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PROTON-NEUTRON-HOLE STATES IN ANTIMONY
ISOTOPES POPULATED IN THE BETA DECAY OF '28Sn AND I30Sn

I. INTRODUCTION

I would like to begin a discussion of the nuclear shell

model with a quotation from a recent review article by

Elizabeth Baranger (1)

The nuclear shell model is the cen-
tral idea of nuclear structure. Theo-
rists work either backwards from it (by
this I mean they try to justify and de-
rive its properties by stating a basic
many-body Hamiltonian) or they work for-
ward from it (they assume it is true and
try to derive and justify the wide varie-
ty and complexity of nuclear properties
including the well known phenomenon of
nuclear properties including the well
known phenomenon of nuclear collective
motion). The shell model lurks some-
where in every paper on nuclear struc-
ture. The intense interest in the shell
model among experimentalists for the last
fifteen years has been due to the kinds
of experiments that became possible dur-
ing this time.

I choose this quotation because it illustrates two points:

the importance of the shell model and the importance of ex-

perimental information.

Nuclei with 2, 8, 20, 28, 50, 82 or 126 protons or neu-

trons have exceptional stability. This suggests shell

structure analogous to the electronic shell structure in

atoms. The first attempts to predict these levels did not

succeed. The basic procedure was to calculate the eigen-

states from some suitable potential such as a harmonic
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oscillator or square well. No set of eigenstates were

found which could be used to reproduce all the "magic" num-

bers. What was lacking was a strong spin-orbit force. In

the late 1940's Maria Mayer proposed a model which included

a strong spin-orbit term in the nuclear potential energy in

addition to a square well potential (2). (In the interest

of historical accuracy, it should be mentioned that Haxel,

Jensen and Suess [3] independently discovered the importance

of including spin-orbit coupling.) This spin-orbit force in

nuclei is strong (contrasted to the atomic case where it is

very weak) and causes each 9, state to split into two states.

Of these two states, j = Q + 1/2 always has a lower energy

than j = Q 1/2. Nucleons are then thought to fill these

levels in a nuclear aufbau process. With a sufficiently

strong spin-orbit force, it was possible to create gaps in

the level spacings which occurred at the "magic" occupation

numbers of 2, 8, 20, 28, 50, 82 or 126 protons or neutrons.

The original model also contained the assumption that two

nucleons in the same level are influenced by an attractive

pairing force which causes their spins to couple to a spin

of zero. Thus, all even-even nuclei are predicted to have

a group state spin of zero (no experimental exceptions are

known). (As is common in nuclear physics literature, the

term "spin" is used to refer to both the total nuclear angu-

lar momentum, J, and the spin quantum, S. The context will

dictate which quantity is meant.) The assumption was then
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made that in odd-A nuclei, the total nuclear angular momen-

tum is equal to the angular momentum of the last odd

particle.

This early version of the shell model, commonly referred

to as "the simple shell model", enjoyed much success. All

but 2 of the 64 ground state spins of odd-A nuclei known in

1949 were satisfactorily explained. The regions of nuclear

isomerism were correctly predicted. Nuclear isomerism

occurs when a high-spin state is in close proximity to a

low-spin state. This generally occurs just before the clos-

ing of a shell and happens because the spin-orbit force is

approximately proportional to Z. Thus, the spin-orbit force

tends to create the largest gaps in the level spacings near

levels with a large value of k. As a result, the k + 1/2

level is depressed into close proximity of levels with rela-

tively low values of k. (As an illustrative example of this

effect, look at Figure 15 which shows the neutron single par-

ticle levels in odd-A tin isotopes. The 11/2- (lh) level is

very close in energy to the 3/2+ (2d) level. Because of the

large spin difference, x -ray transitions between these le-

vels are greatly retarded.)

The principle shortcoming of the simple shell model

lies in the assumption that a single unpaired nucleon inter-

acts with only an average central potential. The simple

shell model ignores the fact that an odd nucleon can inter-

act selectively with other nucleons. All of these
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interactions are referred to as residual interactions be-

cause they are not taken into account in the simple shell

model. One manifestation of these interactions is that a

single nucleon frequently cannot be adequately described

with only one shell model wave function. One approach which

takes this into account has been to expand the "true" wave-

function of the nucleon in terms of shell model wavefunc-

tions. If one shell model wavefunction is found to dominate

the expansion, the nucleon is said to be in a relatively

pure single-particle state. If many terms are needed in the

expansion, then the nucleon is said to be in a highly mixed

state.

