detector it was necessary to 

use the same geometry throughout the investigation. 

The crystal itself- was located as near the center of the cubical 

shield as possible. It was supported on a plastic sample holder of such 

a design. that samples could be inserted- at varying distances from the 

detector. The detector and sample holder are depicted in Fig. 6. 
So far as the actual counting techniques are concerned these have 

been elaborated upon in great detail by many authors. 48 ~5l Since no 

unusual techniques are employed in this work, no description is needed 

here. The reader desiring a detailed discussion of 'Y -ray counting 

techniques is referred to the above comprehensive sources. 

B. High-Energy Proton Bombardments of Iodine-127 

1. General Purpose 

The first experiments were devoted almost entirely to a study of 

the l6-h.isomer of tellurium-119. Much of the available information 

concerning this particular isomer was rather vague and inconclusive. ·For 

example, although the mass assignment was reasonably certain, the crucial 

experiment had not been performed in which the 16-h tellurium activity 

is periodically separated from its daughter, and the y~elds of Sbll9 are 
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Photomultiplier 
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MU-31198 

· Fig. 6. Gamma-ray detector assembly. 
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proved to fall off with the same 16-h-half life. Also the half lives for 

the isomer as recorded in the literature range from 12 to approximately 

16 h. Dropesky28 and Fink29 indicated, that the decay of I 119.led directly 

to the 16-h ground-state isomer with no branch to the 4.7~d upper state. 

Since this was a necessary condition for determining the isomer ratios by 

the particular method used in this work, it was necessary to check this 

assertion. Most of the experiments were essentially a duplication of those 

of Dropesky. 28 Potassium iodide was bombarded in the Berkeley 184-inch 

synchrocyclotronwith 240-MeV.protons and the resulting activities were 

used for the investigation. 

2. Target Assembly 

The target assembly used in conjunction with the 184-inch synchro

cyclotron is shown in Fig. 7. It consists of a copperplate with a screw 

tightening clamp. The foil to be irradiated is clamped to the plate so 

that it extends a half inch or more. beyond the holqer. The assembly is 

then inserted into the accelerator so that the foil comes into contact 

with the beam. 

The material bombarded in these experiments was crystalline 

potassium iodide. The crystals were approximately l/16 in. in diameter. 

A container for the crystals was made by rolling a 1.5 X 3-in. piece 

of aluminum foil around a f>d:ece of glass tubing to form a tube approxi

mately 1.5 in. long and 3/16 in. in diameter .. Not all the strip of 

aluminum was formed into the tube, but an endapproximately 1 inch long 

was left unrolled; this served as a tab by whibh the target was clamped 

to the holder. One end of the aluminum tube was sealed off by crimping 

and rolling up from the bottom. The tube was. then filled with 200 to 

500 mg of potassium iodide and the other end sealed in a like manner. 

The arrangement seemed to work well, and in no case was any of. the salt 

observed to be lost .. Upon return of the target from an irradiation, the 

tope of the tube was simply snipped off with scissors and the contents of 

the tube poured out. 
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Fig. 7· Synchrocyclotron clothespin target assembly used 
for high-energy proton bombardments. 
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3· Chemical Procedures 

The chemical procedures employed were essentially a combination 

of those used by many other·investigators.52 -54 A recent review of the 

radiochemistry of tellurium by Leddicotte lists more than a hundred 

references dealing with the separation and purification of the element.55 

The flow sheet shown in Fig, 8 outlines the chemical procedure followed 

for most of the high-energy irradiations of potassium iodide. Certain 

modifications of the purification scheme were necessary for the different 

target materials used in the investigation. These modifications are 

discussed in the appropriate sections. 

In these experiments, irradiations were usually for 10 to 20 

minutes. Longer bombardments would. be of little value, since the half 

life of the r11
9 that leads to the desired product is approximately 20 

min. It was usually possible to obtain the target and begin the chemistry 

withinl5 min after. removal from-the accelerator. The procedure used 

was as: follows: The foil tube containing the target material was snipped 

from the target holder and the end of the tube cut away. The salt was 

dumped and washed into a separation vessel, approximately 6 in long and . 

1.5 in. in diameter, containing a stopcock at the bottom. The vessel was 

then clamped in position under a stirring motor which stirred the solution 

continuously. By oxidation of the iodide to iodine with NaN0
2 

and HN0
3 

the directly formed tellurium tin, antimony and other pr,oducts were 

separated by extraction of the iodine into toluene. All but the iodine 

remained in the water layer, which was withdrawn by means of the stopcock 

at the bottom of the tube. Toluene was used in these extractions because 

it is less dense than water and the water layer could be easily drained 

out through the stopcock. The toluene layer was washed several times 

with water containing NaN0
2 

and HN0
3 

, and the washes were discarded or 

added to the directly formed products previously removed. After careful 
. \ 

purification, the iodine was allowed to.decay out to yield the desired 
. . .. 119 118 117 tellurium activity. The pr~nclpal products were Te , Te , and Te e 

.After approximately l-l/2 hours the iodine was washed once more with 

water containing tellurium carrier and the tellurium activity that had 
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10 mg Te 
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6M HN0
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Black precipitate 
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and mount for 
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Toluene fraction 
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~ 
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or 

SnC12 

Supernate 
(discard) 

Fig. 8. -Flow ;sheet for chemical procedures used'·in';high-energy·.proton 
bombardments. :; ,,. 
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grown in was thereby removed. To the solution containing the tellurium 

activities HCl was added until the acidity .was approximately 3!':!: 

Tellurium was then precipitated as the metal by addition of ~ither 

·SnCl2 or H2so
3 

and hydrazine dihydrochloride. The resulting finely 

divided metal precipitate was washed with ethanol andmounted by suction 

filtration on 7/8-in.-diameter filter papers. Normally the irradiations 

produced enough activity that six to eight samples, pll with counting 

rates in.the tens of thousands of counts per minute, could be obtained. 

The sampleswere dried atl05°C for 10 minutes andthenmounted on 

2.5. X 3·5-in. aluminum plates for counting. The samples were normally 

attached to the aluminum plates by covering with Scotch tape. Oc

casionally double-sided masking tape and rubber hydrochloride were used. 

In many experiments, particularly those of section III, it was 

necessary to quantitatively remove the antimony that grew into the 

tellurium samples.. These timed separations were accomplished according 

to the flow sheet shown 6n Figc. 9. The tellurium sample, on the filter 

paper, was cut from the aluminum plate and dropped into a 40-ml Pyrex 

centrifuge cone .. To the sample ~as added a known amount of antimony 

carrier ... The paper and Scotch tape were dissolved with concentrated 

sulfuric and nitric acids. When the dissolution was complete, the 

·solution was boiled until only 1 to 3 ml of clear liquid remained. To 

the-liquid was auded approximately 10 mg tellurium carrier and enough 

HGl to make the solution about 3 ~· .A couple of ml of a B1ilturated 

SnC12 solution was.added to precipitate the tellurium. Additional 

tellurium carrier ~as added and the solution saturated with H2s. In 

a 3 ~i RCa solution t~e tellurium precipitates rapidly as the sulfide 

butthe'antimony, andthe tin add~d in the reduction, remain in solution. 

This precipi tatioh,,was often carried out twice. The precipitation seemed '·, 
to be very complete, and normally no trace of tellurium would be detected 

in the subsequent steps. The solution was next filtered to remove all 

traces of tellurium sulfide and water was added until the antimony just 

began to precipitate as the bright orange sulfide.. It was essential to 

not add too much water or the large amounts of tin used in the reduction 
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Fig. 9· Flow sheet for chemical procedure used in timed separations 
of Sb119 from tellurium-119 parents. 
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step also predpi tated. The solution was again saturated with H2S ahd 

the antimony' sulfide removed by centrifuging. The· sulfide. was then dis

solved in 6~ HCl and boiled to ·expel the ·H
2
s. The solut:Lon was diluted 

to about 10 ml and several ml of fresh CrCl2 added. The antimony immediately 

was reduced to the free metal and precipitated as a black solid. It was 

washed-with water and ethanol and mounted on a weighed filter disk. The 

samples were dried at 105°C and weighed to determine the yields, which 

were normally of the order of 40 to 60%. They were mounted in the same 

way as the tellurium. 

_It was easy to determine wfiether the above procedure had produced 

l 1 t The Sbll9 has no d th f th 1 k f c ean samp es or no . ~ rays an ere ore e ac . o 

an~ gamma spectrum indicated that no tellurium was present .. The samples 

were counted by observation of a 30.5-keV x ray. 

C .. M?ss Assignment. Experiments 

The work of Fink et a1.!
2 

involved separation of the various 

isotopes on a mass spectrograph, and it was therefore definitely proved 

that the mass assigninent of Te119 (16 h) is correct. However, at the 

beginning of.this investigation their resl:l-lts had not been published and 

therefore several experiments were performed to confirm the rhass assign

ment. 

Pure Te119 was obtainedby the method outlined previously. Any 

antimony that may have beeri present was removed by sulfide precipitation 

·of the tellurium from an acid solution. Thereafter-at 4-h intervals the 

antimony daughter that had grown in was chemically separated. The material 

obtained decayed with a 39-h half- life and was determined to be Sb 
119

. 

The amount of antimony activity recovered at each timed separation fell 

off in such a way that the parent was estimated to have a half life- of 

approximat'ely 16 h. The mass assignment on· this evidence was assumed to 

be correct. 

A second separation experiment was also performed in an attempt to 

determine the half life of the parent of Te119. Periodic tellurium 

separations, at 10-min intervals, were performed on the purified iodine 
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activity resulting from a high;...energy proton bombardment of potassium 

i.odide. The separation was very simply accomplished by means of an ex

traction procedure, as described previously. The iodine.parent was es-
' 

timated to have a half life of 15 to ~0 min, in good agreement with that 

of I 119 (17 min). 

D. Other Reactions 

4 
1. He Ion Reactions 

As stated previously, one of the purposes of the early experiments 

was to determine the feasibility of preparing the isomers by reactions 

that resulted in the carrying of .different amounts of angular momentum 

into the compound nucleus, but yielded the same amount of excitation energy. 

Or, in other words, could a compound nucleus that would yield the isomers 

of tellurium:..119 be made by both heavy and light ions?. 

With the above purpose in mind, enriched isotopes of tin were 

employed in He4 ion bombardments. It was found that the isomers could be 

made quite conveniently from various tin isotopes by varying. the. energy 

o.f the He 
4 

ions .. · The particular isotope of interest for this investh 

gation is sn118 . It was found to give good yields of both isomers with 

He
4 

ions varying in energy from about 28 MeV up to 48 MeV, the maximum 

available at the 60-inch cyclotron. For actual isomer-ratio determinations 

it is necessary to use the separated isotope, for it is essential to 

obtain the correct compound nucleus. The isotopic enrichment of the 

material used is given in section IV, where the ratio determinations are 

discussed. 

For the above bombardments, the targets were prepared as follows: 

The separated tin isotope was obtained as the oxide and it was used in 

the irradiations' without modification. A small amount of the oxide 
/ 

(2 to 4 mg) was placed on a l-in< .. platinum disk and one drop of a solutj_on 

of Duco cement dissolved in acetone was added. Upon drying, the powder 

was bound tightly to the disk by a thin, almost invisible film of the 

cement. The disk was then covered with a thin aluminum foil and mounted 
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on a mic~oblock target assembl;y. The target assembly has been described 

elsewhere17 and is not discussed here, since it was used in a relatively 

few number of experiments. After irradiation, the disk containing the 

target material was "flamed" to burn off the cement .. The tin oxide was 

then scxarped into a 40-ml f?yrex centrifuge cone. It was necessary.to 

perform a sodium fusion on the oxide in order to get it into solution. 

After. the fusion had. been accomplished and the tin put into solution,. 

tellurium carrier was added and the purification carried out as discussed 

before. 

2. Carbon.;.l2 Ion Reactions 
4 

The compound nucleus prepared in the He ion bombardments of 
118 122* 12 

Sn was'l'e . To prepare the same compound nucleus with a C ion 
110 . 

it is necessary to use Pd as the target material. Although with tin 

it was necessary to use a separated isotope, from the standpoint of 

determining -the isomer ratios, this is not necessary for palladium. Pd110 

. is the heaviest of the naturally occurring palladium isotopes- and Pd 108 

is the next heaviest. Any reaction that would yield the isomers of Te
11

9 

when Pd110 is the starting material would be expected with Pd108 as the 

starting material to yield 'l'e
117 or possibly 'l'e118 . The lighter palladium 

isotopes would yield still lighter telluriums. In any case, none of the 

lighter telluriGm ~ctivities.interfere with the experiment. 'l'e118 has a 

relatively long life (6 days), but is invariably present in all the ex

periments at the higher energies through a 4n reaction. Its presence, 

although undesirable, does not seriously interfere with the isomer ratio 

determination. The lighter telluriUll'ls are short-lived and decay away 

early. 

With the above in mind, irradiations were carried out on both 

natural palladiUm which is 11.8% Pd110 and isotopically enriched- palladium. 56 
It was found that the products from the lighter palladium isotopes did not 

interfere with the ratio determination, but that the tellurium-119 activity 

obtained with natural palladium was lower than tm t required for good 

t . t t. t . Th f . t·. . 11 . h d PdllO d coun 1ng s a lS 1cs. · ere ore lSO op1ca y enr1c e was use 

throughout the work. The enrichments used are tabulated in Section IV. 
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. . . . 

The mass-110 enriched ·palladium wa~ obtained as· the metal in 

granular forin. It was attached to' platinum disks in the same rnB.nner as 

the tin oxide. Irradiation was in the Berkeley heavy-ion linear accel

erator. (The target assembly used at the Hilac.is discussed in Section 
. ' 

IV.) Upon completon of art irradiation, the cement was burned away, as 

before, and the palladium dissolved from the platinum disk with a few drops 

of nitric acid. 'The chemistry was the same as that used for the tin 

(except, of course, the fusion step was omitted). 

Through these experiments it was found that good yields of 

tellurium-119 could be produced over a wide range of energies. 

E. Results 

The results of the first section of preliminary experiments t!an 

be summarized as follows: 

(a) Through timed separation experiments it was determined that the 

mass assignment of the 16-hTe119 activity was correct. 
. 119' 

(b) It was shown that the decay of I leads exclusively to the 16-h 

Te119 a~d that it is possible to thereby obtain pure Te119 without the 
' 119m 

presence of Te . This is essential for the isomer ratio determination, 

and is discussed at length in the next section. 

(c) The half life of Te119 was determined to be 16.7 ± 0.3 hours. It 

is believed that this value is quite accurate, since it was duplicated 

many times. Although the number is somewhat higher than reported by 

other groups, it should be remembered that in these experiments, but not 

the others, it was possible to observe the Te119 without interference 
119m from Te . 

(d) No evidence was seen for any internal transition from the Te119m 
to the Te119. In the directly produced materials from the proton bombard-

4 12 ' 
ments and in-both the He -ion and C -ion bombardments.both isomers were 

formed in good yields. There was no indication that as the shorter-lived 

component died away it was replenished by the longer-lived upper state. 

• 

•, 
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III. ISOMER RATIO DETERMINATION 'METHOD 

A. Determination of the Ratio Factor F 
------------- -- --- ----- -r 

1. General Discussion 

Experimental errors in isomer ratio measurements often occur 

because of uncertainties in the decay systematics of the isomers under 

study. The accuracy of an isomeric yield determination depends greatly 

on a knowledge of the decay schemes of the isomers. Normally the re

liability of the determination is no better than that of the following 

quantities: 

(a) Fraction of the total disintegration attributable to beta emission. 

(b) Fraction of the total disintegration occurring by electron capture. 

(c) Percentage of the total disintegration occurring by an isomeric 

transition. 

(d) Percentage of a particular gamma transition in the total dis

integration. 

(e) Internal-conversion coefficient of the chosen gamma ray (the ratio 

of the number of converted electrons to the number of unconverted photons). 

The method set forth in this section and employed in this work 

relies upon none of the above factors. So far as is known, this deter

mimtion is unique in this regard. The only uncertainties are those which 

arise commonly in experimental determinations, such as weighing errors 

or poor counting statistics. As indicated in the introduction, the 

feasibility of. the approach depends upon three factors: First, it 

is possible to prepare each isomer in such a way that it is free from 

contamination by the other. When potassium iodide is bombarded with 
. . il9 

high-energy protons, a certain amount of I is produced. If the 

directly formed products, which contain both isomers of tellurium-119 

are removed and the purified I
119 

is allowed to decay out, pure ground-
119 .. 

state Te is obtained. The pure upper-state isomer is easily prepared 

by producing a mixture of the isomers by any of a number of means and 

~1lowing the shorter-lived ground-state isomer to decay away. The 
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second factor that allowed the determination of the rat·ios in this manner 
I 

was that no isomeric transition occ'lirs between the upper and lower state ... 

The third is fulfillment of the necessary condition that both isomers de

cay to a radioactive daughter: both tellurium isomers yield Sb
11

9, which 

has a half life of 39 hours. 

"' 2. Theory and Metho~ of Isomer Ratio Determination 

Based upon the three above factors, a system·was worked out such 

that the isomer ratios could be determined directly from the 'y.-ray spectra 

without recourse to a decay scheme. The method used is as follows: A 

tellurium-119 sample which contains only one of the isomers is purified of 

any Sbll9 and then a chosen 'Y ray of the isomer is counted over a period 

of time. The activity of the telluriumcounted is extrapolated back to 

the time when the original Sbll9 was removed. The time. of the tellurium 

purification is labeled ~.. The amount of Sbll9 that has grown back into 
'-- . the sample of tellurium at any time during this decay process can be 

calculated from the standard equation .for the growth of a daughter, which 

is 

.o 
N • Te 

~e 

(1) 

In Eq. (1), NSb is the number of antimony atoms present after a period 

of growth t, NTe is the number of tellurium-119 atoms present when the 

antimony was originally removed at time t 0 and ASb and .A_. are decay 
119 - . . ·-Te 

constants of Sb and of the tellurium-119 isomer being observed. 

After the Sbll9 growing into the tellurium has reached its maximum 
119 . 

activity, a Sb sample is separated. The time of the separation is 

labeled t This sample is counted, corrected for yield, and the 
m 

activity extrapoJated back to the time of the separation (t ) . Since 
m 

the activity is corrected for yield, 

total Sbll9 activity present at time 

the extrapolated value represents the 

t m 

... 
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t' > 1me 

The number of atoms os Sbll9 present at 

Sb activity 

t is given by m 

NSb = (~/A.8b) B, where A.Sb is the extrapolated antimony activity, 

and B is a correction factor which incorporates the branching ratio, 

conversion coefficient, counting effd:ciency, etc. of the antimony. 

This can be rewritten in the form NSb = A.Sb C , where C is equal to 

B/f-.Sb. and i~ completely independent of whichtellurium-119 isomer is 

involved. Substituting the above relationship into Eq. (l),one obtains 

or, dividing by C, 

where 

N' Te 

o· 
N· Te 
c 

"-Te 
(2) 

(3) 

No or Te - (4) 
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From the counting data, Agb is known and N~e can be evaluated. NTe · 

is related through ,the const?];lt C_, .Eq,. (4) :to the true number of tellurium-

119 atoms (N~e) pre~ent at the beginning of the experiment. 

In a simLLar manner .the· ··number of tellurium-119 atoms present after 
. . .. ; - --~- ; . ·. :"i .:·~· i .... -·· .I~ 

ihe:origirraJ:. a:ht~imc>nY, vudfication is obtained by the extrapolation of the 

tellurium-119 activity to t . At any time, the number of tellurium-119 
0 

atoms present is re~ated to its activity through the relation 

A.re (5) 

where D. is. a constant.containing the decay constant, corrections for 

branching ratio,· conversion coefficient, and counting efficiency of the 

· particular isomer"involved. When the time of observation is t 

A~ . = DN° . . Substitution of Eq. (4) into this eq,uation yields 
0 

-... re . Te ... 

EN' Te 

. . . .. 

(6) 

This equation provides the relationship between the observed tellurium-119 

activity at zero time and the number of tellurium-119 atoms present as 

1 119 . t h' h . calcu a ted from the ?eparated Sb .. sample_. Here E is a constan w lC 

contains t..'s, branching ratios, conversio:n coefficients, and counting 

efficiencies for both the Sbll9 and the particular tellurium-119 isomer 

· t · S · b th J}_e and NT' e k th t t b ln ques lOn. lnce o -~ are nown, e cons an can e 

evaluated. 

Exactly the, same; p'rocedUr:E: is carried out for the other tellurium-
_.;... :"·. 

119 isomer to yield the expression 

o FN' 
~em Tern (7) 

Here F has the same meaning' a.s · E;- but of .course has a different- value. 

The difference in·value arises only from the different branching ratios 

ahd counting efficiencies of the second tellurium isomer. All the 

antimony-dependent quantities are the same, since each isomer yields 

the same antimony. 
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A,ccording to Eq. (4), NT' e and N' are merely the numbers of Tern 
119 atoms of each isomer divided by G, which is a strictly Sb dependent 

parameter. If the numbers of atoms ,of each isomer are equal, then accord

ing to Eq. (4) NTe must equal . Nlf.em , and it follows by combination of 

Eqs. (6) and (7) that the ratio of mctivities must be 

= 
F' 
E 

Therefore an isomer ratio of l should correspond to a counting-:rate ratio 

of F/E. Once) F and E a:re evaluated, the ratio of. the two isomers can be 

easily determined at any time simply by a comparison of. the counting rates 

of the chosen 'Y rays .. To obta.ir'l. the formation cross section one needs 

to compare the activities at the time of bombardment. Therefore in 

pra.ctice, the 16-h and 4.7-d activities are extrapolated back·to the time 

of removal from the accelerator and the formation cross-section ratio is 

thereby determined. 