Two specific residual interactions, neutron-proton

force and core polarization, are mentioned here because they

are used later on in this work. Odd-odd nuclei are studied

in this work. The simple shell model does not take into

account the interaction between the neutron and proton. The

resultant couplings would therefore be degenerate. It is

possible however to assume a simple form for the proton-

neutron interaction, and then treat this interaction as a

perturbation in the basic single particle potential. In

the case of I30Sb, this procedure works remarkably well.

Core-polarization embodies the notion that a particle (or

hole) can induce particle-hole pairs in the core. The term

"hole" is used to refer to the absence of a particle in a

level. Generally, states possessing less than one-half the
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total number of particles that can occupy that state are

called "particle" states. States possessing greater than

one-half but less than all the particles that could occupy

that state are referred to as "hole" states. The core in

this context is all of the paired nucleons. $ transition

rates are particularly sensitive to bbre polarization.

By including core-polarized wavefunctions in the single-

particle wave functions, some success was obtained in des-

cribing the $ transition rates in this work. Both of these

residual forces are discussed in greater detail in a later

section.

Nuclei in the vicinity of doubly closed shells should

be especially easy to interpret in terms of the shell model.

Because these nuclei tend to be somewhat less complex, their

structural properties make it possible to gain a deeper un-

derstanding of the residual forces involved in the shell

model. For this reason, nuclei in the doubly closed shell

regions of 160, "Ca and 208Pb have been studied extensive-

ly. Nuclei in the vicinity of 132Sn (Z=50, N=82) have not

been studied in great detail. The reason for this is that

the 132Sn. region is far from the region of 8 stability,

and consequently is not so easy to study. Studies of the

decay of fission products provide the only source of infor-

mation on the structure of isotopes in this region. Nuclear

reaction studies, such as pick-up and stripping reactions,

are not possible because of the lack of suitable target

nuclides.
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Figure 1 contains a partial Chart of the Nuclides rele-

vant to this work. At the inception of this project there

had been no nuclear spectroscopy measurements of the decay

of 129sn,
130S11, 131Sn, 132S11 and 133Sn. Two measurements

of the half-lives of these isotopes had been made (4, 5).

The values (listed in Table 1) were not in good agreement,

however the range of half-lives was from one to three

minutes for all of these isotopes. It was thought that this

range of half-lives was long enough to make spectroscopic

measurements. In brief, the procedure used in this work to

study the decay of tin isotopes is 1) produce tin isotopes

by neutron induced fission of 235U, 2) chemically remove the

tin isotopes from the other fission products, and 3) measure

the radiation emitted from the tin sample. In some cases, a

genetic identification of the tin isotopes can be made by ob-

serving the growth and decay properties of the daughter anti-

mony activity. For this reason it is important to have re-

liable information on the decay properties of the antimony

isotopes. At the inception of thie work the only published

work on the decay of 132Sb and 133Sb was that by Treytl (6).

In Figure 1 it can be seen that the half-lives of these two

isotopes are similar. Also, the fission yields are similar.

Because of these difficulties, Treytl assigned some y-rays

to the decay of I33Sb which actually belonged to the decay

of I32Sb. These y-rays were used in the genetic identifica-

tion of a 40-second tin activity and an early report from
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this laboratory entitled "Decay Properties of 188Sn" (7) had

an incorrect mass assignment. These difficulties were not

encountered for the other antimony isotopes. Del Marmol and

Colard (8) in 1962 published a decay scheme for 128Sn. Their

y-ray measurements were made with a NaI(Tl) detector. Con-

sequently, many y-rays from the decay of this isotope were

not observed. The decay scheme presented here is substan-

tially different from that of Del Marmol and Colard.

About the same time this work was begun, other groups

began to study nuclei in this region. Except for a group

in Sweden (9), these groups are primarily interested in re-

fining half-life values and in learning more about fission

yields. The data from these groups are reviewed in detail

later. The Swedish group is studying the structure of nuc-

lei in this region. Their experimental procedure is some-

what different from the procedure outlined above. Steps 1)

and 3) from above are the same in their work; however, their

samples are prepared by on-line mass separation from fission

products. This procedure has the advantage of allowing one

to study shorter half-lives than is possible by radiochemi-

cal methods and directly gives the mass of the species be-

ing studied. It has the disadvantage of not giving direct

information regarding the Z of the isotope under study;

also daughter growth and decay information is lost. A dis-

interested party would probably say that the two methods of

sample preparation complement each other.
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While I was working on the decay scheme of 132Sn, it

was published by the Swedish group (10). They have also

determined a half-life in the A=133 mass chain of 1.7

seconds which they attribute to 133Sn. This is too short to

be studied with the technique I employed. Therefore, I con-

centrated my efforts on the decay of 128Sn, 129Sn, and 130Sn.

In the material to follow, the experimental determina-

tion of the decay schemes of 128sn, 129Sn and 13°Sn is pre-

sented. All of these isotopes decay to antimony which has a

single proton beyond the closed shell of 50 protons. In the

discussion section, the systematic changes of the decay

schemes (including 132sn) are shown to be due primarily to

the neutron hole configuration in the N=82 shell. Specifi-

cally, the structure of these antimony isotopes can be ex-

plained in terms of coupling a proton in either the lg or 2d

level to various numbers of neutron in the 2d level.

For completeness it should be mentioned that one would

expect negative parity states to exist in these antimony

isotopes. These would be formed by coupling the odd proton

with neutron holes in the h 11/2 level. The even-A antimony

exhibit isomerism. The longer lived isomer generally has a

high spin and a negative parity. However, these negative

parity states are not observed in the 3 decay of tin iso-

topes with masses greater than 126. This is because it is

the d
3/2

neutrons that undergo 3 decay. Also, it is a par-

tically filled d3/2 neutron level coupled with a g7/2 proton
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level which forms the shorter-lived positive parity isomers

of even-A antimony isotopes. Unless otherwise specified,

the term "ground state" of the antimony isotopes refers to

the shorter-lived isomer.

Table 1. Half-Lives (as a function of time) and Fission
Yields of Selected Tin Isotopes

Isotope (a) (b) (c) (d)

130 Sn 2.6 m 3.7 m

131Sn 3.4 m 1.3 m 61, 30* s 1.28%

132Sn 2.2 m 1.0 m 40 s 0.59%

133Sn 55s 1.7 s 0.015%

(a) Half-lives, Ref. 4 (1955).

(b) Half-lives, Ref. 5 (1966).

(c) Modern half-lives.

(d) Fission yields, Ref. 5.

* Isomer
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II. EXPERIMENTAL METHODS

Sample Preparation

Neutron-rich tin isotopes were produced in the fission

of 235U induced by thermal neutrons and chemically separated

from the other fission products. The chemical separation

technique used to isolate these tin isotopes was developed

by Greendale and Love (11).

The apparatus used in the separation of tin from mixed

fission products is shown in Figure 2. One-ml solutions of

UO2(NO3)2 in 1 N HC1 were used for the irradiations. There

was generally about 50 mg of uranium with natural isotopic

composition in the samples. The samples were irradiated at

a flux of 1012 n/cm2sec (1 MW) from 1 to 30 minutes in the

OSU TRIGA reactor depending on the particular isotope under

study. For a one - minute irradiation the activity of the

irradiated uranium Sample was about 1 Ci and the separated

tin sample was about 1 mCi. After irradiation, the samples

were transferred with a pneumatic "rabbit" system to the

chemical separation apparatus. The transit time was about

15-20 seconds. When an irradiated uranium sample arrived

at the separation area, a hole was punched into the top of

the sample container and the solution was drawn out with a

hypodermic needle connected with intramedic tubing to Unit A

which had previously been partially evacuated with an aspira-

tor. Unit A contained 10 mg of tin carrier and 1 mg of
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j
Figure 2. Apparatus Used to Separate Tin from Mixed Fis-

sion Products.

1. Vacuum
2. N2 flushing gas
3. Intramedic tubing
4. Unit A
5. Unit B
6. Drierite column
7. To hood
8. Surge chamber
9. Needle valve

10. Ascarite column
11. Quartz tube
12. Hypodermic needle
13. Uranium sample
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antimony carrier. By turning the three-way stopcock on Unit

A, pressure (N2 gas) was applied to Unit A and the solution

was forced into Unit B. Unit B contained a solution of 80

mg of NaBH1+ in one-ml of 0.2 N NaOH. A chemical reaction in

Unit B produced stannane (SnH4) and stibine (SbH3). These

two gases, which were formed within 1.2 seconds, passed

through a Drierite drying column and filled the surge cham-

ber. The surge chamber regulated the flow of gas through

the quartz tube. The needle valve was adjusted such that

the surge chamber discharged in ten seconds. The gases were

then passed through a column of Ascarite (sodium hydroxide-

impregnated asbestos) which selectively removed the stibine.