Throughout this work the ratio F/E = F is called the ratio factor. 
r 

Evaluation of this factor is discussed in a following section. 

B. Experiments 

1. Procedures 

'The experimental procedures employed in determining the ratio 
119 factor are basically those discussed in section II. The pure Te was 

produced by high-energy proton bombardments of potassium iodide. The 

meta isomer was obtained from reactions that produced both isomers, the 

shorter lived ground state isomer merely being allowed to decay away before 

measurements .were made .. Often after an isomer. ratio determination had been 

concluded, the activities of the various samples were combined and the 

long-lived activity used in reverifying the F number. 
r 
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2.. Choice of Gamma Rays to be Counted 

The first decision required in determining the ratio factor was 

with respect to which ~ rays should be counted. Illustrated in Fig. 10 

is a ~-ray spectrum obtained from a mixture of the two iscmers. The 

648- and 1760-keV peaks belong to the ground-state i·somer, and the balance-

except for. the small amount of annihilation radiat.ion-.,.to the upper-state 

isomer .. Since the ground-state isomer has only two gamma pE;;aks and the 

648-keV peak is by far the more prominent, it was selected to be counted. 

However, for the meta isomer, three peaks at 154, 270, and 1214 keV all 

show up with good intensity. Originally attempts were made to obtain a 

ratio factor for each peak. It was. soon realized, however, that two of 

the peaks were quite unsatisfactory. The 154- and 1214-keV peaks combine 

to yield a large summation peak, as sha.vn in Fig. 10. Therefore if one 

of these peaks was to be. used, it would be desirable to make some sort 
I 

of correction for the summation. Since the amount of summa.tion is strongly 

dependent upon source-to-crystal distance, any change in geometry would 

result in differences in the relative number of counts under the peaks 

and a consequent change in the ratio factor. With regard to the 1214-

keV peak, it was also difficult to determine how the background should be 

subtrac.ted out because of the nearby summation peak. The 154-keV peak 

was found to be undesirable for two reasons. Firs't, superimposed upon 

the low-energy side of the peak at 127'-keV is the "escape peak), which 

results from escape from the detector of the iodine K x-ray. This effect 

it self would not be too serious, but a second and more serious problem 
. .121m .. 

makes use of the 154-keV peak impossible. Te · , which is often formed 

in the irradiations, has a 201-keV ·. ~ ray. This peak is unresolvable from 

the 153-keV peak, and accounts at least in part for the perturbation on 

the high'7energy side of the 153-keV peak. On. the basis of the above 

arguments and because of consistency of results obtained in preliminary 

experiments, the peak chosen for use in determining Fr is that at 270 keV. 

3. Background Subtraction 

Although the 270-keV ~ray ofthe Te119m spectra was the most 

logical peak to count for the isomer ratio determination, there was still 
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105 

154 keV 

270 keV 

104 

103 

I0~~------~20~------4~0--------6~0~------~----~~100 

Channel number (arbitrary) 
MU-31190 

Fig. 10. Combined '(-ray spectra of Tell9 and Tell9m. 



a difficult problem that had to be solved. This was the variation in 

the shape of the spectrum caused either by large amoui:J.ts of positron

annihilation radiation at 511 keV; or by large amounts of the ground

state isomer peak at 648 keV. Both these peaks tended to produce rather 

drastic changes in the shape of the background lying beneath the 270-keV 

peak, because the 270-keV peak lies in the area of their Compton-scatter 

radiation. Figures 11 and 12 illustrate the variation in shape caused 

by a change in the amount of positron-annihilation radiation. Figure 

13 illustrates the additional effect of adding in the 648-keV peak due 
119 . 

to Te . Since the background across channels 7 through 13, where the 

270-keV peak falls, is normally rather smooth, the main problem involved 

finding out how much the background line should be moved up or· down as 

the high-energy peak intens~ties varied. 

To solve the problem, artifical spectra were created with various 

amounts of the 511- and 648-keV peaks present. An e;Xample is shown in 

Fig. 14, where an attempt has been made to duplicate by artifical means 

the true spectrum of a mixture of the tellurium isomers. ·The method 

employed in such an analysis is as follows: The tellurium ac~ivity was 

c_ounted and plotted. ·Sources were then chosen that had peaks corres

ponding as nearly as possible in energy to those of the tellurium spectrum. 

Starting with the highest-energy .gamma peaks, these sources were counted 

until the oscilloscope display on the analyzer indicated 'that a peak of 
' ' . 

approximately the same size as· in the tellurium spectrum had been created. 

The spectrum was then plotted out, but not erased from the analy:zer·.· 

The next highest energy peak was then added by the same procedure. The 

process was continued until the spectrum was complete. Occasionally 

small ~changes in gain were made in order to make the peaks fall in the 

correct channels. Figure 14'illustrates a spectrum created in this manner, 

and shows the shape and approximate height of the background that might 

be expected to fall under the 270-keV peak. Figure 15 shows the back

ground variation that occurs as the spectrum is sequentially built up. 

The 270- and 154-keV peaks have also been added. Figure 16 shows in 

solid line the actual'tel~urium spectrum and in dotted line the artificial 
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1 o4 ,-------.------.--------, 

-154keV 

270 keV 

13+ annihilation 
I 

648keV (16h) 

1020~---------2~0----------4~0--------~60 

Channel number (arbitrary) 

MU-31182 

Fig. 11. Tell9m spectrum containing only a small amount 
of positron-annihilation radiation contamination. 



... 
0 

-38-

13+ annihilation 
(TellS) 

-= 103 
.0 648 keV .... 
0 

(/) -c: 
::J 
0 
0 

102 ~.--------------------~------------------------~--------------------~ 
0 20 40 60 

Channel number (arbitrary) 

MU-31180 

Fig. 12. Tell9m spe~tru.m containing a large amount of 
positron-annihilation radiation contamination. Note 
how the background under the 270-keV Tell9m peak has 
been increased. 
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(3+ annihi lotion 
I 

648 keV 
-~~ 
.I ', -, 
I ' 
I \ 
I \ 

J \ . 
'-~ ~----

102 ~--------------------~----------------~~----~ 
0 20 40 

Channel number (arbitrary) 

M U- 31181 

Fig. 13 .. Contribution of Compton. scattering radiation 
to the background under the 270-keV peak of Tell9m 
of both positron-annihilation radiation and the 
648-keV peak of Tell9. 
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13+ annihilation 

Background 
from high--

102 ~------~~------~--------~---------L--------~ 
0 20 40 60 80 100 

Channel number (arbitrary) 

MU-31193 

Fig. 14. Artificially created r-ray spectrum' showing 
the expected background shape under the 270-keV 
Tell9m f-ray peak .. 
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IO~L_ _______ 2L0----~-4~0------~6~0~----~8~0~----~IOO 

Channel number (arbitrary) 

MU-31192 

Fig. 15. Artificially .created r-ray spectrum showing the 
sequential. buildup of background radiation under the 
270-keV peak due to the various higp-energy 1 rays 
belonging to Tell9 and Tell9m. 
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Fig. 16. Comparison of artificially created r-ray spectrLUi1 
(dashed line) and actu~l spectrum of Tell9 and Tell9m 
(solid line). 



-43-' 

spectrum created by the procedure described. By this means it was possible 

to obtain at least a good estimation 'of the background shape underlying 

the 270-keV peak under a variety of conditions.... This. method became most 

impor~ant when the isomer ratios were being measured at high excitation 

energies. At h-igh energies the 4n reaction becomes very strong and the 

TellS thus fo,rmed has a 3. 5.;..min antimony daughter which is a pure positron 

emitter.- Consequently the positron annihilation peak becomes very high. 

Thi9 effect is seen in Fig. 12. 

The background subtraction under the 16-h 64S-keV peak normally 

offered little problem. Most spectra were more or less of the shape shown 

in Fig. 10, and a nearly straight line across the bottom of the peak was 

d . t . F ll9 th t .. \ t . d. . ; T ll9m th. t a goo approx1ma 1on. or Te · . a con a1ne no e , . e spec rum 

appeared as shown in Fig. 17. The background subtraction is shown by 

the dotted lines. Some positron-annihilation radiation resulting .from 

TellS was always present, and this somewhat complicated the subtraction. 

If. the background subtraction was incorrectly accomplished it was 

usually observed by the scatter of points about. the. decay curve or by an 

incorrect half life. It should be mentioned that even if the background 

correction were not exactly right, a consistent error would not affect 

the isomer ratio. Since the ratio factor is determined experimentally in 

the same manner as the ratios, any consistent error would cancel out in 

division. 

4. Experimental Results 

On the basis ofprocedures described in the foregoing sections the 

experimental value of Fr was determined. It should be mentioned that early 

in the experiments the geometry of the counting arrangementwassomewhat 

altered, the sample being moved closer to the face of the detector. Since 

the relative counting efficiency for twq. 'Y rays of different energy is a 

function of the distance from the detector, this move resulted in a some

what different value for the constants E and F definedby Eqs. (6) and (7). 

The effect-was rather small, and since the early geometry was used on only 

three isomer-ratio determinations the values are not tabulated in this 

work. The experimentally determined values of E and F used for the 

determination of isomer ratios in this investigation are listed in Tables 

II and III. 
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105 ~------~---------.---------.------~-.--------~ 

1/) 
+-

c:: 104 
:::1 

>. ... 
c ... 
= ..c ... 
c 

1/) 
+-

103 c:: 
:::1 
0 

(.) 

102 ~------~~------~--------~--------~--------~ 
0 20 40 60 80 100 

Channel number (arbitrary) 
MU-31189 

Fig. 17. Gamma-ray spectrum of ground-state tellurium-119. 
The positron annihilation radiation is probably due to 
Tell6. The lack of a peak at about channel 6 indicates 
that very little of the upper-state isomer is present 
(compare with Fig. 12). 

.• 
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Table II. Experimentally determined values for the constant E, defined 
~~1.9 = E N~l~9 · . 

Experiment E Deviation 
number from mean 

54 2 .. 26 0.11 

54 2 .. 14 0.01 

54 2.27 0;12 

54 2.24 0.09 

48 2.21 0.06 

48 2.16 0.01 

48 2.17 0.02 

48 2.17 0.02 

48 2.17 0.02 

48 2.17 0.02 

56 2.15 o.oo 
56 2.10 0.05 

56 2.13 0.02 

56 2.13 0.02 

56 2.09 0.06 

56 2.07 0.08 

56 2.18 0.03 

56 2.09 0.06 

56 2.05 0.10 

56 2.20 0.05 

68 2.17 0.02 

68 2.23 o.os 
68 2.25 0.10 

~· 

68 2.15. o.oo 
68 2'.15 0.00 

·~ ... . 68 2.09 0;06 

Mean = 2.15 

Standard deviation = 0.059 

Value of E = 2.15 ± 0.059 
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Table III. ' Experim¢ntally det:ermiried values for the consta'nt' F, defined 
. ··, ,• 0 ·. . 1 

· · by ATel·~·~- = F NTta1:1_9m 
"' . 

Experiment F 'Deviation 
number · from mean 

40 0.163 0.010 
40 0.157 0.004 

--~~ 

40 0.161 o.oo8 
40 0.160 0.007 
40 0.162 0.009 

58 0.147 0.006 

58 0.143 0.010 

64 0.144 0.009 
64 0.153 0.000 
64 0.144 0.009 

., 
64 0.150 0.003 

64 0.155 0.002 

64 0.157 0.004 

66 0.143 0.010 

66 0.167 0.014 

66 0.144 0.009 

66 0.154 0.001 

66 0.152 0.001 

66 0.152 0.001 

Mean = 0.153 

Standard deviation = 0.0073 
Value of F =;: 0.153 ± 0.0073 

Ratio Factor F = F/E = (0:153 ± 0.0073)/(2.15 ± 0.059) = 0.0712 ± 0.0039 . . r 
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The value of E was found to be 2;15 ± 0.059 and·that of 
~ ll~ 

F 0.153 ± 0.0073. Therefore when the number of atoms of Te equals 

the mimber of atoms of Te119, the ratio of counts under the 270-keV 

peak to those under the 648-keV peak should be (0.153 ± 0 .. 0'Q"B) /(2.15±0.059) = 
0.0712 ± 0.0039. When the particular 'Y rays in questio:r;. are allowed 

to decay away and their counting rates extrapolated back to the t~me 

of removal from the accelerator, a ratio of the 270~keV to 648-keV 

activities divided by 0.0712 ± 0.0059 yields the isomer ratio at the 

time of removal from the accelerator. An additional. correction must 

be applied to account for the decay during bombardment in order to 

determine the formation cross-section ratio. 

c.. Correction for Decay During Bombardment 

The following equation was obtained from Friedlander and 

Kennedy. 57 

N . 
t 

(8) 

In this equation Nt is the number of atoms present at any time t during 

a bombardment, "A. is the decay constant of the particular material being 

formed, and R is its rate of production. Now, the rate of decay of 

Nt atoms of a material at any.time t is given by 

or Nt = (1/"A.) (dN/dt). ( 9) 

Substituting··Eq. (9) into Eq. (8) yields 

(1/"A.) (dN/dt) 

However, if the rate of production R is constant, then R = N/t, where t 

is the total duration of bombardment andN is the total number of atoms 

produced. Since the isomer ratio is determaned from the relative 

activities of :the isomers, ·it is necessary to compare the disintegration 
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rate at the end of the- bombardment with what it would have been if all the 

atoms produced were present together at the end of the bombardment. The 

disintegration rate· during bombardment is given. by Eq. (10). If N/t is 

substituted for R, the equation can be rewritten as 

dN/dt = (ll) 

where N is· the total number of atoms produced and t is the duration of 

the bombardment. If all the-atoms formed were present at the end of the 

bombardment the disintegration rate would be. dN'/dt f..N. The correction 

factor is therefore the ratio of the two rates or 

(dN1/dr 
(dN dt (12) 

Equation (12) provides a factor that converts the measured activity at the 

end of the bombardment to what it would have been if all the atoms produced 

were present at one time .. Such a factor is applied to both isomers and 

the true .formation cross-section ratio is the-reby obtained. An example 

of such a correction is given below: 

16-hour isomer: The decay constant is 4.15 x.lo-2 and the 

duration of bombardment is 4 h. Substitution into Eq. (12) yields a 

correction factor of 0.920. This means that 92% of all the Te119 atoms 

formed are present at the end of the bombardment. 

~7-day isomer: The decay constant is 6.13 X 10-3 and the 

duration of bombardment is 4 h. Substitution as above yields a correction 
. 119m 

factor of 0.985. Therefore 98.5% of all Te atoms formed during the 

bombardment are present at its termination. 

According to the above calculations, for. a 4-h bombardment 

the ratio of the high-spin isomer to the low-spin isomer at the end of 

the bombardment must be multiplied by 0.920/0;985 in order to correct 

for the decay during the bombardment. A tabulation of correction f9-ctors 

showing the effect of decay during bombardment is given in Table IV .. 
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Table IV. Corre.ction for decay during bombardment as a function of 
the duration of bombardment. 

Duration of Correction for Correction for Total decay 
bomb!b.~ent · ground-state isomer meta-state isomer factor 

0.5 0.987 0.999 0.988 
1.0 0·978 0.997 0.9$2 

1.5 0.969 0.995 0.974 
2.0 0.960 0.994 0.966 
2.5 0.950 0.992 0.959 
3.0 0.941 '0.990 0.951 

3·5 0.932 0.988 0.943 
4.0 0.922 0.987 0.934 

5·0 0.903 0.983 0.918 
6.0 0.885 0 .. 980 0.903 

7·0 0.867 0.977 0.888 

8.0 0.849 0.974 0.872 

9·0 0.830 0.970 0.855 
10.0 0.812 0.967 0.840 

a The total decay factor is the correction for the ~round-state isomer 
divided for the correction for the upper-state isomer. When this number 
is multiplied by the ratio of upper- to lower-state. isomer at the end 
of the bombardment) the true formation cross-section ratio is obtained. 

,~. 
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IV. ISOMER RATIO MEASUREMENTS 

A. General Discussion 

In this investigation three different compount nuclE;i, all lead

ing to the isomers of tellurium-119, were produced. By bombardment of 
3 4 121* the appropriate tin isotopes with He and He , the compound nuclei Te 

and Tel 23* were each produced by two different paths. He3, He4, Li 7, 

c12 , and ol8 were used as the projectiles and the compound nucleus Tel22* 

was produced in five different reactions. 

The accelerators used for measurements of the formation cross

section ratios were the Crocker Laboratory 60-inch cyclotron and the 

Berkeley heavy-~on linear accelerator (Hilac). The 60-inch cyclotron 

was used for most of the He4 -ion bombardments. Bombardments utilizing 

the other ions and a few using He4 were conducted at the Hilac. 

The target technique employed throughout the determinations was 

that of stacked foils. By this means ratios for the various reactions 

were obtained over a wide range of energies. In bombardments involving 

the lighter ions such as He3, He4, and Li 7 as many as 20 foils were 

employed in a single bombardment. On the other hand, in the ol8 bombard

ments only five foils· co-uld be used. . The backing foils upon which the 

tar.get materials' were electroplated were of copper, nickel, or gold. 

The thickness of the backing foil and that of the target material were 

determined by weighing. on a microbalance. The balance was capable of 

weighing accurately to20 micrograms, therefore any error introduced by 

weighing should be quite small. 

Range-energy data were available for only a very few of the 

projectile-target combinations employed in this work. All ranges were 

calculated by using as a basis the data of Hubbard,58 Northcliffe,59 and 

Sternheimer.60 The calculations of the various range-energy relationships 

are given in the Appendix. Also included are the range-energy plots used 

in these experiments. 
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The energy uncertainties shown in the results of this section 

are actually associated w.ith the degradation of the beam caused by the 

target material itself. All targets except those of indium were con

structed by electroplating the appropriate material on a backing foil. 

Indium was attached to the foil by means of an evaporation process. The 

foil thicknesses were chosen so that the beam degradation corresponded 

to conveniently spaced energy points. For the lighter projectiles the 

degradation of the beam energy by the target material was nearly negligi.- . 

ble. For the heavy ions) however, the energy loss sometimes amounted to 

several Mey. The energy spread shown in the results is merely the energy 

loss encountered by the beam on passing through the target material. The 

separation between points represents thebeam energy loss upon passing 

through the backing foil·. 

There is also a certain particle-energy uncertainty associated 

with the accelerator itself. The He
4 

ions emerging from the Crocker 

Laboratory 60-inch cyclotron have a range spread in aluminum of appro:x-
2 

imately 5 mg/cm . This .is about 2% of the total range, and amounts to 

about l MeV uncertainty at full energy (48.3 MeV). 61 The effect of 

passing through degrading foils is to increase the energy spread, with 

the result that at 20 MeV the uncertainty is somewhat greater than l MeV. 

The beam energy of the Hilac is 10.4 ± 0.2 MeV per nucleon. 
62 

It therefore possesses an inherent uncertainty of approxilJ]ately 2%. 

kllso, with heavy ions the energy loss upon passing through matter is so 

very high that any errors in foil or degrader thickness are magnified 

in the beam-energy uncertainty. Since) in all reactions studied) the 

Hilac beam was degr·aded to about half its maximum energy by means of 

aluminum absorbers before striking the target, the energy uncertainty may 

be rather high. The energies are estimated to be accurate to within about 

5%. Any error of this nature for a given irradiation should be a system.

atic one and might be hard to detect. However) comparison with other 

results for the same reaction would result in a scatter of data points. 

A certain amount of scatter is s·een between experiments involving heavy 

ions. 
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The intensity, over a 2-cm
2 

area, of the He
4 

beam used at the 

60,..inch cyclotron was 0.5 to 1.0 j.lA. Occasibnally higher.;..intensity beams 

were employed, but they often .resulted in fused target foils and· loss 

of the experiment. The beam intensity at the Hilac depended· upon the 

ion being accelerated. In all cases excE:;pt Li 7 , a 3/8-in. collimator 

was placed in .front of the target and all the beam available was used. 

With Li 7 the targets were constructed differently and a collimator 5/8 

in. in diameter WB:S used to scavenge all the beam possible• The following 

beam intensities were normally available: He 3, 0. 3 to 0. 5 j.lAj He 
4

, 0. 5 

to 1.0 flAj Li7 , 0.06 to 0.07.flAj c12
, 0·.5 to 1.0 flAj and.o

18
, 0.1 to 0.2 

j.lA. 

Throughout the work; the normalizing parameter between the diffe~ 

ent reactions producing the same compound nucleus was the excitation energy 
i 

of the compound system. It was genenQly assumed that; except for the 

·angular momentum, two or more compounGl riuclei produced by different means 

but of the same excitation energy were identical. For this reason, unless 

otherwise stated, all tabulations and figures are plotted as a function 

of the excitati'on ·energy of the compound nucleus. This excitation is 

calculated from the laboratory-system energy of the incident particle 

according to 

* 

* E (13) 

where E .is the excitation of the·compound nucleus,~ is the recoil 

energy of the system, ·Et, is the'lab energy of the projectile, and Q is 

the energy provided by the reaction 

.A+ B * E + Q. (14) 

The recoil energy ~ can be calcUlated by means of the equation 

~ m/(m + M) , (15) 
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where m is the mass of the projectile and M the mass of the target. 

Equations (13) and (15) can then be combined to yieJ.,d 

* E EL [M/(m + M)) + Q 

' .,. 

... ~ ._, 

(16) 

The masses used in determing the value of Q for the various reactions 
6 

are taken from the calculations by Seeger. 3 By means of these equations 

each laboratory-system bombardment energy was converted into an excita

tion energy of the compound nucleus. Plots showing the conversion from 

lab energy of the projectile to excitation energy of the compound nucleus 

are given in the Appendix. 