The stannane then decomposed inside of a hot quartz tube to

form a thin layer of metallic tin. The quartz tube was then

removed from this apparatus and taken to the counting appara-

tus. The separation was completed in about 20 seconds, and

the tin samples were ready for counting about 50 seconds

after HOB. The flushing gas was present to purge the appa-

ratus after an experiment. A typical radiation dose to the

hands during a single experiment was about 10 mR.

y-rays are not significantly attenuated through 1 mm of

quartz (about 2%). However, 6 spectra would be significant-

ly distorted. One mm of quartz will completely stop elec-

trons below 600 keV. Also, X-rays are significantly attenu-

ated (about 20% @ 30 keV). Therefore, for the measurement

of y and X-rays, a split tube arrangement was used. One-half
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of each of two quartz tubes were ground away lengthwise.

The two remaining halves were fitted together for the sepa-

ration and then opened to expose the tin sample to the

detectors.

From the conditions of the separation, some radiochemi-

cal contamination from arsenic and germanium isotopes may be

expected. A small amount of activity from 78Ge and "As was

observed in the tin samples. However, these activities are

relatively well known and presented no special problems in

this work. It is much more important to determine the

amount of antimony activity present in the tin samples as a

radiochemical impurity relative to the antimony produced

from the decay of tin because of the information contained

in the daughter (antimony) growth and decay curves. This

ratio was determined by comparing the activity of 132Sb and

133Sb in the tin samples. 132 Sb and I33Sb have comparable

half-lives and fission yields of 2.8% and 3.1% respectively

(5). Essentially all of the 1.7 second 133Sn activity had

decayed to 133Sb by the time the separation was begun (gene-

rally 20-25 seconds after FOB). The 40 second 132Sn acti-

vity was separated and subsequently decayed to 132Sb. By

comparing the 133Sb activity with the 132Sb activity, it is

possible to arrive at the ratio of the amount of antimony

that is a radiochemical impurity to the amount of antimony

that is produced in the separated sample from the decay of

tin. No 133Sb activity was observed. However, in a typical
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experiment an upper limit of 0.003 was established for

A(188Sb)/A(192Sb). Greendale and Love report a range of

0.001 to 0.00005 for the radiochemical decontamination of

antimony relative to tin. The chemical yield was not deter-

mined in this work; Greendale and Love report values from

15% to 60%.

y-Ray Singles Experiments

The energies, half-lives and relative intensities of

the y-rays can be determined from a y-ray singles experiment.

It is also possible in some cases to make a genetic identi-

fication of the parent half-life from the daughter growth

and decay characteristics.

The y-rays from the decay of 180Sn and 129Sn were mea-

sured independently with two different lithium-drifted ger-

manium [Ge(Li)] detectors. The two detectors had active

volumes of 25 and 60 cc, their resolutions (FWHM) at 1332

keV were 2.4 and 3.7 keV, and their efficiencies relative to

a 7.5 x 7.5 cm NaI(T1) detector at 25 cm (at 1332 keV) were

3% and 13% respectively. The y-rays from 128Sn were studied

with a 40 cc Ge(Li) detector which had a resolution of 1.9

keV (FWHM) at 1332 keV and an efficiency of 10% relative to

a NaI(T1) detector. The detectors were shielded with sheets

of copper and cadmium to reduce the excitation X-rays from

the surrounding lead shielding. A 1.0 cm thick lucite

shield was placed between the Ge(Li) detector and the tin
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sample. y-rays from 128Sn were also studied with a 0.5 cc

low energy photon spectrometer (LEPS) Ge(Li) detector. This

detector had a resolution of 0.5 keV (FNHM) at 122 keV. This

detector was covered with a 0.125 mm Be foil and was not

shielded against 6 particles.

The energy calibration of the Ge(Li) detectors was made

by making a linear least squares fit to a series of known g-

ray standards. A relative efficiency curve for each detec-

tor was made by counting a series of standard y-ray sources

and taking a ratio of the full energy peak area to the total

activity of the standard. The isotopes used for this pur-

pose are listed in Table 2. The half-lives in Table 2 are

those values which have been adopted in the Nuclear Data

Sheets (12). The half-life suggested by the NBS for 1°9Cd

is slightly lower than the value in Table 2; however, a

small amount of 65Zn is known to be in the NBS 166Cd source.

Therefore, the value in the Nuclear Data Sheets was used. A

similar relative efficiency curve was constructed-by compar-

ing the relative intensities of a series of y-rays from a

single source of 152Eu. The values used are listed in

Table 3. Typical efficiency curves thus determined are

shown in Figures 3 and 4. These curves were determined with

the lucite 6 shield in place; also they were determined at

the same sample to detector distance (9 ± 2 cm) as the tin

samples. Absolute efficiency curves are strongly dependent

on sample to detector distance; relative efficiency curves
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Table 2. Isotopes used in the Determination of Relative
Efficiency Curves of the Ge(Li) Detectors.

Isotope Manufacturer Half-life

a241 Am IP 433 y

109cd NBSb 453.2 d

57Co IP 271.65 d

737Cs NBS 29.83 y

22 Na NBS 2.60 y

60 Co NBS 5.26 y

a. Isotope Products, Inc.
b. National Bureau of Standards

Table 3. Energies and Relative Intensities of ' -Rays from
1 5 2Eu (12)

.

Energy (key) Relative Intensity (%)

121.8 100

244.7 24.8

344.2 85.6

443.8 8.9

444.1 1.0

779.1 40.0

867.7 12.8

964.4 45.1

1408.1 65.0
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are only very weakly dependent on this distance. Therefore

the finite size of the tin samples (a hollow cylinder 1 cm

long and 0.5 cm diameter) had essentially no effect on in-

tensity measurements. The uncertainties due to random

errors in these efficiency curves are rather small (about

2-3%). It is much more difficult to evaluate the sources of

systematic errors. The total uncertainties of these mea-

surements will be discussed later.

A block diagram of the electronics used in a typical

single parameter experiment is shown in Figure 5. Pulses

from the Ge(Li) detector were shaped, amplified and stored

in a pulse height analyzer (Nuclear Data model 2200). Ortec

451 linear amplifiers were used in these experiments. The

shaping constants were generally either 1 or 2 microseconds.

With the analyzer in the "repeat" mode, successive spectra

were accumulated for a preset period of time and then

"dumped" onto magnetic tape automatically. The 2-second

readout time of the analyzer maximized the time available

for counting the sample. A high-precision quartz-driven

digital clock recorded the time of the beginning of each

data accumulation period (13). The activity is defined as

the number of events recorded by the analyzer during each

accumulation period divided by the analyzer's preset live

time (which is smaller than the elapsed clock time due to

dead time losses). Usually it is assumed that the activity

occurred at the mid-point of the accumulation period. In
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cases where the counting period was a significant fraction

of the half-life, it was necessary to correct for the non-

linearity of decay. This was accomplished by multiplying

the activity by a factor, R, given by:

R = (Xt)exp(-0.5Xt)/(1-expi-At])

where t is the actual time in which the analyzer was accumu-

lating and A is the decay constant for the species under

study. The derivation of this formula is given in Appendix

I. The correction was generally less than one percent.

Dead time losses in the analyzer were assumed to be accu-

rately accounted for by the analyzer's live-time clock. The

peaks in the y-ray spectra were analyzed by hand.

The half-life of each x-ray present in the spectra was

determined by making a least squares fit to the activity of

each full energy peak as a function of time. To determine

relative intensities of a group of 1 -rays with the same

half-life, the extrapolated activities at t=0 (the time of

the separation) were corrected for efficiency and normalized

to the most intense y-ray. An alternative method of deter-

mining activity ratios (i.e., determining the weighted aver-

age of the ratios of the 1-ray intensities for a succession

of accumulation periods) yielded the same results. A minor

correction was made for the attenuation through the quartz

tube using the attenuation tables in Ref. 14.
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Coincidence Studies

y-y coincidence experiments can be very helpful in

elucidating decay schemes. In this work two 40 cc Ge(Li)