It was also desirable to calculate the threshold energies for 

the various reactions. The general reaction may be illustrated as 

A+ B --~> Te119 + xn + Q' . (l 7) 

-A and B. represent the various target and projectile combinations J n 

represents a neutron, and x a number. In this investigation x takes 

the values 2J 3, and 4. In the center-of-mass system Q' is the energy 

required or emitted by the reaction. It represents the mass deficit 

between products and reactants, or the energy that must be supplied by 

a projectile to make the reaction energetically possible. 

In calculating the lab energy of a projectile necessary to provide 

Q' for the reaction processJ one must add to Q' the recoil energy of the 

system and ~:kinetic eneTgy of the neutrons. By this means, with zero 

kinetic energy assumed for the neutronsJ the energy thresholds have been 

calculated. These values are given in Table V. Below these projectile 

energy thresholds it is energetically impossible for the reaction to 

occur. 
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Table V. Proje.ctil~ threshoid. energies (laborat.ory. system) ·,and 
Coulomb barrier heights for the various reactions· 

Reaction 

. . He 3 + Sn
118 ~ Te119 + · 2n 

, He
4 + Sn

11 
7 ~ . Te119 + 2n ' 

He 3 + Sn
120 

--,-4 T<:;~19 + 4n 

He 4 + SJ:1ll9 ~ Tell9 + 4!1 

He 3 + Sn119 .. ~ Te~19 + 3n., · 
4 118 il9 

He + Sn . ~ Te + 3n, 

Li7 + Inll5--

. Cl2 + PellO ~ 

018 R 104 + u -------+ 

. 119 . 
Te + 3n 

119 ' 
Te + 3n 

119 Te ·+ 3n 

Threshold energy 
(MeV) 

4.8 

14,3· 

20.8 

30.8 

·11.7 

23~ 7· 

11.8 

27·5 

29-9 

Coulomb barrier 
(MeV) 

16:2 

15---9 

16.2 

15·9 

16.2 

15;9 

22.4 

4o.o 
47.1 



Although no reaction is thermodynamically possibl.e below vthe 

threshold energy) another factor of equal importance in this investigation 

is the Coulomb barrier. If a particle approaches a nucleus with a kinetic 

energy less than the height of the Coulomb barrier it will not be able 

to reach the nuclear surface. J:n this investigation approximately half 

-of all the reactions have a Cou1bomb.barrier that is higher than the 

threshold energy. In these cases) any of the projectiles that have the 

energy necessary to penetrate the Coulomb barrier bave more than enough 

energy to make the reaction thermodynamically possible. The Coulomb 

barrier in these cases forms the low-energy limit for production of the 

isomers. 

The Coulomb barrier) in ergs) may be calculated by the quation 

(18) 

where z
1 

and z
2 

are the charges of the incident particle and nucleus) in 

esu) and R is the distance in em between their centers when they are in -
64 

contact. R is approximated according to the equation 

R (19) 

where A
1 

and A
2 

are the mass numbers of the incident particle and nucleus. 

The barrier heights for the reactions under cqnsideration are listed in 

Table V. 

The activity levels obtained in the various bombardments ranged 

from less than 100 counts/min for one of the o18 
bombardments to hun-

4 
dreds of thousands of counts per minute for some of the He bombardments. 

Most activities were in the range of tens of thousands to low hundreds 

of thousands of counts per minute·. Most samples were counted for slightly 

longer than a week) or through approximately two half :pves of the longer'

lived isomer. New sampl.es that contained the 16-h activity were counted 
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four or five ,times . .a day for the first two days· arid less· often after the 

16-h isomer had. disappeared. When. only the 4. 7 -d • isomer: remained the 

samples ·were· counted once or twice a day. After counting; the sarnple 

spectra were plotted either by hand· or by means of the automatic recorder 

described in an .earlier .section. After ·background subtraction and yield 

corrections the activities of the 270- and 648-keV gamma peaks were 

extrapolated.back to the time. of removal from the accelerator. The 

number. obta.ined by the extrapolation represented the total activity of 

.. the: peak, since all s;3.mples were corrected for yield losses in· the 

chemistry. After .correction for decay during bombardment, dividing the 

ratio of the 270-keV peak to the 648-keV peak by the ratio factor gave 

the isomer-formation cross-section ratio. 

Since each sample yielded an isomer ratio, poor statistics in 

the counting resulted in uncertainties of the ratio. The uncertainties 

in the ratio were determined in the following manner. When the decay 

of· the samples was plotted, there was normally a certain amount of scatter 

among the points. For the .648-keV peak the background ·subtraction was 

relatively easy to perform, and in.the great majority of cases the scatter 

of points was negligible. Plastic templates cut to r~present the slope 

for the correct half life on'the graph paper employed often yielded a 

line that passed through every single point. On the other hand, the 

background. subtraction under the ·270-keV peak was more difficult, and 

a·certain amount of point scatter about the correct half life usually 

occurred. When such scatter did occ~r two lines 7 each with the slope 

for the correct half life 7 were drawn bracketing the points. The inter

cepts of the lines were both used to calculate an isomer ratio. The 

·ratios thereby obtained ·served to define the uncertainty of the deter

mination .. 

·.On occasion, ~specially at high.energies for which the 3n reac

tion cross section is small compared with that of the 4n reaction 7 the 

·.background subtraction. under the .648-keV peak was also rather poor. This 

resulted in point scatter about its decay curve as well as about that of 



.• 

[ . 

'-57-

the 270-keV peak. When this occurred, the points for each activity were 

bracketed with correct half -life lines. .This procedure yielded two 

intercepts for the 270-keV peak and. two for the 648-keV peak. The 

uncertainty of the ratio .was then.defined by dividing the lowest and 

. highest '270-keV intercept respectively by the highest and lowest 648-keV 

peak intercept. 

The un_certainty given by the above procedure always increased 

with projectile ·energy; · correspon'ding to an increase in the size of the 

positron annihilation ~eak. At. low energies, for most samples, the 

uncertainty was no more than about 2%, but at high energies it sometimes 

approached 10%. 

In the plots and tabulations each of the data points represents 

the midpoint of the two ratios determined as described above. The 

deviation is the amount that must be added or subtracted to the )Nidpoint 

to obtain the two graphically determined ratios. 

Approxtmately 20 samples, chosen at random, were also analyzed 

by making least-squares fits of the counting data. The chosen samples 

had both small and large uncertainties as determined by the foregoing 

method. In most cases the least-squares fit was very close to the mid

point of the data obtained by the first method, but the mathematical 

analysis assigned much smaller errors. If, for the tabulated data 

obtained by the first method, one selects the midpoint as the value and 

the limits of the ratio· as the uncertainty, the deviation thus assigned 

is approximately three times the standard deviation obtained by the 

least-squares analysis. 

All graphs are plotted in terms of the graphically determined 

ratios and the error bars are approximately three times as long as they 

would be for the same counting data if a least.:.squares analysis were 

employed. The true ratio at each energy, therefore, probably lies very 

close to the midpoint. 
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All targets except those of In115 were prepared by eiectroplating 

the target material onto a·copperJ nickel) or gold backing foil.· The 

electrolysis ·cell devised and used for the target preparations is shown 

in Fig. 18; The cell ·wa~~:-constucted of a brass stand and a Teflon cyl

inder. In use) the backing .foil was placed on the stand and the cylinder 

tightened against it to form a watertight cell by means of the wing nuts. 

The Teflon had enough flexibility that no gasket was necessary. The 

solution to be electrolyzed was placed in the cell and a platinum anode 

was placed in the solution and supported by means of a cork stopper. The 

brass stand as a whole served as an electrical connection for the foil 

cathode. The hole through the Teflon was 5/8 in. in diameter) and uniform 

plates of target·material of the same size were therefore obtained. Most 

plating was done at a voltage.of 1.5 to 3 volts. The cell proved thoroughly 

successful) and it was possible to use quite thin backing foils in the 

process. The plates thus ·obtained were usually .in the thickness range 

~.4 to 0.6 mg/cm
2

. 

The individual pro"cedures used in preparing the various targets 

are treated in detail in Appendix C. Also given in Appendix C is the 

chemistry required for the purification of the tellurium obtained in 

bombardment of the various materials. 

B. Reactions Yielding the Compound Nucieus Te
122* 

The main emphasis of the work was directed toward the reactions 

which yielded the compound nucleus Te122* These reactions will there

fore be discussed first. Many of the procedures employed for the various 

reactions J such as the target preparation and chemical purification) :were 

more or less the· same. As mentioned before) such precedures are dis

cussed in the Appendix. 
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MU-31201 

Fig. 18. Electroplating cell used for production of targets. 
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1. The Reaction He3 + Sn119 ~ Te119J ll9m + 3n. 

a. Target Assembly 

All He 3 bombardments were performed at the Hilacj the target 

holder used is illustrated in Fig. 19. The target was assembled as 

follows: a foil produced by the electrop:j.;atiiii.g'-' procedure consisted 

of a l-in-square backing foil
65 

arid· a 5/8-in-diam circle of target 

material in the center of the square. 'The isotopic enrichment of the 

target material is given in_Tablevr.
66 

Separators made of 20-mil alu

minum and containing a 3/4-in.-diaineter hole were used to keep the indi

vidual "target foils apart .. The targets were arranged with the plated 

material toward the beam) and one of the aluminum separators was placed 

between each foil and the- nex,t. The stack usually consisted of about 

10 foils. No degraders were necessary) since the full beam energy was 

required. Over the front foil was placed a l/4-mil aluminum cover foil 

and then a heavy aluminum collimator with a l/2-in. hole. The accelerator 

itself also ,contained a collimator with a 3/8-in. -diameter hole. The 

beam was required to pass through both collimators before striking the 

target. ·The Faraday cup consisted of the target assembl-y itself J and 

the beam current could thereby be monitored. Bombardments were usually 

of about 4 hours'· ~duration. 
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Side view 

Degrading 

"·:::~;.,~(II·- J 

- Cooling water 

CoiUmato/ } 

Target foils 
and spacers 

"Cu target holder 

Face view. 

Collimator 

Targets and degrading 
foils 

MU-31197 

,Fig. 19. Copper .target assembly used for all Hilac bombard
ments. 



Table VI. 119 Analysis of isotopically enriched Sn . 

Atom is 
Isotope Percent Precision 

112 0.3 ± 0.05 

114 0.2 0.05 

115 .·' 0.2 0.05 

116 0 .. 5 0.05 

117' ' 0.4 0.05 ; 

118 J.6 
,-1.1 

0.05 

119 85·9 0.1 

120 8 ·.5· 0.05 

122 o.4 0.05 

124 0.3 0.05 

b. Experiement~ Results 

Tpe er1d product r{::sul ting from all the above procedure is the 

formation cross-section ratios for the two isomers of tellurium-119. 

The results for the He3 bombardments .of Sn119 are given in .Table VII. 

A plot ;of these tabulated data is given in Fig. 20. 



Table VII. Formation cross-section ratios of the isomers of tellurium-119 
produced in the reaction He3 +i,snll9 ~ Tell9, 119m+ 3n. 

Experiment Sample Projectile energy Excitation.energy Isomer ratio 
number number (MeV) (MeV) (Tell9mjTell9) 

44 l 31.1 46 ·3 l.4o ± 0.01 

2 28.6 43.8 1.05 ± 0.05 

3 25·9 41.0 0.95 ± 0.05 

4 22.7 37·9 0.90 ± 0.10 

5 19·5 34.8 0.90 ± 0.10 

.';::. 6 15.6 31.0 ' 0.55 ± 0.05 

45 l 30.5 - 31.1 45.6 - 46 ·3 1.20 ± 0.10 

2 29·7 - 29.8 44.7 - 44.8 1.15 ± 0.15 

3 28.2 - 28.3 43.4 - 43·5 1.05 ± 0.05 
>4 26.7 26.8 41.9 42.0 1.10 ± 0.10 

5 25.1 25.2 40.3 - 4o.4 1.20 ± 0.10 
'!' 6 23.6 - 23.7 38.8 38.9 l. 25 ± 0.05 

7 21.9 - 22 .o· 37·2 - 37·3 1.05 ± 0.05 

8 20.1 - 20.2 35·4 - 35·5 1.15 ± 0.05 

9 18.2 - 18.3 33·5 - 33·6 0.85 ± 0.05 

10 16.1 - 16.2 31.4 - 31.5 0.65 ± 0.05 

50 l 31.0 - 31.1 46.1 - 46.2 L4o ± 0. 20 

2 29·5 - 29.6 44.6 - 44.7 1.25 ± 0.15 

3 28.0 43.2 1.20 ± 0.20 

4 26.3 - 26.4 41.5 - 41.6 0.95 ± 0.15 

5 24.3 - 24.4 39.6 - 39·7 1.40 ± 0.20 

6 22.1 - 22.2 37·4 - 37·5 1.25 ± 0.15 

7 19.8 - 19·9 34.1 - 34.2 1.20 ± 0.10 

8 17·3 - 17.4 32.7 32.8 1.10 ± 0. 20 

9 14.4 - 14.5 29·9 - 30.0 1.05 ± 0.15 
....---·-,__ 

26.8 26.9 10 ll.l - 11.2 - 0.95 ± 0.25 
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Projectile energy (lab) (MeV) 

15 20 25 30 
·6r-~------~------~------~----~ 

b_J 4 

""" b:J: 2 

He3 + Snll9 

. . .. •' , . . . . ... -·' . •• 0~~------~------~------~----~ 30 35 40 45 50 
Excitation energy (MeV) 

'· . M U- 31 214 

Fig. 20. Experimentally determined formation cross-section 
ratios for the isomers of te11urium-119 produced in the 
reaction He3 + snl19 --> Tell9' 119m + 3n. 



It will be noticed that the isotopically enriched Sn119 contained 
' 118 120 

appreciable amounts of Sn and Sn . It is expected that these two 

isotopes will also .have contributed through a 2n and a 4n reaction re

spectively to the tellurium-119 that was measured. However) over the 

energy range considered) both the 2n and 4n reaction yield almost the same 

isomer ratios as the 3n reaction (see Fig; 27). ·:lTherefore) the relatively 
118 120 

small abundances of Sn. and Sh probably do not alter the isomer ratio 

for the He 3 + Sn
119 

reaction by a detectable amount. 

2 T R 4 Snll8 ___ ..., · 119 119m · . . he eaction He + ~ Te ) · + 3n 

a. Target Assembly 

Practically all the He 
4 

bombardments were carried out at the 

6Q-inch~cyclotr-on and consequently required a different target assembly 

from that used for the He 3 bombardments at the Hilac. The assembly 

employed is illustrated in Fig. 21. The holder consists of a water

cooled cylinder in which the target foils and spacers are held by means 

of a snap ring. Any collimation used is in the accelerator ahead of the 

target assembly) and the assembly is insulated from the machine so that 

it serves as a Faraday cup for monitoring the beam current. The samples 

were plated upon 1-in.-diameter circles instead of l-in. squares) and 

the same stacking arrangement of .alternate foil and spacer as discribed 

before was used. Bombardments were usually for 1 to 2 h. Cooling in 

some cases was somewhat unstisfactory) and if the beam current got above 

about 1 ~A the targets were burned. The isotopic enrichment of the Sn
118 

used in the bombardments is given in Table VII.I. 66 
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MU -31,200 

Fig. 21. Target assembly used for all He4 bombardments 
at the Crocker 60-inch cyclotron. 
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' ' . . .. . . 118 
Table VIII.· Analysis of isotopic'ally enriched Sn . 

Isotope 

112 

114 

115 

116 

117 

118 

119 

120 

122 

i24 

b. Experimental Results 

Atomic 
percent ·, · 

0.05 

o.o4 
0.1 

o.4. 
o.8. 

95.6 

1.4 

1.3 
0.1 

0.1 

Pr.ecision 

± 0.05 

0.05 

0.05 

0.1 

0.05 

0.05 

0.05 

0.05 

The experimental results for this reaction are tabulated in 
118 

Table IX and plotted in Fig. 22. The isotopic abundance of the Sn 
. ( 

used is quite high and it is assmed that there is no contribution to 

.the ratio from the small amounts of other isotopes present. 



Table IX .. Formation cross-section ratios of the isomers of tellurium-119 
:produced_ in the reaction He4 +, Sn~l8_ -->. Tell9J 119m + 3n . 

... ~----. 

Experiment Sample Projectile energy 
number number (MeV) 

Excitation energy Isomer ratio 
($eV) (Tell9m/Tell9) 

33 l 47·7 47·5 6.10 ± 0.05 

2 46.1 45·9 ; 5.60 ± 0.05 

3 44.5 44.4 .. 4.80 ± 0.05 

4 42.8 4?.8 4.4o ± 0.05 

5 41.2 4i.2 3.90 ± 0.05 

6 39·4 •' 39·5 3·70 ± 0.05 

7 37 .. 6 .. · 37·9 3. 30 ± 0.10 

8 35·8' 36.1 2.80 ± 0.05 

9 . 33·9 34.4 2.30 ± 0.05 

10 31.7 32·3 1.85 ± 0.05 
'ii. 29:6· .. · ~3o·:J.( ~ ~·- . -1.'30 ± 0.20 

l 48.0 47.8 5·90 ± 0.05 

2 46.1 .. 
45.9 5·50 ± 0.19 

3 44.2 44,1 4.70 ± 0.20 
.. ,. 

'4 42.1 42.1 4.30 ± 0.10 
·:·: 

40.1 5 4o.2 3·75_± 0.05 
'6 38.0 38.2 3·25 ± 0.05 

7 35·9 36.2 2.75 ± 0.05 

8 33·4 33·7 2.15 ± 0.05 

9 30·9 31.4 1.60 ± 0.05 

l 47·9 - 48.0 47.6 - 47·7 6.30 ± 0.20 

2 46.7 - ~6.8 46.5 - 46.6 5·85 ± 0.25 

3 45·3 - 45.4 45·3 - 45.4 5· 70 ± 0. 20 

4 44.0 - 44.1 43.9 - 44.1 4.85 ± 0.25 .• 



Table .IX. (Continued) 

Experiment Sample Projectile energy Excitation energy Isomer ratio 
number number (MeV) (MeV) (Tell9m /Tel19) 

38 5 42.7 - 42.8 42.7 - 42.8 4.50 ± 0.10 
6 41.4 - 41.5 41.4 - 41.5 4.00 ± 0.20 

7 4o.o - 4o .l 40.1 - 40.2 3.80 ± 0.20 

8 38.6 - 38.7 ·- .. 38.8 - 38·9 3.60 ± 0.10 

9 37·1 - 37.2 37·4 - 37·5 3.20 ± 0.10 

10 35·5 - 35.6 35·9 - 36.0 2.95±0.05 

ll 33·9 34.0 34.4 - 34.5 2.70 ± 0.05 

12 32.5 - 32·5 33.0 - 33.0 2.50 ± 0.05 

13 31.0 31.1 31.6 31·7 2.15 ± 0.05 

14 29.4 30.0 1.85 ± 0.05 

15. 27.6 - 27·7 28.5 - 28.6 1.85 ± 0.05 
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MU-31215 

Fig. 22. Experimentally determined formation cross-section 
ratios for the isom~rs of tellurium-1l9 produced in the 
reaction He4 + Sn11b --:> Tell9) 119m + 3n. . 
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7 Inll5 --" Tell9) 119m 3. The Reaction Li + / + Jn 

a. Target Assembly 

F,or this reaction it was possible to use natural indium which 

consists of 95.8% In115 and 4.2% In
113. The target assembly was the 

same as that used for the He3 reaction. It was essential to have alu

minum spacers between the targets because the melting point of the indium 

is quite low and the stack of foils tended to fuze together. In some 

cases it was impossible to separate the spacer from the target because 

of the melted indium which acted much-as a solder. In these cases, the 

spacer was dissolved with the rest of the target and posed no special 

problem. 

b. Experimental Results 

The results of the expe_riments are tabulated in Table X and 

plotted as a function of the excitation energy of the compound nucleus 

in Fig. 23. 

l 
I 



Table X. Formation cross-section ratios of the isomers ()f ,tellurium-119 
produced in the reaction Li 7 + Inll5 ---> Tell9, ll9rn + 3n. 

Experiment Sample Projettile energy Excitation energy Isomer ratio 
number number (MeV) (MeV) (Tell9mjTel19) 

35 3 39-4 - 39.8' 52.3 - 52-7 6.95 ± 0.25 
4 36.8 - 37·2 50.8 - 51.2 6.85 ~ 0.15 

' 5 34.0 - 34.4 48.2 - 48.6 5.40 ± 0.10 
6 31.1 - 31.4 45-5 - 45.8 4.10 ± 0.10 

7 28.0 - 28.4 42.6 - 42.9 2.85 ± 0.05 
8' 24.5 - 25.0 39· 3 - 39·7 1.65 ± 0.15 

49 .l 48.0 - 48.2 61~ 5. .:. 61.7 6. 30 ± 0. 30 

2 46.4 - 46.6 6o.o - 6o. 2 6. 70 ± o.4o 

3 44.7 - 44.9 58.3 - 58.5 7.20 ± o.4o 
4 42.9 ..: 43.1 56.6 - 56.8 7-30 ± 0.20 

5 41:1 - 41.3 54-9 - 55-l 7·45 ± 0.15 
6 39·4 - 39.6 53·3 - 53·5 7-45 ± 0.35 

7 37·5 ·- 37·6 51.3 - 51-5 . 6.90 ± 0.20 

8 35·5 - 35·7 49.6 - 49.8 6. 30 ± 0. 20 

9 33·3 - 33.6 47.6 - 47·9 5.00 ± 0.30 

10 31-l - 31.4 45·5 - 45·7 3.80 ± 0.10 

ll 29.0 - 29.1 43-5 - 43.6 3·05 ± 0.05 
12 26.2 -:26.6 4o.8 - 41.2 2.4o ± 0.10 

13 23.4 - 23.8 38·2 - 38.5 1.95 ± 0.05 
14 20.4 - 20.7 35-4 - 35·7 l. 70 ± 0.20 

/ 
69 l 53·3 - 53.6 66.5 - 66.8 6.00 ± 0.50 

2 51.7 - 51.8 64.8 - 64.9 5.65 ± 1.05 

3 49·9 - 50.2 63.1 - 63.4 6.05 ± 0.30 
4 48.1 - 48.3 61.5 - 61.7 6. 20 ± 0. 30 

5 46.0 - 46.4 59.6 - 6o.o 6.80 ± 0.30 
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Table X. (Continued) 

.. 
Experiment Sample Projectile energy Excitation energy Isomer ratio 

number number (MeV) (MeV) (Tell9mjTell9) 
I• 

69 6 44.1 - 44.3 57·7 - 57·9 6.75 ± 0.45 

7 42.0 - 42.4 . 55.8 - 56.2 6.95 ± 0.55 
8 4o.o - 4o .2 53·8 - 54.0 6.95 ± o.45 

9 37·6 - 38.2 51.6 - 52.1 6.85 ± o.45 
10 35·5 - 35.8 49·7 - 50.0 5 ·95 ± 0 ·30 ' 
ll 32.6 - 33·5 46.8 - 47·7 4.70 ± 0.10 
12 29.9 - 30.4 44.3 - 44.7 3·45 ± 0.05 
13 26.6 - 27·5 41.2 - 42.0 2.45 ± 0.05 
14 23·7 - 24.2 38.4 - 38·9 1.80 ± 0.10 

15 20 ·3 - 21.0 35·3 - 35·9 1~65 ± 0.15 
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Fig. 23. Experimentally determined formation cross-section 
ratios for the isomers of telluriwm-119 produced in the 
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It is seen :that 7 starting at approximately 52 MeV (excitation) 

the ratio curve changes slope and begins to turn over. Above about 56 

MeV the ratio of the upper-state to the· lower-state isomer decreases 

with energy. The effect is anomalous with respect to all-the other 

systems studied. Such an effect is usually attributable to .some sort 

of direct interaction. 

From a classical viewpoint, the collisions that bring into a 

compound nucleus the greatest amount of angular momentum are those 

which have a grzing trajectory; The compound nuclei resulting from 

nearly head-on collisions correspond to small amounts of angular momen

tum transfer. Therefore, if those collisions which result in large 

angular momentum transfers do not result in the formation of compound 

nuclei, the average value of the angular momentum of the compound nuclei 

must decrease. Such a decrease would result in a drop of the isomer 

ratio, as is observed in this experiment. 

Kaufmann and Wolfgang have studied just such reactions 7 using a 
. 67 

number of different heavy ions. At energies only slightly above the 

Coulomb barrier the reactions of heavy nuclei appear to be either those 

of_ compound-nucleus formation or those of Rutherford scattering and Coulomb 

excitation. For smal-l impact parameters the first process occurs 7 whereas 
I 

for large impact parameters the Coulomb barrier is not penetrated and 

the scattering reactions take place. At energies further above the 

Coulomb barrier the situation is not so simple. There now appears an 

intermediate range of impact paramet1=rs whiczh correspond to a grazing 

collision of the projectile. The particle is partially deflected by 

the Coulomb field, but still comes into approximately a tangential contact 

with the target nucleus. __ It may then move along the surface until its 

forward momentum breaks the nuclear bond formed between the nuclei. The 

necessary condition for such a reaction is that the centrifugal force 

plus the Coulomb force be greater than the nuclear binding force. Other

wise the -system would amalgamate into a compound nucleus. Such grazing 

reactions are considered to be good mechanisms for the transfer of several 

nucleons. 
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Many recent investigations have indiCated that 'under certain 

conditions the Li 
7 

nucleus may be considered to exist as an ex and a 

triton cluster'.
68 -:-74 

On the basis of such a model, reactions of the 

(Li 7 , ex) type. may be visualized as stripping reactions in which the 

triton is absorbed into the target nucleus and the ex particle goes on 

past the nucleus. Such a reaction, in which the Li 7 is shown pictorially 

as being composed.of an ex and a triton cluster, is represented in Fig. 

24. 

The ~hreshold energy for the reaction In
11

5(Li7, ex)Sn
118 

has 

been calculated to be positive by about 8 MeV (assuming zero kinetic 

energy of the ex particle). The Coulomb barrier for the reaction is 

22.4 MeV, and the first indication of such a reaction in this work is 

at 1a projectile energy of :38. MeV (laboratory system. 

For no breakup of the projectile there is an increase of angular 

momentum with energy for the compound..:nucleus process. The increased 

prevalence of the grazing processes, with a charged projectile passing 

by, may more than offset this increase and instead cause a decrease of 

angular momentum with energy. On the basis of this argument, it is 

proposed that the decrease in isomer ratio with energy is attributable 

to a direct interaction.in which a triton becomes amalgamated with the 

target nucleus and an ex particle proceeds on by. Such an effect may 

also have been seenby Richard Kiefer in·a similar investigation.75 

4. The Reaction c12 + PdllO 

a. Target Assembly 

----':> Tell9, 119m + 3n 

As discussed earlier, it was necessary in this investigation to 

use isotopically enriched Pd
110 

even though the lighter isotopes of 

paJ.:ladium do not produce interfering activities. The isotopic analysis 
66 

of:·'"the palladium· used is listed in Table XI 
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Fig. 24. Illustration of the direct-interaction mechanism 
pro~osed as an explanation of the decrease in isomer 
ratio with energy for the Li7 + Inll5 reaction. 



Table XI. Analysis of isotopically enriched Pd
110 

Atomic 
Isotope percent Precision 

102 0.3 ± 0.05 

104 1.6 0.1 

105 1.8 0.1 

106 2.2 0.1 

108 14.6 0.1 

110 79·5 0.2 

b. Experimental Results 

The isomer ratios are tabulated in Table XII and shown graphically 
' 

in Fig. 25. Since it was difficult to obtain more than about five 

points from each bombardment, a relatively large number of irradiations 

were conducted, 'This introduced a certain amount of energy inconsistency 

and the scatter of points is noticeably greater than that for the lighter 

projectiles. Also, beca'use of the high Coulomb barrier the bombardments 

were at higher energies where the background subtraction becomes more 

indefinite. This effect is manifested as an increase in the ratio uncer-

tainty with increasing energy. 

., 
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Table XII. Formation cross-section ratios Of the isomers of tellurium-119 
produced .. in the reaction cl2. + PdllO -->. Tel~9) 119m +· 3n 

Experiment Sample Projectile energy Excitation energy Isomer ratio 
number number (MeV) (MeV) .. (Tell9mjTell9) 

36 l 44.5 - 45.0 39·7 - 4o.l 2.80 ± 0.10 
2 48.2 - 49·7 42:7 - 44.0 4.55 ± 0.15 

37 l 58.0 - 58 ·5 .54.4- 54.8 9.90 ± o.4o 
2 52.0 - 52.8 49.0 - 49.8 7·25 ± 0.25 

3 45·7 - 46.5 43.5 - 44.2 4.65 ± 0.35 
4 39·0 - 4o~o 37·5 - 38·5 2.05 ± 0.15 

·5 61.7 - 62.5 57·8- 58.5 ·. 11 . oo ± o . 6o 

6 56.2 - 57-0 52·7 - 53·15 8.30 ± 0.30 

7 50·3 - 51.0 47.6 - 48.2 6.30 ± 0.10 

8 44.0 - 44.8 42.0 - 42.7 3·30 ± 0.10 

43 1 61.5 - 62.0 57·6 - 58.0 10.75 ± 0.55 
2 59·0 - 59·5 55-3 - 55.8 9·65 ± 0.45 

3 56 ·5 - 57 .o 53-0 - 53·6 7·85 ± 0-35 
4 54.0 - 54.5 50.8 - 51.3 7-55 ± o.65 

5 51.0 - 51.5 48.2 - 48.6 6.15 ± 0.55 
6 42.0 - 42.5 4o.2 - 40.7 2.55 ± 0.25 

52 l 57·3 - 57 .5, 53·8 - 53.6 9·05 ± 0.45 
2 5.z.o - 52.2 49.0 - 49.2 6.75 ± 0.95 

3 46.6 - 46.8 44.2 - 49.2 5·05 ± 0.35 

" 63 l 62.7 - 64.0 58.7 - 59·8 12.25 ± o.65 

2 57-2 - 59.6 53.6 - 55.3 8-75 ± 0.25 

3 49.0 - 49.3 46.4 - 46.7 4.90 ± 0.10 

4 45.2 - 45·5 43.0 - 43.3 3·45 ± 0.25 

5 4o. 7 - 41.5 39.1 - 39.8 2.10 ± 0.10 
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Table XII. (Continued) 

EXperiment ·Sample Projectile energy Excitation energy 
number number (MeV) (MeV) 

70 l 66.6 - 67.8 62.2 - 63.3 

2 63·3 - 64.7 59-2 - 6o.4 

3 6o.8 - 61.4 56.8 - 57·4 

4 57·5 - 58.5 54.0 - 54-9 

5 53-5 - 54·5 50.4 - 51.4 

6 48.5 - 48.8 46.o - 46.3 

7 43-7 - 44.5 41.6 - 42.8 

8 38-5 - 39-4 37-l - 38.0 

5,. The Reaction o18 + Ru104 -·-:> Te119' ll9m + 3n 

a. Target Assembly 

Isomer ratio 
(Tell9m/Tell9) 

15.1 '± .1•.20 

13.10 ± 1.00 

10.80 ± o.6o 

9-40 ± 0.50 

7-30 ± o.4o 

4.30 ± 0.50 

2.10 ± 0.10 

1.60 ± 0.20 

Isotopically enriched Ru104 was used as the target material.
66 

The 

isotopic analysis is given in Table XIII. The target assembly was the 

same as that used for the other Hilac bombardments. 
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Fig. 25. Experimentally determined formation cross-section 
ratiqs for the isomers of telluriwm-119 produced in the 
reaction c12 + PdllO -----:> Tell9' 119m + 3n. 



Table XIII. 

Isotope 

96 

98 

99 

100 

lOl 

102 

104 

104 
Analysis of isotopically enriched Ru . 

Atomic 
percent Precision 

< 0.03 

< 0.02 

0 .. 08 

6.12 

0.27 

1.32 ± 0.05 

98.16 0.05 

b. Experimental R.esults 
,e 

The experimental results are tabulated in Table XIV and illustrated 

·in Fig. 26. The uncertainties in the energy and ratio mentioned1:for the 

carbon reaction are even more magnified for the o18 
data. Only two 

experiments were performed because of the cost and nonavailability of 
. 18 
0 . The agreement between the twoexperiments is) however) surprinsingly 

good considering the difficulties encountered in working with the ruthenium. 

... 
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Table XIV. Formation cross-section ratios of the isomers of tellurium-119 
produced in the reaction ol8 + Rul04 --> Tell9' 119m + 3n. 

Experiment Sample Projectile energy Excitation energy Isomer ratio 
number number (MeV) (MeV) (Tell9m/Tell9) 

6o l 78.2 - 79·5 68.0 - 69.1 25.50 ± 1.80 

2 72·7 - 74.0 63.2 - 64.4 18.80 ± 1.20 

3 68.0 - 69.0 59·3 - 60.1 14.25 ± 0.75 

4 62.6 - 63·5 54.8 - 55·5 10.25 ± 0.55 

5 56.5 - 58.3 49.6 - 51.1 6.4o ± 0.30 

65 l 73·5 - 75·7 64.0 - 65·7 19.75 ± l. 35 

2 68.7 - 69.5 59·8 - 6o.6 14.8 ± 0.70 

3 63.0 - 64.5 55·1 - 56.4 9·45 ± 0.35 

4 57·5 - 59·0 50.4 - 51.7 7·30 ± 0.30 
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Fig. 26. Experimentally determined formation cross-section 
ratios for the isomers of tellurium-119 produced in the 
reaction olC) + Rul04 --> Tell9' 119m + Jn. 



c. .. . 121* 123* 
Reactions Yielding. the Compound Nu-clei Te and Te. · . 

General Discussion 
121* 118 

The compound nucleus Te was prepared by bombardment of Sn 
119 3 4 123* 

and Sn with He and He ions respectively. Te was prepared 
120 119 . 3 . 4 analogously by bombardment of Sn and Sn wlth He and He . The 

isotopic enrichments of the Sn
118 

and Sn119 have already been given in 

earlier·sections. The enrichment of the other two isotopes is given in 

Tables X:V and X:VI. 

The target assemblies were the same as those previously described 
' 3 4 

for other He and He bombardments. 

Table X:V,. Analysis of isotopically enriched Sn11 7. 

Atomic 
Isotope percent Precision 

112 0.3 ± 0.05 

n4 0.2 0.05 

115 0.2 0.05 

116 2.8 0.05 

117 85.4 0.2 

118 7·8 0.1 

119 l.O 0.05 

120 1.6 0.05 

122 0.3 0.05 

124 0.3 0.05 



Table XVI. Analysis of istopi<::ally. enriched Sn120 .. 

Atomic 
Isotope percent Precision 

112 ' o.oo4 ± 0.002 

114 c. 0.009' o.oo4 

115 . 0.024' 0.015 

116 o.o88 o .o14 

117 0.073 0.002 

118 0.562 0.029 

119 j, 0.775 0.027 

120 98.14 0.07 

122 0.240 0.003 

124 .. 0.074 0.017 

2. Experimental Results 

The experimental results are tabulated in Tables XVII through XX. 

The results are plotted together in Fig. 27. Although these reactions 

are probably not as fruitful ih showing angular momentum effects as the 

foregoing ones) since no heavy particles are involved) they help to show 

the effects of tl~e neutron evaporation on the isomer ratio. When they 

are included) the work deals with the production of the tellurium-119 

isomers from a compound nucleus by 2n) 3n) and 4n reactions. 
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Table XVII. Formatim1 cross-section r~tios o:f the isome~s of tellurium-
119 produced in the reaction He3 + Snll8 --> Tell9' 119m + 2n. 

Experiment 
number 

59 

Sample 
number 

1 

2 

3 

4 

5 

6 

Projectile energy 
(MeV) 

23·9 - 24.0 

22.1 - 22.2 

20.4 - 20.5 

18.7 - 18.8 

16.7 - 16.9 

14.6 - 14.7 

Excitation energy. Isomer ratio 
(MeV) (Tell9mjTell9) 

36.2 - 36.3 1.85 ± 0.05 

34.6 - 34·7 1.75 ± 0.15 

33·0 - 33.1 1.60 ± 0.05 

31.2 - 31·3 l. 50 ± 0.10 

29.2 - 29.3 l.4o ± 0.10 

27.2 - 27·3 1.00 ± 0.05 
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Table XVIII. Formation cross-section ratios of the. isomers of tellurium-
119 produce~ in the reaction He4 + Snll 7 -· -·-· > Tell9' 119m+ 2n. 

Experiment Sample Projectile energy Excitation energy Isom~r ratio 
number number (MeV) (MeV) ( TelL?m/Tell9) 

l 38.1 - 38.7 38.6 - 38·7 5·15 ± 0.25 
2 36.8 - 36.9 37.4 - 37·5 5.10 ± o.4o 

3 35·3 - 35·4 35·9 - 36.o 4.85 ± 0.15 
4 33.8 - 33·9 34.5 - 34.6 4.20 ± 0.30 

5 32.2 - 32~3 32.8 - 32·9 3.60 ± 0.10 
6 30·7 - 30.8 31.5 - 31.6 3·05 ± 0.05 

71 l 38·3 - 38.4 38.g - 39·0 5·50 ± 0.20 
2 36·9 - 37.0 37·4 - 37·5 4.95 ± 0.15 

3 35.4 - 35·5 35.8 - 35·9 4.65 ± 0.35 
4 33·9 - 34.0 34·5 - 34.6 4.20 ± 0.10 

5 32.3 - 32.4 35.0 - 33·1 3.60 ± 0.10 
6 30·7 30.8 31.4 - 31.5 3·25 ± 0.15 

7 29.1 - 29.2 29·9 - 30.0 2.70 ± 0.10 

8 27·3 - 27.4 28.2 28.3 2.20 ± 0.10. 

..... 



Table XIX. · Formation cross:..section ratios of 
' .. ·. 

of telluriwn-the isomers 
119 produced in the reaction He3 + snl20 ;;.. Te119, 119m+ 4n. 

·" 

Experiment Sample Projectile. energy Excitation energy Isomer ratio 
nwnber nuniber (MeV) (MeV) (Tell9mjTell9) 

55 l 31.1 44.7 1.75 ± 0.05 

2 29·7 43.2 1.65 ± 0.05 

3 28.3 - 28.4 41.9 - 42.0 1.45 ± 0.05 

4 26.8 40.5 1.45 ± 0.05 

5 25.3 39·0 l. 20 ± 0.10 

6 23.6 37·5 1.30 ± 0.10 

59 l 31.1 44.7 1.80 ± 0.10 

2 291.6 43.2 1.60 ± 0.05 

3 28.2 41.8 l. 55 ± 0.05 

4 25.6 39·3 1.45 ± 0.05 

74 l 31.1 44.7 1.75 ± 0.05 

2 29·7 43.2 1.65 ± 0.05 

3 28.4 41.9 1.45 ± 0.05 

4 27.1 40.7 1.30 ± 0.01 

5 25·7 39· 5 1.20 ± 0.01 

6 24.2 38.0 0.85 ± 0.15 



Table XX. F~rma~ion cross-s~ction4ratios of the isomers. of tellurium-
119 produced ln the·reaCtJ.,on He + snll9 -. -> Tell9) 119m+ 4n. 

Experiment $ample Projectile energy Excitation energy Isomer ratio 
number number . (MeV) (MeV) (Tell9m /Tell9) 

61 l 47.9 - 48.0 48.8 - 48.9 3·75 ± 0.05 
2 46.6 - 46 ·7 47·5 - 47.6 3.60 ± 0.10 

3 45.3 - 45.4 46-.3 - 46.4 3.20 ± 0.10 

4 43.9 - 44.0 44.8 - 44.9 3·05 ± 0.05 

5 42.5 - 42.6 43.5 - 43.6 2.80 ± 0.05 

6 41.0 - 41.1 42.0 - 42.1 2.40 ± 0.10 

7 39.6 - 39·7 40.7 - 40.8 2.15 ± 0.15 

62 l 47·9 - 48.0 48.7 - 48.8 3·70 ± 0.10 

2 46.4 - 46.5 47·3 - 47.4 3·55 ± 0.15 

3 45;0 - 45.1 46.o 7 46.1 3·25 ± 0.05 
4 43.6 - 43·7 44.7 - 44.8 3·15 ± 0.05 

5 42.2 - 42.3 43.3 - 43.4 2.75 ± 0.05 

6 40.7 - 4o.8 41.7 - 41.8 2.60 ± 0.20 

7 39· 3 - 39·4 4o.o .- 4o.5 2.25 ± 0.15 

8 37·8 - 37·9 39·0 - 39·1 2.35 ± 0.15 

9 36.2 - 36 ·3 37·5 - 37·6 2.40 ± 0.10 

10 34·7 - 34.8 36.0 ~ 36.1 2.40 ± 0.20 
Ou 

73 l 41.6 42.7 2.75 ± 0.05 

2 40.3 41.4 2.45 ± 0.05 

3 39·1 40.1 2.20 ± 0.05 

4 36.8 38.0 1.80 ± 0.10 

,...,._. 



Experiment 
number 

73 

Sample 
number 

5 
6 

7 
8 

9 
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Table XX. (Continued) 

Projectile energy 
,(MeV) 

35·5 
34.2 
32.8 

31.5 
30.0 

Excitation energy 
(MeV) 

36.8 

35·5 
34.2 

. 33.0 

31.6 

Isomer ratio 
(Tell9m/Tell9) 

1.60 ± 0.10 
l.4o ± 0.10 

L25 ± 0.05 
1.05 ± 0.05 

0;95 ± 0.05 
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Fig. 27. Experimentally determined formation cross-section 
ratios as a function of the excitation energy of the 
compound nucleus for the reactions 

He3 + Snll8 --~ Tell9, 119m + 2n 

He4 + Snll7 ----> Tell9, 119m+ 2n 

He3 + Snl20 --> Tell9, 119m + 4n 

He 4 + Snll9 --> Tell9, 119m + 4n 
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D. Excitation Functions 

Excitation functions were determined for the reactions proceeding 

through the Te
122* compound nucleus. The cross sections were measured 

by analyzing the counting data for the ground-state isomer. For this 

isomer the 648-keV peak accounts for about 95% of the ,total gamma emission 

and is very weakly converted. Positron emission is also very minor. 

The upper-state isomer cross sections were calculated by merely multi

plying the ground-state isomer cross section by the appropriate isomer 

ratio~ The determination of the absolute counting efficiency of the 

counter assembly is described in the Appendix. 

The excitation functions are shown in Fig. 28. The data obtained 

for the Li7 and c12 
reactions were consistent and the peak placements 

and heiglits are considered to be q_uite reliable. Only one irradiation 

yielded data for the 01~ reaction and therefore no independent check 

could be made. For the He 3 and He
4 

bombardments the beam integrations 

were apparently rather erratic, and although the peak positions for 

different irradiations was constant, the height was q_uite variable. 
' Therefore, one should not place too much confidence in the absolute 

cross sections for these reactions. The cross sections chosen for each 

reaction were those which seemed most consistent among the various 

bombardments.and with regard to the other reactions. 