detectors were used. The electronic circuitry is shown in

Figure 6. Pulses from the detectors were passed through

pre-amplifiers into linear amplifiers (Ortec 451). The uni-

polar pulses from the amplifiers were stored as the spectro-

scopic signals and the bipolar pulses were used for timing

purposes. The bipolar pulses from the amplifiers were passed

into constant fraction timing single channel analyzers

(CFTSCA, Ortec 455). Pulses from the CFTSCA units were then

passed into the fast coincidence unit (Ortec 414A) to derive

a gating signal for the ADC's. The gating signal thus de-

rived was used to simultaneously "gate" two analog-to-digi-

tal converters (ADC) of a Nuclear Data 4420 computer. Pairs

of coincident pulses were stored in the buffer memory of the

ND4420 until 256 coincident events were accumulated. The

contents of the buffer memory were then dumped onto magnetic

tape.

The coincidence circuitry was calibrated with "Co and

22 Na sources. The detector-source-detector angle was gener-

ally about 90°. The detector-source distance for both de-

tectors was generally about 3 cm. The resolving time for

these experiments was usually about 100 nsec. The ratio of
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chance coincident events to the true coincident events was

typically 0.01.

After termination of an experiment, a window (also re-

ferred to as a gate) was placed on a specified energy region

from one detector. The gate widths were =4 keV for all the

coincidence experiments in this work. The magnetic tape was

then searched for events in coincidence with this window.

The single parameter Ge(Li) spectrum thus compiled is re-

ferred to as the "raw gated spectrum" or the "gate slice".

A raw gated spectrum contains, in addition to the true coin-

cidence spectrum of interest, chance coincidence events and

true Compton coincidence events. The former events pre-

sented no significant problem in these studies (<1% of the

total). The true Compton coincidence events can complicate

the spectrum somewhat. In early experiments using a NaI(Tl)

detector in conjunction with a Ge(Li) detector, the Compton

events were much more pronounced. However, when using two

Ge(Li) detectors these events are not nearly as significant.

Both the chance and Compton events can be eliminated from

the spectrum by compiling a "background spectrum" in coinci-

dence with an energy window adjacent to the energy window of

interest. This "background spectrum" is then subtracted

from the raw gated spectrum to yield the final coincidence

spectrum.

The y-X-ray coincidence experiments were done in pre-

cisely the same fashion as the y-y experiments. In this
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case the 0.5 cc LEPS detector was used to measure the X-rays.

A split quartz tube was used for these experiments. The

coincidence circuitry was calibrated with a source of 152Eu

and a pulser. The tin samples were placed about 0.5 cm from

the Be window of the LEPS and about 3 cm from the 40 cc

Ge(Li) detector. The detector-source-detector angle was

about 90°. The ratio of chance events to true coincidence

events was 0.01. The same background subtractions as in the

y-y experiments were made.

y-(3 coincidence experiments were also made in the same

fashion as the y-y measurements. A 1.27 x 7.61 cm NE-102

plastic scintillator mounted on a photomultiplier tube (Har-

shaw type 12SW12-W3) was used to detect (3 particles. A

split tube source was used in these measurements. The (3 de-

tector was calibrated with standard sources of 99Tc, 35C1,

210 Bi and 2341/a at the same source to detector distance as

the tin samples (2 cm). This plastic scintillator was light

sensitive so it was covered with a 4.06 x 10-3 cm thick

aluminum foil which was electrically grounded to prevent any

charge accumulation. Background subtractions were made in

the same manner as in the y-y experiments and the final

gated (3 spectra were subjected to a Kurie analysis to ex-

tract the endpoint energies.
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III. EXPERIMENTAL RESULTS

128 Sn Decay

The half-life measured in this work is 59.1 ± 0.5

minutes. This value was obtained by taking a weighted aver-

age of the half-lifes of the y-rays listed in Table 4. This

is in good agreement with the value of 60.0 ± 0.4 minutes

adopted in Nuclear Data Sheets (12). The value of 60.0

minutes was adopted in this work. The only published decay

scheme for 128Sn is that of Del Marmol and Colard (8). Their

y-ray measurements were made with a NaI(T1) detector, conse-

quently several y-rays were not observed. More recently,

Apt and Walters (15) observed some y-rays from 128Sn decay.