The influence of the Coulomb barrier is evident for the o18 

reaction. The initial increase of cross section with energy is undoubtedly 

related to this effect, The direct interaction apparently occurring in 

the Li 7 reaction is not important below about 56 MeV, and is not evident 

in the excitation function. 

There ±s a displacement of the peak toward higher energies with 

the heavier particles. The expected shift of the high-spin isomer peak 

with respect to the low-spin isomer peak is also discernible, and appears 

to amount to about 2 MeV. 
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Fig. 28. Excitation functions for the reactions proceeding 
through the compound nucleus Tel22*. Solid curves 
represent the ground-state isomer and dashed curves the 
upper-state isomer. 
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V. COMPOUND-NUCLEUS CALCULATIONS AND QUALITATIVE 
PREDICTIONS OF ISOMER RATIOS 

-
This section involves some rather qualitative comparisons between 

the experimental results. and what would be expected on the .basis of the 

angular momentum distribution of the compound nucleus. The effects of 

neutron emission and the r-ray cascade are not considered. Also neglected 

are the intrinsic spins of the target and projectile. In order for the 

isomers studied to be formed, it is necessary that a compound nucleus be 

created. Therefore, in explaining the results it is assumed that the 

total reaction cross section is essentially that of compound-nucleus 

formation and that direct reactions. are unimportant. Recent work by 

Alexander and Simonoff indicates that.in the energy region considered 

this is probably a good assumption. 9 . As discussed in a preceding section, 

at higher energies ~n exception must be made for the Li 7 reaction, in 

which a direct interaction apparently accounts for a large percentage 

of the total reaction cross section. 

A. Calculations 

The calculations were performed on an IBM 650 computer with•a 
. . 39 40 

program written by Darrah Thomas. '· · The calculation assumes a diffuse.-

well model with a radius parameter of 1.2 fermis and a potential function 

of the form 

V(R) 

where V c represents the Coulomb potential. 

v 
c 

( 20) 

( 21) 
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and Vp, is ;the centrifugal potential 

( 22) 

Here Vn is a nuclear potential of the form proposed by Igo for an a 

particle, 76 

( 23) 

For calcUlation of transmission coefficients the potential 

function eq • ( 20) is approximated at the barrier, by a parabola with 

height and second derivative matching at the maximum. The transmission 

coefficients are than calculated by the method of Hill and Wheeler,7f 

who showed that for a parabolic potential they are of the form 

T = 1/[l + exp 21t (B-E) /liw] . ( 23) 

In EJq. (23) B is the height of the barrier, E is the ehergy of the 

system, and co is the vibrational frequency of the harmonic oscillator 

with the reduced mass of the system ~' and a potential energy function 

given by the negative of the potential energy function describing the 

barrier V(R). 

The parameters that must be provided for the calculation are 

z
1

, z2 , ~, £, V
0

, R
0

, and c. 

the value of R for which V(R) 

Using these parameters, the program finds 

is a maximum. It then prints out V , · max 
R, £, and fuofor all values of P, such that jv I< 10 MeV. For these 

n 
values of P, and for selected values of the projectile energy it calculates 

and prints out £, Tp,, and the formation cross section for each value of 

.e, 

( 24) 
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The program also provid,es the cross section summed over all values of f., 

00 

at = -rr.-r.} [ · ( 2.£ + 1) T .£ 

£=0 

and the average value of .£) 

( 25) 

( 26) 

Since Eq. (25) is the total cross section) it represents the cross 

section for compound-nucleus formation. 

B. Comparison of Calculations and Experimental Results 

The calculations described above were performed for all target 

and projectile combinations over a wide range of energies at 2-MeV 

intervals. The energy range considered for each reaction was from the 

threshold energy or Coulomb barrier (whichever was higher)) up to about 

10 MeV above the highest energy experimentally studied. 

When the calculated average angular momentum((.£)) for each 

reaction is plotted against the excitation energy of the compound system) 

Fig. 29 is obtained. Points at which the curves for the various reactions 

cross correspond to a pair of compound nuclei produced by different reac

tions) but of the same average angular momentum and excitation energy. 

For example) at an excitation energy of about 50 
. 4 118 

resultlng from He bombardment of Sn . have the 
12 momentum as those resulting from C bombardment 

MeV) compound nuclei 

same average angular 

of Pd110 . Since the 

compound nuclei produced by the two different reactions are identical 

with respect to angular momentum and excitation energy) the relative 

yields of the two tellurium-119 isomers) resulting from the/ emission 
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Fig. 29. Plot of calculated average angular momentum (£) for 
each reaction as a function ofthe excitation energy of 
the compound nucleus. Points at which the curves cross 
correspond to the compound nuclei produced by different 
reactions 7 but id.entical in energy and spin. The points 
show experimentally determined ratios corresponding to 
various combinations of (£) and excitation energy.· 
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by the compound system of three neutrons, should also be the same. In c,. 
4 

other words, at an excitation energy of 50 MeV the He reaction should 

produce the same tellurium-119 isomer ratio as the c12 
reaction The 

plot also shows experimentally' determined ratios for the different 

reactions at various E and (£) combinations. 
X 

Figure 30 is a plot of the experimentally determined isomer 

ratios as a function of the excitation energy of the compound nucleus. 

It is observed that the He
4 

and c12 isomer ratio curves do cross pre

cisely where the calculation predicts. If the assumptions made are 

valid, for each intersection occurring on the plot of (£) versus excit

ation energy there should be a corresponding intersection for the same 

pair of reactions, at a similar excitation energy, on the' plot of isomer 

ratio versus excitation energy. 

Figure 29 shows a total of nine intersections of the various 

reaction curves. It is notable that most of the experimentally deter

mined isomer ratio curves (Fig, .. 30) cross very nearly at the excitation 

energy predicted by the compound-nucleus calculation. The various points 

of intersection of the two plots are tabulated for comparison in Table 

XXI. The two predicted intersections that do not occur involve reactions 

taking place in the vicinity of the Coulomb barrier, and in this region 

the calculation evidently understimates the average angular momentum of 

the system. 
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Fig. 30. Experimentally determined isomer ratios'for the 
various reactions proceeding through the compound nucleus 
Te122* as a function of the excitation energy of the 
compound nucleus. The curves are extrapolated for a 
short distance past the experimentally determined values. 
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Table XXI. Comparison of the calculated and experimentally determined 
points of intersection for the various reaction pairs.a Energies listed 
are excitation energies of the compound nucleus. 

Reaction pair 

He3 + Snll9 

Li 7 + In115 

L .7 I 115 
l + n 

Cl2 + PilO 

Li 7 + Inll5 
18 '104 

0 + Ru 

Li 7 + Inll5 

He 
4 

+ Sn118 

H 4 s 118 e + n 

018 + Rul04 

Calculated 
intersection 

(MeV) 

39 

4o 

50 

44 

57 

50 

55 

Experimental 
intersection 

(MeV) 

none 

none 

53 

50 

55 
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'. •.: :' 

·Tabl·e 'xx:r. :· (Continued) 

Calc-ulated - -
intersection 

(MeV) 

- ExperimentBl 
intersection 

(MeV) 

59 

aThe He 3 data were extrapolated in a reasonable manner to the energies 
where the intersections occurred. The Li 7 data were extrapolated from 
about __ 52 MeV on the assumption that no direct interaction took place. 
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The above discussion indicates that at certain energies different 

reactions can be predicted ito yield the same isomer ratios. By a similar 

analysis, the relative isomer ratios produced by different reactions at 

a given level of excitation can also be predicted. Figure 31 shows the 

distributions of angular momentum in the compound systems produced by 

three different reactions, all yielding about the same excitation energy. 
I 

It is obvious that the compound nucleus produced by the c12 reaction has. 

more angular momentum and therefore should yield a higher Tell9m/Tell9 

ratio than the Li7 reaction. The Li7 reaction should likewise yield a 

higher ratio than the He 3 reactions. Observation of Fig. 30 verifies 

that these predictions are correct. A similar plot at an excitation 
I 

energy of 50 MeV, where a great deal of overl~p occurs, is shown in 

Fig. 32. It can be seen that although the cross section for compound-

1 d t . f th c12 t· · ·l th f ·th H 4 
nuc eus pro uc lOn or - e reac lon lS ower an or e e reac-

tion, the distributions in £ peak at about the same point and consequently 

the isomer ratio should be about the same. This is likewise experimentally 

verified. The calculation predicts that the isomer ratio from the o18 

reaction should be about equal or less than that of the He 3 reaction. In 

reality, the o18 
reaction gives a much higher ratio than the calculation 

predicts. As stated before,the calculation seems to underestimate the 

amount of angular momentum put into the compound' system when the reaction 

occurs close to the Coulomb barrier. Recent work on angular distributions 

of fission fragments by Viola, Thomas, and Seaborg leads to the same 

conclusion. 78 

The foregoing discussion seems to bear out the previously stated 

assumption that when decaying to a pair of isomers, those compound nuclei 

having high angular momentum prefer to populate the high-spin isomer and 

those having low angular momentum the low-spin isomer. Hence, an increase 

in the average angular momentum of the compound nucleus leads to an in

crease in the isomer ratio. Figure 33 is a plot of the experimentally 

determined isomer ratios as a function of the calculated average angular 
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16 

5 10 

MU -31266 

Fig. 31. Distribution of angular momentum as determined by 
the Bunthorne calculation for three compound systems, 
all at the same excitation energy. The distributions 
illustrate the effect of projectile energy and size on 
the angular momentum brought into the compound-nucleus 
system. 

... 
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16 
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4 

50 MeV excitation 

5 10 15 20 25 30 
1 

MU-31267 

Fig. 32. Distributions in angular momentum of the compound 
nuclei produced by the five reactions yielding the 
compound nucleus Tel22*. The projectile energies were 
chosen so that the excitation energies of the compound 
systems were approximately equal (50 MeV). 
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MU-31217 

Fig. 33. Experimentally determined isomer ratios for the 
various reactions as a function of the average angular 
momentum of the compound nucleus. 

... 
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momentum of the compound nucleus. Normalizing the reactions according 

to the amount of excitation energy in the compound nucleus) one sees 

that there is apparently a nearly linear relationship between the isomer 

ratio and the average §ngular momentum of the system over the range 

studied, In these plots) the He 3 ratios are extrapolated in a reasonable 

manner to the energies required for the comparison The Li7 ratios are 

extrapolated with the assumption that no direct interaction occurs. 

Since the ratio and (£) decrease together) the curve must in 

some way turn toward the origin, possibly as inpicated by the dashed 

line extension. However) from an experimental standpoint, it is probably 

impossible to produce a system with a very small average angular momentum 

at the excitation energies listed. 

At excitation energies of 44 and 52 MeV, the c12 
and o18 

reactions 

are respectively very near the Coulomb barrier. The solid points in 

Fig. 33 are the experimentally determined ratios corresponding to the 

the calculated average angular momenta. Again) the results indicate 

that the calculation underpredicts the average angular momentum of the 

system near the Coulomb barrier. The report by Viola) Thomas) and Seaborg 

contains a plot of angular momentum correction factors as a function of 
'78 the energy above the Coulomb barrier. When these factors are applied 

12 18 
to the calculated (£) for the C and 0 reactions) the points fall 

precisely in line with the other reaction points (indicated by open 

circles). Thus) there seems to be good agreement between this work and 

that cited concerning the magnitude of error in the calculation for reac

tions taking place in the vicinity of the Coulomb barrier. 

C. Prediction of the Isomer Ratio 

Since there undoubtedly is a direct relationship between the 
122* 

angular momentum of the Te compound nucleus and the relative amounts 

of the tellurium-119 isomers formed through its decay) one might hope 

to be able to make some prediction as to the ratios expected. The sim

plest course is to assume that there exists some sharp cutoff in the 
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angular momentum distribution such that all compound nuclei with angular 

momentum equal to or less than a chosen £ yield the ground-state isomer 

whereas all compound nuclei with angular momentum greater than the cutoff 

£ yield the upper-state isomer. This type of analysis was carried out for 

all the reactions studied. The cross sections for all angular momentum 

states up to and including the cutoff value were summed and assl.lllled to lead 
to the ground-state isomer, Te119. The cross sections for all angular 

momentum states greater than the cutoff were summed and assumed to yield 

Te
119m. The calculated ratio was then obtained by merely dividing the 

two summations, 

where c is the cutoff point and m is the maximum value of £ provided by 

the calculation. 

The above procedure was carried out with different values for 

the cutoff point and over the range of energi'es used in the calculations. 

Each reaction thereby yielded a family of curves of predicted isomer 

ratios based upon the chosen cutoff points. The experimentally determined 

isomer ratios were then superimposed upon the calculated curves. Figures 
' . 

34 through 38 show the calculated and experimentally determined ratios 
122* 

for the various reactions yielding the compound nucleus Te The 

significance of the analysis lies in the fact that all the experimental;Ly 

determined ratios can be correctly predicted by choosing a cutoff angular 

momentum of approximately 8. Except in the vicinity of the Coulomb 

barrier, over all the energies studied, the experimental ratios for the 

five reactions are within the area difined by cutoff value of between 

7 and 9. Figure 39 illustrates this procedure for the c12 reaction. For 

the angular momentum distributions shown, the correct isomer ratio at each 

energy can be approximated by dividing the area under the appropriate 

curve for all values £>8 by the area under the same curve for values 

£~80 
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Fig. 34. Comparison of experimentally determined and calcu
lated isomer ratios for the reaction He3 + Snll9 ----? 
Tell9, 119m+ 3n. The solid line is the experimental 
data and the broken lines are the ratios calculated on 
the assumption that all nuclei of £ greater than the 
value sh0wn for each curve populate the high-spin 
isomer, while all nuclei with an angular momentum of 
£ or less yield the low-spin isomer. 
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Fig. 36. Comparison of experimentally determined and calcu
lated isomer ratios for the reaction Li 7 + Inll5 --> 
Tell9, 119m+ 3n. (Explanation of the figure is the 
same as for Fig. 34~) 
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Fig. 37. · Comparison of expe.t imentally determined and calcu
lated isomer ratios for the reaction cl 2 + PdllO ----> 
Tell9, 119m + 3n. (Explanation of the figure is the 

·-same as for Fig. 34.) 
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lated isomer ratios for the reaction o1 + Ru10 --~ 
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Fig. 39. Angular momentum distributions of the compound 
nuclei produced at different energies by the reaction 
cl2 + PdllO --> Tel22*. The hatched area at £ = 8 
represents the zone of the angular momentum cutoff that 
yields reasonable agreement between calcuiated and 
experimentally determined ratios. 
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The analysis appears to br:eak down in the vicinity of the 

Coulomb barrier. At about 6 to 8 MeV above the barrier the experimental 

curves are observed to break away and become greater than. the values 

predicted ·by a cutoff value of about 8. In terms of the excitation 

energy, which is used in the plots, the Coulomb barrier for the o18 

reaction occurs at about 44 MeV, for the c12 reaction at 36 MeV, for 

the Li 7 reaction at 37 MeV, and for the He 3 reaction at 32 MeV. The 
. 4 

barrier for the He reaction is lower than any of the energies considered, 

and it is notable that only for this reaction is there no breaking away 

from the predicted ratios. As discussed previously, it appears that the 

compound-nucleus calculation underpredicts th~ amount of angular momentum 

transferred to the compound nucleus when the reaction occurs at energies 

only slightly above the Coulomb barrier. 
121* Figures 40 through 43 show similar plots for the Te · and 

123* . 
Te compound nuclei systems. Although the cutoff values are not 

122* . 121* 
much different from that of the Te system, it appears that the Te 

compound nucleus, which yields the isomers by emission of two neutrons, 

requires a cutoff point at somewhat lower angular momentum (about 6); 
123* and the Te system, which yields the isomers by a 4n reaction, a 

somewhat higher value (about 9). 

The assumption that there is a sharp cutoff point. such that all 

compound nuclei with angular momentum greater than the point yield the 

high-spin isomer and all compound nuclei with angular momentum less than 

or equal to the cutoff point yield ~he low-spin isomer, is undoubtedly 

a_ very crude approximation. The upper-state isomer is surely produced 

by compound nuclei with angular momentum less than the cutoff value and 

the inverse is true for the ground-state isomer. However, on the basis 

of the consistency of results, it is probably reasonable to conclude that 

the critical area in angular momentum that determines which isomer is 

produced must be in tre. vit:l1hicty of an angular momentum of 8. 
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Fig. 4J.,. .Comparison of experimentally dete~mined and calcu
lated isomer ratios for the reaction He + Snll 7 --> 
Tell9J 119m + 2n. (Explanation of the figure is the same 
as for Fig. 34.) 
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Fig. 43. Comparison of experimentally dete4mined and calcu
lated isomer ratios for the reaction He + Snll9 ----> 
Tell9J 119m+ 4n. (Explanation is the same as for Fig. 
34.) 
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Recent work by Simonoff and Alexander indicates that the 

fractionation of the total reaction cross section into the individual 

reactions may have some angular momentum dependence. 8 The conclusion 

they reach is that neutron emission is favored from compound nuclei of 

low angular momentum. Therefore for compound nuclei at an energy which 

corresponds to de-excitation by either a 3n or a 4n reaction, the nuclei 

with low angular momentum will favor the 4n process while those with 

high angular momentum will favor the3n reaction. 

In the calculations it was assumed that the fractionation was 

strictly a statistical phenomenon and the angular momentum distribution 

played no part in determining which product was formed. In considering 

the 3n.reaction, to correct for angular momentum effects it would be 

necessary to weight the compound-nucleus angular momentum distribution 

toward the higl:1 .£ values for .all energies at which the 4n reaction competes 

and toward smaller .£ values at all energies at which the 2n reaction can 

occur. The only energies at which the compound-nucleus angular momentum 

distribution ,;would be the sa,me as the distribution leading to the 3n 

reaction would be those at which no competing reactions occur (peak of 

the excitation function). If the above weighting procedure were carried 

out, it would have the effect of making the slopes of the calculated 

ratio curves (assuming the sharp cutoff point) to become steeper. For 

the heavy-ion reactions this would cause the calculated ratio curves 

to become more similar in slope to the experimental curves. 
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VI. ISOMER RATIO CALCULATIONS 

The considerations of this section are somewhat more sophisticated 

and quantitative than thos_e. pr_e,sented in the preceding section. Attempts 

are made to calculate the isomer formation cross section ratios actf)ording 
. 10 18 to the method of Vandenbosch and Hulzenga. ' The computations are 

performed with an IBM 7094 computer using a progra~ provided by the above 
. 41 

authors. . The calculation takes into account the intrinsic spins of. 

the target and projectile, the emission of neutrons,. and the "'!-ray 

cascade. Proton emission is neglected, and it is as,sumed that all 

neutrons are emitted before the 'Y-ray cascade begins. 

A. Theory of the Calculation 

'l'hissubsectiondiscusses the theoretical aspects of computing 

the relative formation cross sections of isomers produced in nuclear 

reactions. 

Since high-energy projectiles can carry into a nucleus various 

amounts of angular momentum, the compound system produced in such 

reactions contains a wide distribution of spins. This distribution is 

calculated according to the following equation, which gives the formation 

cross section for a compound nucleus of spin Jcproduced by a projectile 

bf energy E: 6 ' 79 

2J + 1 
c 

(2$+1) (2I+l) 

~ = de Broglie wavelength of the incoming projectile, 

I = intrinsic spin of the target nucleus, 

s intrinsic spin of the projectile, .and 

11\· (E) . £ 

(28) 

T£ (E) = barrier transmission coefficient for a projectile of angular 

momentum £ and energy E. 
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The maximum angular momentum of the.· system-. is J - P. +s+I, c,max max 
and is either integral or half integral, depending upon the intrinsic 

spins. 

For all the reactions considered, except those of He3 and Li7, 

the intrinsic spins of both target and projectile are- zero, and Eq. (28) 

reduces to-

2 
TI A (2Jc + l) TJ (E) . (29) 

c 

The first part ofthe.program computes the normalized initial 

compo1.md-nucieus spin distribution according to Eq. (28). The input 

parameters that must be provided are 

(a) target spin. = I, 

(b) projectile spin = s, 

(c) 2 
-TI A 

cross sections as a function of 'J c 

proportionality constant = 
(In this work the absolute 

were not required and the constant was set- equal to l. Such a 

(d) 

.procedure yields only a normalized. spin distribution, P J } , 
. c 

transmission coefficients as a function of P. for the des1red 

reactio-n (These were obtained from .the Bunthorne calculation dis

cussed in the preceding section). 

The output quantities of the program at this point are the partial 

cross sections a (J c, E), P J (the probability that the compound nucleus 
c 

has spin Jc)' given by 

a (J0 , E)/~ 
0 

a (J0 , E) , 

a running sum of PJ 
c 

and (J2 ) -
c av 

\ 
) 

~ (30) 

The program next computes the normalized spin distribution of 

the system following neutron emission-. The distribution depends upon 

two factors: the density of available levels having a final spin Jf , 
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and the amount of angular momentum carried away by the neutron (2 1
). A 

particular state of spin Jc can decay. by neutron emission to a variety 

of states, and the relatiye probability of population of state Jf is 

given by 

(31) 

where S 1 is the intrinsic spin of the emitted particle (1/2 for neutrons), 

and T£~ (E) is the transmission coefficient of the emitted particle of 

energy E and angular momentum 2 1
; . p (Jf) is the density of levels of 

· · So 81 
spin Jf , and is predicted theoretically to be of the form ' 

(32) 

The a is called the spin cutoff factor, and should not be confused with 

the same symbol used to represent the cross section.. The context in which 

it is used will normally serve to differentiate between the two. The 

value of the spin cutoff factor is one of the results sought by this 

investigation. 

The normalized yield of spin Jf , produced from an initial spin 

J c is the product of the initial normalized yield of J c (Eq. 30) and 

the probability for an initial state J to emit a particle to yield a 
c 

final state of spin· Jf (Eq. 31): 
J + sl J + s c c 

Normalized yield (J: ~ Jc) PJ p(Jf) I I T£ I c 
c s IJ c- .s I I 2 I IJc- s I = = 

(33) 

The total normalized yield .of J:f' . is computed by .summing over 

all values of J c , and is given ?Y the following equation: 



J := 
c 

J for ( Jf +- 2 1' + s 1 
) > J · 

c · max -- c 
~x · ·~x 

2 + S 1 

max 
for (Jf + 2' ~ s 1 )< J 

~X . C .· 

p 
Jf 

·; 

for (Jf- 2 - s 1 )< o 
~X -

. ~X 

J - 1 - S
1 for (J- 2 - s 1 )> 0 

f ~x · f ·~x 

J := 
f 

PJ_ 
c 

Pj 
F 

J := J +2 I + 8 I 
f c max 

c 

J + sl 
f-

L '. 

g,; !J:e- sl I 

Jf 
I 

for (J -2 - sj)< 0 
c max -

J + s c 

L 
21==!Jc- Sl 

J + sl 
f 

0
Jf L 

S==)Jf-sl I 

J -2-·- - s 1 for (J -2 1 
- s 1 )>0 

c max · ~ ~x 

T£~ 

J + s c 

~T~~ L2-
2 I== )J -·s I 

.. c 

I 

~ 
+:-



where 

Jf 
max 

Jc 
max 
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p(Jf) is defined as in Eq. (32) for 

is £max + sl + J c max 

is the maximum value of the index J c 

Jf are initial values of the indices 
I 

Jf = Jf ' Jf + 1, ... 
I .I 

from the input PJ 
c 

Jc and Jf (i.e., if 

Jf 

J 

max 

c max 
is integer, then J 

c 
= 0; if J is half integer, then 

c 
I 

max 

J behaves similarly with respect to 
fi 

is the normalized initial spin distribution from the initial com

pound nucleus, 

'r£ I are the transmission coefficients, 

sl is the outgoing particle intrinsic spin, 

£ 1 is the maximum value of the index £ 1 for the input 'r~ 1 • max .tc 

The portion of the numerator in brackets represents the relative 

probability of populating a final spin Jf after emission of a neutron 

from a compound nucleus of spin Jc 'rhe bracketed denominator sums 

the relative probabilities of a nucleus of spin J leading to a final . c 
spin Jf over all possible values of the final. spin. The quotient of the 

two bracketed portions then represents the absolute probability of 

populating a particular spin state Jf from an initial spin state J c 
'rhe summation outside the brackets then sums the probability over all 

possible values of the initial spin .J and thereby yields the absolute c 
probability that a particular final spin Jf is produced from any com-

pound nucleus spin Jc 

The input parameters for the second portion of. the program are: 

(a) normalized compound-nucleus spin distribution (output of the first 

part of the computation), 

(b) spin of the emitted particles (1/2 in this investigation, since the 

only particles considered are neutrons), 

(c) transmission coefficients of the emitted particles, 'r£, , 
and 

(d) the value of the spin cutoff factor cr. 
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The third and final portion of the computation involves the 

calculation of.the spin distribution following ry-ray emissiono It is 

assumed that no gamra'S are emitted until particle evaporation is complete, 

and that the probability of decaying from·a state 

proportional to the density of states of spin Jf . 

assumption the total normalized yieaa of state Jf 

J + £ FJ_p(Jf) hli' Jf 

FJ ·=I .J. 

J.+ £ 
f 'J. 

J. == /Jf- 1 I L (Jf) J. p 

where p(Jf) is defined by Eq. (32) 

for 

Ji to a state Jf is 

According-to this 

is given by 

(35) 

~ Ji,Jf 0 for all other.conditions due to selection rules, 

£ = multipolarity of gamma emission, 

a == spin cutoff factor 

F == - J .. 
normalized initial spin ·distribution following the- evaporation 

J. 
of last particle (output of the second portion of the computation). 

The input for this portion of the calculation consists of the 

t4ree parameters immediately above. / 

According to- Eq. (35), upon emission of a 'Y ray each spin-state 

population of the excited nucleus redistributes itself among a number 

of new spin states, and a .new- distribution results. The number of states 

involved in the redistribution depends upori the multipolari ty of the- -

'Y ray emitted. Depending upon the level of excitation of the nucleus, 
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various numbers of ~ rays are emitted. The redistribution calculation 

is repeated for each emission. 

Figures 44 through 46 illustra~e the redistribution of spins that 

occurs on emission of neutrons and ~ rays from a compound-nucleus system. 

These distributions were obtained by means of the computation discussed 

in the foregoing pages, - For these calcuJa tions 11-eq_ual energy neutrons,"' 

1.5 MeV dipole ~ rays, and a spin cutoff parameter of 0.5 cr . 'd were 
-~ r~g~ 

employed. The significance of these parameters is treated in detail 

in the following section. 

Figure 44 shows the broadening effect of the de-excitation on a 

single nuclear spin value. Theillustration represents the results of a 

calculation for the reaction He
4 + sn

118 > Te122* in which both 

projectile and target nuclei have zero intrinsic spin. A single angular 

momentum value ( P == 15 ) for the incoming projectile was fed into the 

program and the plot therefore shows the redistribution effects of the 

neutron emission and ~-ray ca sea de for a single spin state. Along the 

abscissa are plotted the various spin values, J, and the ordinate represents 

the probability PJ of the various values. Note that the original com

pound nucleus has a spin of 15 with unit probability. 

Figure 45 illustrates the same tyPe of calculation as Fig. 44 

except that the reaction considered is Li7 + Ihll5 > Te122*. Again 

a single angular momentum value (P == 15) was assigned to the projectile, 

but in this case the intrinsic spins of the projectile and target are 

not zero. The Li 7 spin is 3/2 and that i:if the In115 9/2. Because of 

these intrinsic spins, a compound nucleus with a single spin value is 

not formed as it was for the He4 reaction. 

Figure 46 is a plot of the distributions resulting from a more 

realistic situration. The reaction considered isagain that of He
4 

and 

Sn
118

. However, in this case angular momenta (a wide range of values, 

obtained from the Bunthorne calculation) and the corresponding trans

mission coefficients are fed into the program. This, then, represents 

the type of distributions considered in a typical isomer ratio calculation. 

The average value of the angular momentum of the compound- nucleus as 

determined by the Bunthorne calculation is 15. This corresponds to the 

single angular-momentum value used in the fir~t two calculations. 
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Fig. 44. Redistribution of spins occurring in a compound 
nucleus following neutron evaporation and r-ray emission. 
The target and projectile had zero intrinsic spins) and a 
single angular momentum value (,e = 15) was assigned to 
the incoming projectile.· 
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MU-31269 

Fig. 45. Redistribution of spins occurring in a compound 
nucleus following neutron evaporation and r-ray emission . 

. The target and projectile had intrinsic spins of +9/2 and 
+3/2 respectively. A single angular momentum value (£ = 15) 
was assigned to the inco~ing projectile. 
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0.12 
He4 (44 MeV) + Sn 118 

0.10 

0.08 

0.06 \ 
\ 

\ 
0.04 \ 

\ 
\ 

\ 

0.02 \ 

' ' 
5 10 15 20 

J 
MU-31272 

Fig. 46. Redistribution of spins occurring in a compound 
nucleus foilowing neutron evaporation and r-ray emission. 
The target and projectile spins were zero but a complete 
distribution of angular momentum, as determined by the 
Bunthorne calculation, of (£) = 15 was assumed to be 
carried in by the projectile. 
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Normal:ly it isassumed.:tha-t,.upOJ1 emission of the next ..... to-last 

'Y ray ' only ·two. states are available. for population, these states being 

the upper and. lower isomeric states of the isotope being studied, and 

that the isome'r populated i-~. t_hat involving the smallest spin change. 

Thus for the.isoiners studied iri this investigation, the division would 

occur at a spin of 5/2. All excited nuclei of spin 5/2 or less would be 

assumed to populate the+ 1/2 ground state and those of spin 7/2 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 

populated, would lead. directly_to the ground-state .isomer. No data are 

p:tesE!ntly available on the low..:.lying states of t"ellurium"'ll9, but a good 

analpgy can probably ·be drawn f:rom the levels of tin'-117, which contains 

the same number of neutrons. 
82 

In tin-117 the+ 7/2·level lies in.the vicinity .. of l MeV e)fcitation, 

and· a + 3/2 level lies between a low-lying --11/2 state and. the + 1/2 ground 

state. If. the same arrangement were present in tellurium..:.ll9, the + 7/2 

state could populate either the -.11/2 isomeric-state-or-the± 3/2 state 

by the same spin change. The first possibility, however, would be an M2 

transition, whereas the second would be an E2 transition. Since tha E2 

transition is much faster, it is assumed in these calculations 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. For a typical calculation,-. a division at spin 

5/2 yields a ratio approximately twice as large as a division at spin 7/2. 

Table XXII. shows this effect for the reaction cl2 + 'Ra110 
;:> Te

122* . 
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Table XXII. ·Comparison ·Of the calculated isomer ratios obtained by a 
division. at spin 5/2 with. that ob~ained by a divi.sion .at spin .. 7/2. 

Projectile energy 
(MeV) 

64 

56 
48 

4o 

... 

Calculated isomer ratios 

Division at 5/2 Division at·7/2 

27.6 14.6' 

16.0 8.1 

7·5 3·7 

1.7 0.7 
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B. Parameters Necessary for the Calculation 

A number of parameters must be determined in order to carry out 

the computation. Unfortunately most of these parameters have ·qot been 

experimentally determined and the various theoretically predicted values 

are not always in good agreement.. The parameters that must be determined 

are as follows. 

(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. In order to determine these values it is 

necessary to know the energies of. the emitted particles. Fortunately 

experimental results and theoretical predictions are in fairly good 

agreement and the values used are considered to be quite reliable. 

(c) The number and multipolarity of the [:rays emitted. This is one 

of the weakest aspects of the calculation, since what little experimental 

evidence is available in this area does not show good agreement with the 

theoretical predictions. 

(d) The spin cutoff factor (cr). The caluclations are very sensitive 

to this parameter and are actually used to estimate what its value must 

be. 

Each of these four types of input parameters is dealt with in 

detail in the following subsections. 

1. The Angular Momentum Brought into the·.System Q.y the Incoming Projectile 

and the Associated Transmission Coefficients 

These values are taken from the Bunthorne calculation described 

d.cn the Section V, and appear to be quite good at energies corresponding 

to the peak of the excitation function. As previously discussed, the 

transmission coefficiepts for large spins are apparently too 1ow when 

the incoming projectile energy is only slightly above the Coulomb barrier. 
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An additional complication arises as _one lea~es the vicinity of the peak 

of the excitation function. The transmission coefficients provided by 

the calculation are for compound-nucleus formation and should probably 

be corrected for any angular momentum effects involved in the fractiona

tion of the compound nuGleus into the various products. On the high

energy side of the excitation function of the reaction being considered) 

the distribution of compound-nucleus angular momentum .should be weighted 

in favor of high spin states) since the low spirt states favor neutron. 

emission and thus yield a product containing one less neutron. On the 

low-energy side of the excitation function the opposite modification 

wolfra. be required. No attempt has been made to car:ry out such an analysis 

because no information is available on the magnitude of the· effect. 

2. Angular Momentum Carried Off £l the Neutrons 

The angular momentum carried off by the neutrons and the asso-
r-

ciated transmission coefficients are a function of the neutron velocity. 

The velocities are in turn a function of the nuclear excitation energy 

or temperature. -The energy distribution of neutrons emerging from an 
. 6 

excited nucleus is predicted theoretically to be of the form 

(36) 

where N(E ) is the relative number of neutrons of kinetic energy E ; 
n n 

T is the nuclear temperature of the residual nucleus) and is defined 

by -

1/T d ln [p(AJE)] /dE) ( 37) 

p(AJE) is· the level density) and is related to the excitation energy and 

the number of nucleons within the .nucleus. It is approximated by the 
. 6 expresslon 
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- p(A,E) = C exp (2~ ( 38) 

where C and .§:_ are dependent upon ·the mass number A, and the energy 

dependence of C has been neglected. Substituting Eq. (38) into Eq. (37) 

and carrying out the differentiation yields 

T=~, ( 39) 

which shows the relationship between the nuclear temperature and the 

excitation energy. 

According to Eq. (36), the neutrons are emitted over a wide 

range of energies, therefore to treat the prob+em in all exactness it 

would be necessary to assign a different set of transmission coefficients 

to each neutron according to its energy and to weight the various assign

ments according to the calculated distribution. Bishop has approximated 

this by dividing the energy distribution into selected bins and assigning 

sets of transmission coefficients corresponding to the average energy of 

each bin .15 The isomer ratio calculation was carried out for each bin 

and the final results weighted according to the relative numbers of neu, 

trons contained within the bins. 

Bishop also did calculations in which he used only a single set 

of transmission coefficients, ,which were associated with the average 

energy of the evaporated neutroris. 1 ? This average neutron kinetic energy 

is equal to 2T if ,the distribution is of the form given by Eq. (36), and .--- . 

if the E in the equation represents the residual excitation energy after 

the evaporation. He found that so far as the isomer ratio calculations 

are concerned, the results obtained by the simpler method of using only 

the average kinetic energy of~-the -neutrons was in good agreement with 

those obtained by dividing the neutron spectrum dnto various bins. In 

this.work the average energy of the particles is used.andJ hence, only 

a single set of transmission coefficients is necessary for each evarporation. 
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The residual energy) E ) of an excited nucleus after emission 
r 

of a neutron must equal the original excitation energy of the compound 

nucleus) Ec minus the binding energy Bn and the kinetic energy En of 

the emitted neutron. Or) expressed mathematically) 

E 
r 

E 
c 

B - E 
n n 

E - B - 2T ) 
c n 

( 4o) 

where 2T has been substituted for the neutron kinetic energy. Defining 

the excitation energy in Eq. (39) as that of the residual nucleus and sub

stituting in Eq. ( 40)) one obtains 

( 41) 

Solving:Eq. (41) forT yields 

T ' ( 42) 

The positive root must be selected) since a negative temperature T is 

not allowed. .Once the parameter .~ is known) Eq. ( 42) can be solved to 

yield the nuclear temperature. of the residual nucleus) and the average 

neutron energy) E = 2T) can then be determined. Neutron binding energies 
n 6 

were taken from Seeger's masses) 3 and the excitation energies were 

calculated as discussed in Section IV. The constant a is not unambiguously 

defined) but recent work indicates that its value lies in the range of 

A/12 to A/8 MeV-l. 38 )83)B4 The calculations done in this work use a 

value of A/8 MeV-1 . Bishop has shown that the calculation ~s quite 

insensitive to this parameter and another choice would yield practically 

the same results .1 5 . 
' 

Recent experimental evidence indicates that setting the average 

neutron energy equal to 2T is a good appro~imation. 8 Simonoff and 

Alexander have determined ,average neutron. kinetic energies for various 

xn reactions and plotted,them as a function of the total energy available. 
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The residual energy. left in the nucleus after the emission of three 

neutrons. as calculated by using their data, is in very good agreement 

with that calculated by using the E._::: 2T.assumption. Table XXIII shows . : . n 

the close correspondence. Some calculations were performed in which it 

was assumed that all the neutrons were of equal energy (using the average 

energies indicated by Simonoff and Alexander's.work) and the same set of 

transmission coefficients was therefore used for each evaporation. The 

results did not differ appreciably from those obtained by the same type 

of analysis but assuming the energy of the three neutrons to be different 

and to be given by the 2T relationship. 

Bishop15 and Vandenbosch39 have both performed calculations_; 

employing the square well neutron transmission coefficients of Feld et 
85 86 

al. and the optical model coefficients. of Campbell. The results 

obtained from theiwo sets of coefficients were almost identical. 

The neutron transmission coefficients used in this work are the 

square well coefficients of Feld. The coefficients are given in graphical 

form as a function of the parameter X, which is defined in terms of the 

nuclear radius R and the neutron kinetic energy E : 
n 

X 0.22 R~ . 
n 

( 4 3) 

The square well radius of tellurium-120 is 7·4 X l0-13 em. The trans

mission coefficients used in the calculations are for a well radius of 

8 -13 .0 X 10 em .. 



Table XXIII . Residual nucleus energy (Er) ai'ter neutron emission; 
comparison of S imonoff 1 s and Alexander 1 s data with results _obtained 
by assuming En = 2T 

Reaction He --> Tel22* 

Projectile Original nucleus Neutron kinetic Residual nucleus 
energy excitation energy energ;z (MeV) enerf!i;z {MeV) 

(MeV) (MeV) Neutron ·E=2T Expa En=2T Expa n --
50 49.6 nl 3-14 2.9 36.9 37-l 

<-

n2 2.74 2.9 26.6 26.6 

n3 1.98 2.9 14.6 13-7 

44 43.9 nl 2.88 2.6 31.4 31.7 

n2 2.38 2.6 21.1 21'.5 

n3 1.60 2.6 9-5 8.9 

38 38.3 nl 2 .. 62 2.2 26.1 26.5 

n2 2.06 2.2 16.4 16.7 

n3 1.18 2.2 5-2 4.5 

32 • 32 ·5 nl 2.34 1.6 20.8 21.3 

n2 1.74 1.6 11.5 12.1 

n3 0.50 1.6 LO 0.5 

~he columns labeled Exp. refer to the average-neutron energies as 
determined by Simonoff and Alexander (reference 8). 
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3. Number and Mul tipolari ty of the Gamma Rays Emitted 

The number of y rays involved in the de-exci taticm is probably 

the least satisfactory parameter applied in the calculat~on. Two ba

sically different methods are employed in determining this quantity, 

and they give rather widely differing results. The mul tipolarity is 

probably not as critical as the number of y rays emitted, but it does 

have an appreciable effect. In general, to fit the data, if the multi

polarity goes up the multiplicity must come down. For most of the calcu

lations it is assumed that dipole transitions occur. It has been assumed 

by other investigators 38 that although some quadrupole emission undoubtedly 

occurs, it is·. primarily attributable to states of high spin that are forced 

to emit thehigher-mul tipolari ty gammas in order to rid themselves of 

large amounts of angular momentum~ Such a process would not be important 

in predicting isomer ratios, since such nigh spin states would populate 

the high-spin isomer anyway. 

The methods employed in this investigation for estimating the 

number of y rays emitted in the de-excitation process are discussed in 

the following paragraphs. 

Assuming the relationship between level density and excitation 

energy given in Eq. (38), one can show that the expected 1-ray energy 

distribution should.be of the form
87 

N(E )a:E3 exp [2-...ja (E.-E)], 
I - c I 

( 44) 

where N(E
1

) is the relative number of y rays having an energy E
1

. 

Using this distribution and assuming that only single-particle states were 

involved, Strutinsky et al. were able to obtain, for the average number 

of 1 rays emitted from an excited nucleus. of energy Ec, 
88 

the approximate 

relationshi~. 

N ( £+ l ) = -...j a E r - c 
( 45) 
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The average number of r rays emitted is N )- the-
r 

multipolati ty of the 

emission is J!.,) and a is the constant defined by Eq. (38). 

Strutins,ky et al. have also shown that the average energy; Er; 

of the r rays emitted from a nucleus of temperature T can be expressed 

as 

and since T = './E /a the equation can be rewritten as· . ' c _) 

(46) 

Vandenbosch and Haskin- have modified the quation slightly and 

for dipole radiation propose that the· average r-ray energy may be ex

pressed by38 

E - 41./(E ~1)/~ r c 
(48) 

where E -·is the excitation energy of the nucleus before the r ray is 
c 

emitted. 

The remaining source of information on·r-ray energies is the 

work of Mollenauer; 7;89 whose experiments on the angular distribution 

of r rays indicate a large amount of quadrupole radiation of average 

ene~gy 1.2 ± 0.3 MeV. His work also indicates that compound-nuclei 

systems produced in h eavy-i'on bombardments may dissipate ·as much as 

25 MeV of their energy in the r-ray cascade. The large amount of energy 

carried away by the r rays is in agreement witp the results obtained by 

Simonbff and ALexander; whose angular correlation experiments indicated 

that as much as 30 MeV may be removed from the compound system by means 

of r rays. 8 However; most of Mollenauer's bombardments were at energies 

approximately twice as high iis tho'se employed in this investigation; and 'ii 



-li+l-

it was necessary for him to propose collective modes of de-excitation 

to account for the angular distributions. A number of calculations were 

performed in .which -it was assumed that each r ray had an energy of 1.5 

MeV (corresponding to the upper limit of the Mollenauer data). At low 

excitation energies this'is about the same as the energy predicted by 

the theoretical equations, but at high energies it is much less and 

consequently requires that< a rather large number of r rays be emitted 

(as many as 17 for the higher-energy carbon reactions). 

The number of r rays emitted, as predicted by the above methods, 

depends upon the excitation energy left in the nucleus after evaporation 

of the last neutron. Equation ( 45) yields the number directly, and the 

energy of each r ray is taken as the excitation energy at the beginning 

of the cascade divided by the number of r rays emitted. 

When Eq. (48) was used to determine the number of r rays emitted, 

the. procedure was as follOws: After emission of a r ray of energy E, 

the excitation energy remaining in the nucleus is E - E. This value 
c 

is used to predict the energy of the second r ray, and the procedure 'is 

continued until the excitation energy,remaining in the nucleus is less 

than 2 MeV. For remaining energies of l to 2 MeV it is assumed that 

two more equal-energy r rays are emitted, and for energies of less than 

l MeV it is assumed that a single additional r ray is emitted. 