Hnatowicz et al. (16) have also observed y-rays from the de-

cay of 128Sn. All of the present information is summarized

in Table 4. With the exception of the work of Del Marmol

and Colard (8) there is good general agreement of the values

in Table 4. A y-ray singles spectrum of the tin sample

which displays the y-rays from 128Sn is shown in Figure 7.

The lower energy y-rays were also studied with the LEI'S de-

tector; the spectrum is shown in Figure 8. The relative in-

tensities were normalized at 75.1 keV.

Three independent measurements have shown that a negli-

gible amount of 9-hour I28Sb is populated in the direct de-

cay of 128Sn. The values obtained are .-z,3% (17), <5% (18)

and 0.2 ± 0.1% (8). The qualitative temporal relationship



Table 4. Energies and Relative Intensities of y-Rays from the Decay of 128Sn.

Ea(keV) I I
2
(%) E

b
(keV) I (%)

1
(%) E

c
(keV) I (%) E

d
(keV) I (%)

32.1 6.8 96 32.1 5 --_
45.7 22 100 45.7 15 45.4 30 44±1 12
75.1 47 74 75.0 45 75.0 58 72±2 30

152.7 11 8 152.5 11 152.5 12

160.4 7 4 --
404.4 10 6 404.4 11 404.2 10 --
436.7 7 4 435.6 7 436.3 6

482.3 100 58 482.0 100 482.0 100 497±6 100
557.3 28 16 557.3 27 557.0 25 570±10 36

680.5 27 16 680.4 20 680.2 26

a. This work (the uncertainty in the energies is

b. Apt and Walters (15).

c. Hnatowicz et al. (16).

±0.2 keV).

d. Del Marmol and Colard (8).

1. Uncertainties for relative intensities are ±5% of the value of the intensity
except for those transitions whose total transition intensity is less than
50% -- in that case the uncertainty is ±10% of the value of the intensity.

2. Total transition intensity (see text for details).
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of the I28Sn and I28Sb activities determined in this work

are shown in Figure 9.

In the present work 'y -y, y-13, and 1-X-ray coincidence

experiments were performed. The coincident spectra are

plotted in Figures 10, 11 and 12. These data are summarized

in Tables 5 and 6. Del Marmol and Colard (8) observed two

8 energies of '1600 and '1,700 keV. The discrepancy with the

values reported here is puzzling. Hnatowicz et al. (16)

have observed the 482 and 680 keV y-rays to be in coinci-

dence with the 75 keV y-ray and the 404 and 436 keV 1-rays

to be coincident with the 152 keV y-ray. These observations

are in agreement with the measurements reported in this

work.

Table 5. y-y Coincidence Results for 128Sn Decay.

Gate Coincident 1-Rays

75

152

160

482, 680

160, 404, 435

152

404 152

436 152

482 75

557 no peaks present

680 75
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Table 6. y-X-Ray Coincidence Results.

Gate Coincidence y-Rays

45

75

32,

32,

75

45

152 32, 45, 160

160 152

404 32, 45, 152

436 45, 152

482 32, 45, 75

557 32, 45

680 32, 45, 75

Decay Scheme Construction

?y proposed decay scheme for 128Sn is shown in Figure

13. The 160.4 keV y-ray is ignored in the following dis-

cussion; it will be discussed later. All of the y-rays are

in coincidence with the 45.7 keV y-ray, it is therefore

placed as the transition from a level at 45.7 keV to the

ground state (of the 10 minute isomer) of I28Sb. All of the

y-rays except the 436.7 keV are in coincidence with the 32.1

keV y-ray. It is therefore placed as a transition between a

level at 77.8 and the level at 45.7 keV. The difference be-

tween 436.7 and 404.4 is 32.1 (within experimental error),

therefore, a level is placed at 482.2 keV. The 436.7 keV g-

ray is the transition between the 482.2 keV and 45.7 keV
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levels. The 404.4 keV y-ray is the transition between the

482.2 keV and 77.8 keV levels. The 152.7 keV y-ray is in

coincidence with the 32.1, 45.7, 404.4 and 436.7 keV y-rays.

It is therefore placed as a transition between a level at

635.1 keV and the level at 482.2 keV. The 557.3 keV y-ray

is placed as the transition between the 635.1 keV which in-

dicates a cascade sequence between the 635.1 and 77.8 keV

levels. Since the 680.5 keV y-ray is in coincidence with

the 45.7, 32.1, and 75.1 keV y-rays, a level at 152.9 keV is

indicated. The 482.3 keV y-ray is then the transition from

the level at 635.1 keV to the level at 152.9 key. The 75.1

keV y-ray is then the transition from the 152.9 keV level to

the level at 77.8 keV. The cascade sequence of 680.5 to

75.1 to 32.1 to 45.7 indicates a level at 833.4 keV.