When it was assumed that each r ray carried off 1.5 MeV, the 

number of r rays emitted was calculated by merely dividing the total 

available energy by 1. 5. For alLthe methods it was normally assumed that 

only one r ray was emitted when the excitation energy remaining after 

the last neutron evaporation was less than l MeV. 

Table XXIV £!Ompares the number of r rays expected for a given 

excitation energy according to the three methods described. It is seen 

that Eqs. ( 46 hand ( 48) predict practically the same number j however, 

when Eq. (46) is used the r rays are all assumed to be of the same 

energy. Use of Eq. (48) predicts r rays whose energy decreases with 

the remaining excitation energy. 
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Table XXIV. Comparison of ·the number of r rays predicted for a given 
excitation energy as determined by three independent methods. 

Excitation energy 
after last neutron Method #1 

(MeV) (dipole) 

23.4 9·4 
17.4 8.1 
14.6 7·4 
10.7 6.3 

9·5 6.0 

5.2 4 .. 4 

3.4 3.6 
1.0 1·.o 

~ethod #1 makes use of Eq. ( 45). 
Method ,~2 uses Eq. ( 48). 

Number of r rays emitteda 

Method #1 
(quadrupole) 

Method #2 Method 

6.2 . 9•0. 15.6 

5.4 8.0 11.6 

-4.9 7·0 9·7 
4.2 6.0 7·1 
4.0 5·0 6.3 

2.9 4.0 3·5 
2.4 3.0 2.3 
1.0 1.0 1.0 

Method #3 assumes that each r ray has an energy of 1. 5 MeV. 

r 

#3 

! ~. 



Equation ( 48), as. expl,ained, leads to integral numbers .for the 

multiplicity of the cascade but the other two .Procedures do not. Since 

the calculation is rather sensitive to the ntimber of r rays' whenever the 

predicted number was nonintegral the ratio calculation was performed :fbr Jhe 

t\v'o nearest whole numbers and the ratio was assumed to vary linearly 

between the two. The ratio was thus adjusted for any fractional number 

of r rays. For example: if it was predicted that 7.6 r rays would be 

emitted, the ratio calculation was performed for 7 r rays and for 8 r rays. 

The difference in the ratio obtained by the two calculations was multi

plied by 0.6 and the result subtracted from the ratio calculated for the 

7-r-ray cascade (the number was subtracted, since the ratio decreases 

with the number of r rays emitted). 

Table XXV shows the sensitivity of the isomer ratio calculation 

to the number of r-rays emitted and their multipolarity. Equation (45) 

predicts that the number of r rays emitted should go down as the multi

polarity goes up·. However, for 9ake of compar_ison, the number was 

assumed to be the same. The calculation data shown are for the He
4 + Sn

118 

reaction at 44.MeV (projectile energy). The energy of each r ray was 

assmed to be 1.5 MeV. 
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·Table Y:J.:V. Sensitivity of the· calculated isomer ratio to the :number 
and multipolarity o:f the.l rays emitted. 

~ . . . . . . 

Number of X rays .Isomer .ratio 
emitted (dipole) (quadrupole) 

0 18.7 18.7 

1 18.0 16.4 

2 17.0 14.0 

3 16.0 11.6 

4' 14.9 9·3 

5 13.6 7·2 

According to Eq. (45), in order to achieve the same amount of 

nuclear de-e:xci tation, .only about 2/3 as many quadrupole as dipole 1 rays 

.are required. The results shown in· Table Y:J.:V show that even if such a 

correction were applied, the quadrupole emission would yield a· smaller 

rcW.culated ratio than the dipole emission. 

4. The Spin Cutoff Parameter,~ 

Once the energy of the neutrons and the multiplicity and multi

polarity of the 1 rays have been decided upon, the one remaining param

eter that must be supplied for the computation is the spin-cutoff or spin 

density parameter, cr. This parameter must be supplied for each event, 

whether it be the evaporation of a neutron or the emission of a 1 ray. 

A number of investigators have assumed constant values for cr 

in calculations of this type and have obtained reasonable results for 

cr ~alues ranging from about 3 through 5·lO,l5,l8 ,9° Such a procedure 

is probably quite useful at low energies at which the number of neutrons 

and 1 rays emitted is quite small. However, when the neutron and 1-ray 

emission ·occur over.a fairly wide range of energies, the variation of 

cr with energy must be considered. 

.• 
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Erickson has shown that the spin density parameter J a J is- related 

to the moment of inertia of the nucleusJJ through the r.elationship91 

2 
a (49) 

where T is the nuclear temperature as defined in Eq. (39); whichJwhen 

substituted into Eq. (49)J yields 

(50) 

It has also been shown by Erickson92 that at high excitation energies 

the moment of inertiaJJ J of the nucleus should beaome equal to that of 

a rigid sphere) 

(51) 

In this equation) m i.s the nucl~on mass J A is the mass number of. the 

particular isotope considered) and R is the nuclear radius. Assuming 

that the moment of inertia is equal to the r.igid value and substituting 

Eq. (51) into Eq. (49) yieids 

(52) 

This equation has been used to construct a plot of a vs the excitation 

energy. Since.J}..=j}. .. d is ·assumed) all a's obtained from this equation rlgl · 
are designated a . 

r 
A number of investigations have been carried out in which a 

·· r 15 38 93 has been used in calculations similar to those described in this work J J 

The results have. invaria?lY been too highJ and usually a value of about 

0.3 to 0.6 of the rigid value is necessary in order to obtain agreement 

between. experiment~ and calcUlations. 
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The· 'reduction of the moment of inertia ff6ni that predicted by 

the rigid-body assumption is usually ~ttributed to pairing interactions. 
94 95 96 Lang) Erickson) and LeCouteur have all considered such interactions 

in detail) and have derived the formulae as given below. 

In order to account for the pairing interaction the simple formula 

reiating the excitation energy and the nuclear temperature (Ec ~T2 ) is 

replaced by 

E 
c 

2 . ' . .; 2 
aT - T -(l/12)§6 -(l/2)E6 ) 

where 6 is defined as95 

6 ~ 3.36 - o.oo8 A MeV ) 

(53) 

and E takes the values 0 ;l; 2 

respectively. Equation (51) 

for even-evenJ even-odd) and odd-odd nuclei 

is considered to be accurate at all energies 

above that gi v'en '[)y T ~ 6/3;_ and f_()~_J;_ll_~ _J;_ell Li.ri urn i_s~tope~ this is _________ _ 

equivalent to about 0.8 :MeV. 

By·use of Eq. (53) as the-definition of the nuclear temperature) 

and other equations provided by Lang:, 94 the nucleus level density param-

eter) a) may be evaluated as follows: 

2 
a c"T) 

where c 1 .t is ''given by c 1 
·
1 (55) 

and c 1 is in turn defined by 

T C
1 [cT exp(~o.44 6/T)J + E (m

2
) [l-'exp(-0.44 6/T)]j 

cis the constant defined by Eq. {49) and·may be thought of ;as a moment 

of inertia. It is evaluated in terms ofJ9 . 'd' rlgl 
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The only term in the above expressions that has not been dis

cussed is (m
2

) "" _Here m represents the magnetic quantum number and is 

the projection of J upon some selected axis of the nucleus; (m
2

) is 

the mean .square of m for single-particle states of energy close to the 
2 

Fermi level. It is evaluated thtough the relationship c = (m ) g. The 

c is determined as discussed in the preceding paragraph) and g) which 

depends upon the density of the single-particle states) is given by 

- 2 
~ =; (l/6):n: g . (57) 

Because of the E term is Eq. (53)) three values ·of a are obtained 

for any given excitation energy. For tellurium) however) no odd-odd 

isotop~s .are possible, and the equation therefore yields only two values 

of a. In considering the neutron evaporation and the r-ray cascade 
122*' .. .. . ... 

leading from Te to the isomers of tellurium-ll9,,only one even-even 

nucleus is encountered, namely, Te 120 

"' 

Values of ·a were calculated according to the above discussion 

and plotted as a function of the excitation energy,. In_ the following 

sections the a's obtained from the pairing consideration are labeled 

a , and those obtained from asswnption of a rigid moment of inertia 
p 

are labeled a . 
r 

Figure 47 is a plotof a ; a ; and various fractions of a It 
p r r 

will be noted that the pairing corr~ction yields values of the cutoff 

parameter that are considerably lower than those obtained by assumption 

of a rigid moment of inertia. 
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Excitation energy· 
MU-31255 

Fig. 47. Spin cutoff parameters as a function of the excit
ation energy of the excited nucleus. 



c. Calculation Results 

Because of the number of parameters involved in the calculation) 

_and the various means for determining their values) numerous combinations 

are possible. Each combination normally leads to a different calculated 

isomer ratio. 

The purpose of the calculations was to determine a particular 

set of parameters (actually the means of determining them) that would give 

good agreement with the experimental results for all the reactions studied. 

It is recognized that any such set of parameters is not mutually exclusive) 

and that other sets that might be just as successful in matching the 

experimental results may be possible. 

With the above purpose in mindJ calculations were undertaken in 

which the same methods were employed to determine the input parameters 

f b t t H 4 118 Cl2 PdllO t· or o h he' e + Sn and + reac lOns. These two reactions 

were chosen because they represent both a heavy and a light projectile) 

and because the experimental results are considered to be quite reliable. 

Approximately 20 calculations were performed for this pair of reactions) 

and the results are given in graphical form in Figs. 48 through 55· In 

the plots) the heavy solid line represents the experimental results and 

the other lines J labeled alphabetically J represent the results of the 

various calculations. 

Note that the figures are given in pairs (one for the c12 reaction 
4 . 

and one for th He reaction) and that curves with the same alphabetic 

designation for both reactions represent calculations using the .same 

methods for determining the input parameters. 

For convenience sake in discussing the individual calculations) 

the various means employed for determining the input parameters will be 

reviewed here. The previous section treats these methods in detail. 
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'Two theoretical equations were employed for determining the 

number of r rays emitted: 

N 
r 

E r 

.... r::r;.-
Y::::"c 

41./(E -1)/a c -
~: 

(45) 

( 48) 

In the following discussion they are referred to by equation number. 

A third method was also employe~ in which it was assumed that 

all r.rays were of the same energy (1.5 MeV)) corresponding to the r-ray 

energies determined by Mollenauer (1. 2 ± 0. 3 MeV). 7 )89 

The multipolarity of the r rays was assumed to be either dipole 

or quadrupole. A statement as to the assumption used is included in each 

description. 

The energy of the neutrons) which determines the transmission 

coefficient assigned) is listed in each description as being "equal

energy neutrons" or "average-energy neutrons". The expression "equal-_ 

energy neutrons" refers to neutron energies taken froin the work of 

Simonoff and Alexander) and an identical set of transmission coefficients 
' 8 

was used for each neutron. "Average-energy neutrons" means that the 

neutron energies were calculated in terms of the nuclear temperature as 

discussed in the preceding section. Such a procedure yields neutron 

energies that decrease from the first through the last emitted) and 

consequently a different set of transmission coefficients is required 

for eacq. 

The final input parameter is the ~pin.:.cutoff factor) cr. This 

is referred to as cr or cr J as defined in the preceding section. Fractions 
p r 

of these values) such as 0.5 cr ~ are also used. 
r 

On the basis of the above definitions) the methods employed'in 

calculating the various isomer ratio curves are discussed in the follow

ing paragraphs. The individual calculations are referred to in terms 

of their alphabetical designations. 
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Figures 48 and 49 represent a series of calculations (except 

for calculation A) which use a as the spin cutoff parameter. 
p 

Calculation A: Equation (45) was used to determine the number 

of dipole r rays emitted. Average neutron energies were assumed and 

the spin cutoff parameter was taken as a . The results are too high by 
r 

approximately a factor of six. 

Calculation B: This is identical to calculation A except that 

a was used as the cutoff parameter instead of a . The results are 
p r 

moved in the right di:t:ectionJ but are still much too high. 

Calculation C: Equation ( 45) was used to determine the multi

plicity of the I rays) and all were assumed to be quadrupole. Average 

neutron energies were used and the spin cutoff parameter was a The 
4 p 

calculation gives poor results fbr the He reaction) the y: rays appearing 

to carry away too much angular. momentum at the higher energies. 

·Calculation D: This uses Eq. (48) to determine the number of 

r rays emitted) otherwise it is identical to calculation B. The results 

indicate that the two methods of calculating the r-ray multiplicity are 

more or less equivalent) so far as isomer ratio calculations are concerned. 

Calculation E: Equal neutron energies were used. Otherwise the 

calculation is identical to calculation B. The results do not differ 

greatly from calculation B and it may therefore be concluded that the 

two methods of choosing neutron energies lead to the same results. 

Calculation F: Equal neutron-energies were used. The r rays were 

of energy 1.5 MeV and dipole in nature; a was used as the spin cutoff 
p 

parameter. 
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Fig. 48. Comparison of calculated and e~erimentally 
determined ratios for the reaction He + Snll8 --. > 
Tell9, 119m + 3n. The heavy solid line represents 
the experimentally determined values, and the various 
other lines represent the calculated ratios obtained 
by use of different sets of input parameters. 
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Fig. 49. Comparison of calculated and experimentally 
determined ratios for the reaction cl2 + PdllO --> 
Tell9' 119m + 3n. (Explanatfon is the same as for 
Fig. 48.) 
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Figures 50 and 51 illustrate a series of chlculations in which 

a was used as the spin cutoff parameter and it was assumed that after 
p 

the neutron evaporation no more than l2cMeV excitation energy could 

remain for the r rays to carry away. Therefore) 12 MeV plus the sum 

of the neutron binding energies was subtracted from the total excitation 

energy of the initihl compound nucleus and the energy remaining was 

divided equhlly amorig the neutrons as. their kinetic energy. The proce-
. 4 

dure actually affects the first calculated point for the He reaction 

only slightly (because the total excitation energy after the neutron 

evaporation only slightly exceeds the 12 MeV selected as the cutoff 

point)) but does affect rather drastically the first two point (highest 

energy) for the c12 
reaction. The effect is to increase the neutron 

energies and decrease the number of r rays emitted. 

Calculation G: Equal neutron energies were used and 1.5-MeV 

dipole r·rays were assumed to be emitted. The spin cutoff parameter 

was a . ; For He 
4 

the calculation is practically identical to calculation 
p 12 

F) and for C the last two points are the same. 

Calculation H: This is identical to calculation G except that 
4 

the r rays are assumed to be quadrupole. The results for the He reaction 

indicate.that tf the multipolarity of the r rays is allowed to increase) 

the multiplicity must decrease. Equation (45) would predict such a 

conclusion. 

Calculation I: This is identical to calculation G except that -. 
the mul tipolari ty of the r rays is allowed to alternate between dipole 

and quadrupole) starting with a quadrupole emission. The ~esults show 

fair agre~ment with the experimentally determined results of the c12 

4 
reaction) but poor agreement for the He reaction. 

Calculation J: This is identical to calculation G except that 
) 

2/3 a is used in place of a The combination of the smaller spin 
p p 

cutoff parameter and the large number of r rays predicted by the 1.5-MeV 

assumption yield calculated ratios that are too low. 
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Fig. 50. Comparison of calculated and ,e:Reriment~lly 
determined ratios for the reaction He + Sn1l ----~ 
Tell9, 119m + 3n. (Explanation is the same as for 
Fig. 48.) 
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Fig. 51. Comparison of calculated and e~erimentally 
determined ratios for the reaction c1 + PdllO ----> 
Tell9, 119m + 3n. (Explanation is the same as for 
Fig. 48.) 
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On the basis of the preceding calculation it can probably be 

justifiably argued that although consideration of the pairing interaction 

definitely adjusts the spin cutoff parameter in the right direction, _the 

correction is simply not enough to yield agreement of theory and experi

ment as 'far as calculations of the isomer ratio are concerned. 

Figures 52 and 53 illustrate a series of calculations in which 

the spin cutoff parameter has the value 0. 5 a' . 
. I' 

Calculation K: This uses a spin .. cutoff parameter of 0. 5 ar. 

The r rays are considered to be dipole and the number is calculated 

according to Eq. ( 45). Average neutron energies are used. The calcula·;, ,_, 

tion is seen to give quite good agreement with the experimental results 
4 12 . 

of both the He and C reactwns. This calculation undoubtedly repre-

sents the best combination of parameters found in this investigation. 

Calculation L: This uses 0. 5 a , equal neutron· energies, and . r 

l. 5-MeV dipole r rays-. It is. also assumed that a maximum of 12 MeV 

excitation energy remains after the neutron evaporation. The results 

are not particularly good. 

Calculation M: This is identical to calculation K except that 

Eq. (45) was used to calculate the number of r rays emitted, assuming 

that they were all quadrupole. As indicated before, quadrupole radiation 

appears to carry off too much angular momentum at the high energies, at 

which a rather large number of r rays must be assumed. 

Calculation N: This is identical to calculation K except that 

Eq. (48) was used to determine the number of r rays emitted. The results 

are not as satisfactory as those obtained by using Eq. ( 45) to determine 

this parameter. 
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Excitation energy (MeV) 

MU-31259 

Fig. 52. Comparison of calculated and e~erimentally 
determined ratios for the reaction He + Snll8 -· ---> 
Tell9) 119m + 3n. (Explanation is the same as for 
Fig. 48.) 
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Fig. 53· Comparison of calculated and experimentally 
determined ratios for the reaction cl2 + PdllO ----? 
Tell9, 119m+ 3n. (Explanation is the same as for 
Fig. 48.) 
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Figures 54 and 55 illustrate two calculations for a spin cutoff 

parameter of 0. 5 a and two for 0. 4 a . The calculations indicate that 
r r 

0.5 a is probably the smallest value of the spin cutoff parameter that 
r 

can be used to obtain agreement between experiments and calculations. 

Calculation 0: Equal neutron energies were used, and the 1 rays 

were assumed :to be dipole. Their number. was calculated; by Eq. ( 48). The 

spin cutoff parameter values was 0. 5 a . 
r 

Calculation P: Equal neutron energies and 1.5-MeV dipole 1 rays 

were assumed. The spin cutoff parameter value was 0. 5 cr • 
r 

· Calculation S,: Equal neutron energies and a spin cutoff parameter 

of 0.4 a were employed. The number of dipole r rays was calculated 
r 

according to Eq. (45). 

·Calculation R: This is identical to calculation Q ~xcept that 

average neutron energies· were. -assumed. 

D. Conclusions 

A few of the prinCipal conclusions that can be drawn from the 

. calculations are as follows;. 

(a) The use o:f a· yi~ld~· calcuiated ratios that are almost an order 
r 

of magnitude too high. 

(b) The pairing-interaction consideration adjusts the spin cutoff 

parameter in the right direction but not far enough. The results are 

consistent with those of Carver et al., who were required to use a value 

of 0.6 a , where a is a spin cutoff parameter related to the a used 
s s p 

in this work. 90 

(c) The use of a spin cutoff parameter equal to 0 .·5 a seems to fit 
. . r .. 

the experimental results. reasonably well .. Calculations that yield very 

poor slopes for the curves still fall in the correct region with this 

value of the parameter. It should be mentio~ed that the calculation is 

most sensitive to the spin c.utoff parameter in the region where most of 
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Fig. 54. Comparison of calculated and e:Rerimentally 
determined ratios for the reaction He + Snll8 --> 
Tell9, 119m + 3n. (Explanation is the same as for 
Fig. 48.) 
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Fig. 55· Comparison of calculated and experimentally 
determined ratios for the reaction cl2 + PdllO -----> 
Te119, ll9m + 3n. (Explanation is the same as for 
Fig. 48.) 



the transitions occur, or in the area below an excitation energy of 

k.pproximately 20 MeV at which the r ray cascade takes place. It is 

probably possible to obtain reasonable results by using a a that agrees 

fairly well with 0. 5 or at low energies but has a different slope at 

higher energies. Theoretically, at sufficiently high energies, the 

spin cutoff. parameter should become equal to the rigid value, and 

perhaps the slope of. the curve (Fig. 47) should increase with energy until 

it becomes equal to a . 
r-

The calculation unfortunately does not give much 

information in this respect, since the important a's are those at the 

lower energies. Calculations using o.4 a yielded results that were 
r 

undoubtedly too low. 

(d) The calculations indicate that dipole radiation is more important 

than quadrupole in determining which isomer is populated. Usually the 

slopes of the calculated curves, assuming quadrupole radiation, were 

quite unsatisfactory and indicated,-- especially at higher energies, 

where the r rays emitted were numerous ~- that too much angular momentum 

was carried away. The results strongly indicate that Eq. (45) correctly 

predicts that a quadrupole r-ray de-excitation process requires fewer 

r :r:ays than a dipole r-ray process. 

(e) Use of an average r-ray energy of 1.5 MeV was not very successful. 

The ··calculations yielded ratio curves whose slopes decreased with energy 

instead of increasing. The results indicate·that the procedure predicts 

too many r rays at the higher energies. Even the assumption that no 

more than 12 MeV excitation energy remained after the neutron emission 

did not correct the effect. The high~r-energy neutrons required by 

this assumption apparently carry away too much angular'. moment.um. 

(f) Equations (45) and (48), used to determine the number of r rays 

emitted, both gave fairly satisfactory results. As shown before, they 

both predict practically the same number. However, Eq. (48) assigns much 

higher energies to the first few r rays emitted, with the effect that 

the nucleus quickly loses its excitation energy and most of the r rays 
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therefore req_uire a's from the low-energy end of the curve. Use of 

,Eq_. (45) assumes eq_ual-energy r rays and the nucleus is not de-excited 

as q_uickly. _The average spin cutoff parameter assigned by Eq_. (48) is 

therefore lower than that assigned by Eq_. ( 45). The effect is lthat Eq_. 

( 48) yields a somewhat lower calculated ratio_. This eq_uation, used 

with a somewhat larger spin cutoff parameter -- say 0.6 ar 

produce satisfactory results. 

might 

(g) The use of. "average-energy neutrons" or "eq_ual-energy neutrons" 

was more or _less eq_uivalent, although the "average energy"_ assumption 

is probably more realistic. The "eq_ual energy" assum,ption uses the 

same transmission coefficients for all three neutrons. When "average

energy neutrons" are assumed, the transmission coefficient::? for the 

first neutron are larger, for the second about eq_ual, and for the third 

smaller than those used ;Ln the "eq_ual energy" assumption. The effects 

apparently about cancel out. 

The most successful calculation performed_was that designated 

calculation K. The caiculation represents the best method found in this 

investigation for the determination and combination of the various 

req_uired parameters. The same methods, which assumed average neutron 

energies·, .dipole r rays of multiplicity determined by Eq_. (45), and 
·• ' 

a spin cutoff parameter of 0.5 a , were applied in the calculation of 
r 

the isomer ratios for the other seven reactions. The results of these 

calculations are illustrated in Figs. 56 through 60. 

In general the results are q_uite satisfactory, especially in the 

region of the excitation-function peaks. The heavy ions show an appre

ciable Coulomb barrier effect, which results from the.Bunthorne calcula

tion-predicting too low an angular momentum. 

If consideration was given to the competition of other xn reac

tilons,: the result would_ be to increase the calculated ratio at energies 

above the excitation,-function peak and to lower it for enrgies on the 

low-energy side of the peak. Such an adjustment would provide better 
4 

agreement for the He 3n .and 4n reactions. In view of the omission of 
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these correction factors, the calculation can be expected to give good 

results only in the vicinity of the peak of the excitation function energy 

(assuming the peak is sufficiently removed from the Coulomb barrier 

region). In this respect the calculations are very satisfactory. 
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Fig. 56. Compa~ison of calculated and experimentally 
determined isomer ratios for th

4
e reactions He3 + Snll9 

---> Tell9' 119m + 3n and He + snll8 --> Tell9, 119m 
+ 3n. The solid line represents the experimentally 
determined ratios and the broken line represents the calcu
lated values. 
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Fig. 57. Comparison of the calculated and experimentally 
determined isomer ratios for the reactions Li7 + Inll5 
-· -> Tell9, 119m + 3n and cl2 + PdllO --> Tell9, 
+ 3n. (Explanation is the same as for Fig. 56.) 
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Fig. 58. Comparison of the calculated and exper~mentall4 
determined isomer ratios for the reaction ol + RulO 
--::> Tell9; 119m + 3n. (Explanation is the same as 
for Fig.· 56.) 
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Fig. 59· Comparison of calcUlated and experimentally 
determined isomer ratios for the reactions yielding the 
compound nucleus Tel 2l*. (Explanation is the same as 
for Fig. 56.) 
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Fig. 60. Comparison of calculated and experimentally 
determined isomer ratios for the reactions yielding 
the compound nucleus Tel 23*. ·(Explanation is the 
same as for Fig. 56.) 
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VII·. SUMMARY > 

1. The .effects of angular moriJentWli on ·compot:md-nucleLis reactions 

was investigated by measuring the formation cross-section ratios of a 

pair .·of isomers produced by compound nuclei through xri reactions. 

The compound nucleus Te122* was produced by ·five different reac-
3 18 122* 

t~ons using projectiles ranging in size from He to 0 . The Te 

then yielded by the 3n reaction the pair of isomers -Te119 and Tell9m. 
121* 123'*' The compound nuclei Te and Te were also produced by 

using both He 3 and He 
4 

projectiles. The de-excitation through a 2n and 

a 4n reaction, respectively, yielded the same tellurium isomer pair. 

2. A method was devised and used.for de~rmnung the isomer 

ratios that was independent of any decay scheme. The uncertainties 

inherent in branching ratio, conversion coefficier:J.ts, etc. ,were thereby 

eliminated. 

The ratios determined (upper-state isomer to lower-state isomer) 

varied from a low of approximately 0. 75 to a high of approximately 25 · 

The expected increase of ratio with energy and projectile size was 

confirmed. An apparent direct interaction was observed for Li7 pro

jectiles. 

3· Excitation functions were obtained forthe.reactions yielding 

the Te
122

* compound nucleus. The expected shift in peak position with 

projectile size was clearly demonstrated. 

4. Compound-nucleus calculations were performed assuming a 

rounded nuclear potential approximated by a parabola (Bunthorne). Good 

agreement was obtained between experimentally determined isomer ratios 

and predictions based upon the calculated average angular momentum of 

the compound nucleus. 

The prediction of too low an angular momentum by the model in 

the vicinity of the Coulomb barrier,as reported by others, was verified. 

It is also shown t·hat a reasonable estimate of the isomer ratio 

can be obtained by assuming that all compound nuclei with a spin greater 

than 8 populate the high-spin isomer whereas those with a spin of 8 or 

less yield the low-spin isomer. 
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5. Calculations of the Vandenbosch - Huizenga type were 

performed for the various reactions.
41 

The projectile transmission 

coefficients were taken from the Bunthorne calculation. f.verage neutron 

energies were.defined in terms of the nuclear temperature) and sq_uare

well neutron transmission coefficients of Feld et. al. wer.e employed. 

Various combinations of input parameters were investigated and the best 

results were obtained by assuming equal-energy dipole r ray.s of multi

plicity defined by 

N (\{aiJ/2 . 
I c 

and a spin cutoff parameter of 0:5 0 • · The 0 represents the spin cutoff 
· r r 

· parameter calculated by assuming that the nucleus has a monient of inertia 

eq_ui valent to that of ·a rigid sphere. 
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APPENDICES 

A. Range-Energy Relationships 

As mentioned in Section IV.A, almost no range-energy data were 

available for the various projectile-target combinations employed in this 

work. . It was therefore necessary to calculate suGh curves. The basis~: 

of these calculations was the· protdn range-energy data of Sternheimer60 

and the heavy~ion range-energy data of Hubbard5S and Northcliffe.59 

The calculations were accomplished as described in the following. 

He4 ranges 

Sternheimer provides the range-energy relations for pro~ons in 

,Be, C, Al, Cu, Pb, and·_air. Some of these ranges are illustrated in 
' 4 

Fig .. A""l. From these data the ranges of He in Al and Cu were calculated 

.by means of: 

R:4 
He ,_ E 

= R p, E/4 
(48) 

The equation reads: the range~of. He4 ions of energy E in a given 

material is equal to the range of protons of. energy E/4 .. 

An equation provided by Friedlander and Kennedy was then used to 
. 4 

calculate the range of He in othermaterials such' as Ni and Sn57. The 

equation that provides the relationship between the range of a projectile 

of charge z 
p 

and energy E in two ~aterials of different Z is 

0.90 + o.0275z1 + (o.o6 - o.oo86z1 ) log(E/ZP) 

0.90 + 0.0275z2 + (o.o6 - o.oo86z2) log(E/ZP) 
(49) 

The results of the calculations are given in Fig. A-2. 
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He3 ranges 

The same target and backing materials were usedfor the He3 and 

He 
4 

bombardments. The He3 ranges were calculated from the He4 data by 

the following equation, which describes the relative ranges, in a parti

cular target material, of two projectiles of equal charge but different 

mass: 

R (E) = 
He3 

where E' = 4/3 E. 

3 R 4 (E') ' 
l+ He 

(50) 

The He3 range-energy relatiQns are illustrated in Fig. A-3· 

Li7 ranges 

The data of Northcliffe,59 which give the range of various 

lithium isotopes in aluminum, were used to calculate th~ range of Li7 

.in In115. Equation (49) was used for this calculation. The extrapolation 

is admittedly a long one, but should introduce little error into the ex

perimental data since the backing foils (where most of the degradation 

occurs) used were aluminum, and the data of Northcliffe could be applied 

direc.tly. The range-energy curves used are given in Fig. A-4. 
12 

Q ranges 

Hubbard gives the ranges of c12 
in Al, Ni, Cu, Ag, Au, and Pb.5

8 

The materials used in the bombardments wereAl,Ni, Cu, Au, and Pd. 

Therefore most of the ranges necessary were directly available. The 

range of c12 in Pd,was calculated from the silver range by means of 

Eq. (49). The extrapolation in this case is a very small one and the 

calculated data should be quite good. The range-energy relationships are 

shown in Fig. A-5· 

o18 
ranges 

16 The 0 range-energy data of Hubbard was usea for these calcula-· 

tions. 58 ~ equation similar to Eq. (50) was used to determine the o18 

ranges from the o16 data. By this means the range of o18 
was determined 

forAl, Cu, and Ag. The silver data thus obtained were then used to 
18 . 104 c,;alculate the range of 0 ln Ru by means of Eq. (49). The results 

are plotted in Fig. A-6 ... 
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B. Relationship Between Projectile Energy and the Excitation Energy of 

t4e Compo~d System. 

The excitation energy brought into the compound-nucleus system 

by the various projectiles ·.was: calculated according to the mei;hod out

lined in Section IV A. Plots giving the conversion from the projectile 

laboratory energy to the excitation energy of the compound nucleus are 

given in Figs..: A-7 through A-19. 

C. Target Preparation and Chemical Purification Employed for the Various 

Bombardments. 

1. The Reaction He3 + sn119_ 

a' .. · Target Preparation 

All tin targets were prepared by an electrolysis process. The 

procedure for makd:rig the targets was as follows: The enriched tin isotopes 

were obtained as the oxide from Oak Ridge National Laboratory. 66 The 

oxide of tin is very resistant to practically all chemical reagents and 

it was necessary- to carry out a sodium fusion in order to put the tin: into 

solution.. The oxide was placed in the bottom of a silica evaporation dish 

and a small piece of sodium placed over it.·· The dish was heated over a 

burner until the sodium melted and the reaction began to take place. The 

reaction yielded a mass of. white-yellow crystal~ consisting of sodium 

stannate and sodium peroxide. Water was cautiously added to the.solid and 

the material transferred to a 4o~ml Pyrex centrifuge cone. The evaporation 

dish was then washed with a few ml of 6 M HCl and the wash added to the 

solution in the cone. The solid material usually dissolved-without too 

much trouble. The addition of the acid to the solution often resulted in 

the pre<Jipitation of gelatinous silica (dissolved from the evaporation 
0 l 
~' 

dish) and stannic acid. The mixture was centri;f'uged and the decantate 

poured into a second centrifuge cone. The gelatinous mixture was washed 

repeatedly with both HCl and NH40H solutions to remove all tin, and the 
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washes were added to the original decantate. The pH of the solution was 

next adjusted so that it was weakly acidic and then the solution was 

saturated with H2S. The tin immediately precipitated as the sulfide and 

was centrifuged to the bottom of the cone, The sulfide was next dissolved 

in ~ M HCl and the resulting solution boiled to expel the H2s. A certain 

amount of silica·which had followed through the procedure was usually 

present~ it was discarded, The solution was next diluted to provide a stock 

solution with a Sn concentration of approximately 1 mg/ml. 

The actual production of the tin targets was accomplished as 

follows: 1 to 2 ml of the solution containing up to 2 mg of Sn was placed 

in the electrolysis cell shown in Fig. 18. The cell was then filled to 

within about 0.5 in. of the top with a solution consisting of about 3% 
ammonium oxalate and. 3% oxalic acid. The electrodes were attached and 

the solution electrolyzed for about 2 h or allowed to continue overnight. 

Most of the material was probably plated within the first hour. The 

1-in,-square foils used for the backing were obtained from Chromium 

Corporation of America, 65 Cooper was normally used as the backing foil, 

but a few nickel foils were also employed. The foils used for the He3 

bombardments were about 5 mils thick. This provided a beam energy separation 

between the individual targetsof slightly more than 1 MeV at the higher 

energies and about 2 MeV at the lower energies. Upon completion of the 

electrolysis the solution was removed and any Sn that had not been de

posited was recovered, The backing foil containing the plate was washed 

in water and methanol and allowed to dry. The foils were always weighed 

before and after the plating process so that the thickness of both the 

foil and plate could be determined, 

b, Chemical Procedu:res 

After irradiation, the foils containing the target material were 

dropped into a 40-ml Pyrex centrifuge cone containing a known amount of 

tellurium carrier. ''l'he foils and target material were dissolved in a 

sma 11 amount of nitric acid, In the case of. gold foils it was necessary to 

use aqua regia, and for the ruthenium targets a completely different scheme 

was required. The resulting solution was boiled for a few minutes to 

assure complete dissolution and to equilibrate the tellurium aci tiv i ty 

and carrier, About 10 ml of 6 M HCl was next added and the tellurium 
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extracted with methyl-isobutyl ketone.54 The extraction step did not 

yield radiochemically, pure tellurium, since antimony, tin, and .. a number 
I 

of other elements also.extract. It was found necessary to include the -

step, however, to remove the relatively large amounts of material due to 

the backing foil. This was particularly true when the backing foil was 

gold:• If the step was .. ami tted, the yields often came out greater than 

l00% 9 indicating that appreciable amounts of the backing foil had followed 

the tellurium through the chemistry. 

In the presence of HCl, tellurium is extracted into the organic 

·layer. The extraction apparatus was the same as that used in the iodine 

extractions discussed in an earlier section .. The organic layer was washed 

several times with 6 M- HCl and the. tellurium was then Temoved by means of 

an extraction with water .. The water containing the tellurium .. activity 

was made acidic with HCl and the tellurium precipitated as. the metal with 

stannous chloride. The metallic tellurium was dissoil.ved in a_, few drops 

After of nitric acid and the solution boiled to dryness to expel :the HNOy 

cooling, the salt was dissolved in 3 !':! HCl and the tellurium was re-, · 

precipitated from the acid solution by saturation with H2s. The sulfide 

was destroyed by boiling with HN0
3 

and the resu:l_ting solution ~after 

dilution was filtered to remove traces of sulfur. The tellurium-was 

again precipitated as the metal with SnCl2 . The metal was redissolved 

in HN03 and again boiled to dryness. The salt was dissolved in water 

and the solution made acidic with HCl. The metal was precipitated as 

the metal, but the final reduction was accomplished by using sulfurous 

acid and hydrazine hydrochloride ... The resulting precipitate was washed 

with ethanol and mounted by suction filtration on a 7/8--in. tared filter 

paper. After drying for ·10 min at 105°C the saqJle and paper were weighed 

in order to determine the yield. 'Yields were normally in the.range of 

60 to 70%. The samples were mounted for counting by Scotch taping them 

to aluminum plates previously described. Although the procedure was 

quite long, a stack of 10 foils could normally. be ready for counting 

approximately 2 h after the chemistry was begun. The entire chemical 

procedure is outlined in Fig. A-ll. 

.. 
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2. The Reaction He 
4

. ~ S_n_118 ---> Tell9,ll9m +~ 3n 

a. Target Preparation 

The preparation of the Sn
118 

targets was practically identical to 

that of the sn119 targets previously discussed. The only difference was 

that thicker backing foils W(2re employed, since the maximum beam energy 

was higher than that available for the He? irradiations. The use of 1-

mil backing foils resulted in an energy separation between samples of 

about 2. MeV ai the highest energies and up to about 2.5 MeV at the lowest 

energies. 

In one experiment, ·backing .foils only 0.125 mil thick were 

employed. In this experiment aluminum degraders. were placed between the 

foils. The alum.inum degraders were checked to determine if any backward 

recoils occurred. The result was negative and it was concludedthat all 

recoils were in the forward direction and were ... · caught by the ·backing foil 

and the sample itself. 

b. Chemical Procedures 

The chemical purification employed on the targets for this reaction 

'Was the same as that used for the He3 reaction. 

3· The Reaction Li7 + In115 ---:::> Te119,119m + 3ml 

a. Target Preparation 

The preparation of the __ indium targets was different from that of 

any of the other target materials. It was possible to use natural indium, 
115 . 113 113 

which consists of 95.8%. In and 4.2% In . The In does not interfere 

with the reaction, -since at the energies employed it would be expected to 

produce tellurium isotopes of mass 118 or less .. 

Since natural material could be used, conservation of the indium 

was not so· critical as when separated isotopes were used. The targets 

were prepared by an evaporation. process.. In the precess, the indium was 

contained in a tantalum boat suspended between two electrodes .. One-inch

square aluminum backing foils (0.5 mil thick) were attach.ed to larger 

aluminum plates by means of a small drop of rubber cement.' The plates 

were in turn suspended above the electrodes within the evaporation chamber. 

The assembly was evacuated until the pressure within the chamber was 
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approxirra tely 10 J.l.. The indium was then volatilized by' heating the 

tantalum filament, and the condensation of the metal on the aluminum 

squares produced the targets. The process was normally repeated'about 

three times in order to produce relatively thick coatings of indium. 

The beam current for Li7 was .always low and it was desirable to have 

targets as thick as possible. The thickness of the targets thus produced 

was about 4 mg/cm2 . 

b. Chemical Procedures 

The chemistry employed was the same as that described for the 

previous reactions, with one exception. Since aluminum was used as the 

backing foil, HCl instead of -HNO} was used to dissolve the target. The 

regular procedure was then followed. 

On one occasion the samples were counted without having been 

purified. Most of the activity that ,as created by the backing foil- was 

rather short-lived and did not interfere seriously except that it was 

necessary to wait about 24 h before effective counting could be done. 

This was rather long, considering. that the half life of one .of the 

tellurium isomers is 16 h. It was undoubtedly preferable to do the 

chemistry so that counting could begin immediately. 

4. . 12 110 The Reactlon C + Pd 

a. Target Preparation 

The palladium. separated isotope was obtained as the metal in 

granular forrri. It was easily dissolved by the addition of a small amount 

of-nitric acid followed by gently heating. The resulting solution had a 

characteristic dark red color. To the red solution was added sodium 

phosphate and ammonium hydroxide. · Upon boiling the palladiu.In was com

plexed and- the solution became colorless. The clear solution was diluted 

until the palladium content. was about 1 mg/ml. 

The backing foils used for the carbon bombardments were of copper 

or gold. A few. nickel .foils-were used, but for some reason it was 

difficult to electroplate thepalladiurn on the nickel and its use was 

therefore restricted. Since the range of heavy. ions in matter is very 
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low compared with that of lighter projectiles, it was necessary to use 

foils that·were very thin. The copper foils ranged in thickness from 

0.075 to 9.2 mil.' The gold backings were 0.1 mil thick. Foils of this 

thickness resulted in a beam energy degradation of approximately 5 MeV. 

It was therefore --difficult· to use more than about five foils in any one 

bombardment. Attempts were made to make thinner targets, but it was 

impossible to remove them from the electroplating apparatus without tearing. 

Often the time allowed for a bombardment was divided into two portions and 

two target assemblies were irradiated .. For this reason some of the ex

periments indicate as many as 10 samples. Actually two separate bombard

ments were required to obtain them. 

b. Chemical Procedures. 

The chemistry required was the same as that required for the tin :. 

targets. 

. 18 1 104 > me119,119m + 3n 5. . 'The Rea ct~on 0 -r Ru ,--- .1. 

a. 'Target Preparation 

Ruthenium is practically impossible to dissolve in any common 

reagent. Aqua regia has absolutely no effect on it. In order to get the 
! 

material into solution it was necessary to perform a potassium hydroxide--

potassium nitrate fusion. An approximately equal amount of. each of the 

potassium compounds was mixed with the ruthenium in a silica evaporation 

dish. 'The mixture was heated to the fusion point by means of a Meeker 

burner and allowed to react in the molten state for several minutes. After 

cooling, the resulting solid would normally dissolve in water. Although 

several procedures were tried, the ruthenium was electroplated most 

successfully from the. basic solution resulting from the fusion step. 'The 

concentration of the solution was adjusted to about 1 mgHu per 20 ml 

solution for the electroslysis. 'The need for thin backing foils was- even 

more critical for the ruthenium than for the palladium. -The foils used 

were 0.05-mil copper. Great difficulty was encountered in removing the 

foils from the plating cell without tearing them. The thickness of the 

ruthenium plates deposited on the copper ranged from 0.2 to 0.5 mg per 
2 em . 
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c. Chemical Procedures 

The same problems were encountered in trying.to purify the 

activity obtained from the bombardments as in preparation of the targets. 

The copper backing foil dissolved readily in nitric acid but the ruthenium 

was not affected. ·The solution was therefore.boiledto dryness and a 

KOH-KN0
3 

fusion performed. The salt thus obtained dissolved and the 

solution .was made acidic.. The tellurium was precipitated as the metal with 

SnCl2 and the chemistry concluded as outlined previously .. In one of the 

two experiments the yields were very· low and the counting statistics con

se~uently rather poor. 

6. 121* 123* Reactions Yielding the Compound Nuclei 'Te and 'Te 

The target preparation and chemical purification was the same as 

that described before for tin targets. 

D. AbsOlute Gouht1hg Efficiency 

In order to obtain the cross.:.section data presented in Section 

rv.n it was necessary to determine the absolute counting efficiency of 

the detector assembly; 

Since the -y-ray peak used in determining the cross sections was 

the 648-keV p~ak of the 16-h isomer, it wa.s necessary to determine the 

counting efficiency of a gamma peak of similar energy. With this in mind 

a Cs137 source of known disintegration rate was employed. Cs137 decays 

to 2 .3-min Ba137, which has a 661-keV 'Y ray. '.t'he peak-:-t·o-total ratios 

were taken from Health,~S and the branching ratios,.conversion coefficients, 

and otre r ~uantities f.or the Bal37 and cs137 were taken from the com

pilation by Strominger, Hollander, and Seaborg.
4 

The absolute counting .efficiencies thus obtained were in very 

good agreement with similar data provided by Heath. 
48 
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