The Kurie plots of the 13 spectra in coincidence with

the 482.3 and 680.5 keV y-rays both are single component.

The endpoint energies differ by about 200 keV. The Kurie

plot of the (3 spectrum in coincidence with the 75.1 keV g-

ray is two component. The endpoint energies differ by about

200 keV. This indicates two (3 branches: one to the level

at 833.4 keV, and the other to the level at 635.1 keV.

The 160.4 keV y-ray is in coincidence only with the

152.7 keV y-ray. This would suggest a level at 321.8 keV.

However, a problem arises in the depopulation of this level.

The fact that only the 152.7 keV y-ray is coincident with

this level suggests that this level might have a lifetime
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much longer than the coincidence resolving time (100 nsec).

This life-time would have to be quite long for it not to

have an effective half-life of the 1 hour 128Sn parent.

Furthermore, no y-rays or sum of y-rays could be found,

irregardless of half-life, that would connect a level at

321.8 keV to the levels at 0, 45,7, 77.8 or 152.9 keV. The

lower detectable limit of y-ray intensities for this energy

region is about 0.3%. (This same 0.3% limit can also be

applied to other hypothetical transitions, e.g., 77.8 to 0.0

keV or 833.4 to 482.2 keV). Another possibility is that an

isomer exists at 321.8 keV which depopulates by 8-decay to

levels in 128Te. No evidence for such an isomer has been

reported nor could such an isomer be found in this work. The

intensity of the 160.4 keV y-ray (relative to the total in-

tensity of the 45.7 keV transition) is 4%, so most of the

decay intensity of 128Sn has been accounted for.

Hnatowicz et al. (16) have proposed a tentative decay

scheme which does not place the 45 and 32 keV y-rays. Also

the 152 to 404 keV y-ray cascade sequence is reversed.

Spin and Parity Assignments

The 8 branching to the 833.4 and 635.1 keV levels were

calculated by balancing the y-ray intensities at those

levels. The intensity for the 152.7 keV transition was

arbitrarily corrected for M1 conversion (aT = 0.188). The

log ft values indicate that both of these levels have a
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spin and parity of 1+. (The log ft rules adopted in the

Nuclear Data Sheets are those of Raman and Gove (19). The

rule of interest is: if one state is 0+ and 3.6 < log ft <

5.9 then the other state is 1+.)

The total conversion coefficients of the 45.7, 32.1 and

75.1 keV transitions were calculated from intensity balance

at the 45.7, 77.8 and 152.9 keV levels. These values are

listed in Table 7. Also listed in Table 7 are the a
K

values

of. Hager and Seltzer (20). The theoretical values of a
K

for

an M1 and E2 transition for a 32.1 keV transition are essen-

tially the same. This fact can be used in conjunction with

Table 7. Internal Conversion Coefficients for Transitions
in 128sb.

E (keV) a
T (exp) aT (E2)* (exp) (M1)*

T K
(E2)*

32.1

45.7

75.1

23 1 2

6.8 ± 0.5

1.7 ± 0.2

17.0

5.99

1.42

108.

27.5

4.57

4.8 ± 0.4

14.7

5.18

14.6

10.8

* reference (20)

the data in the 75 keV gated X-ray spectrum to determine aK

for the 45 keV transition. The K X-rays in this spectrum

are due to the conversion of both the 32 and 45 keV transi-

tions. The intensities of the K electrons from these tran-

sitions are related by:

(K
a
/cf + K /e.f)45 = T-X

(K
a
/ef + K /c.f)

3 2
= X
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where 6 is the detection efficiency for that given energy, f

is the fluorescence yield (f = 0.867 [21]), T is the sum of

the intensities of the K electrons from the 32 and 45 keV

transitions and K
a (3

are the intensities of the X-rays. Now,

X
14.7

where 132 is the intensity of the 32 keV y-rays. Therefore,

T-(132/014.7
a
K
(45)

145/E

Numerically this turns out to be 4.8 ± 0.4 which is in good

agreement with the theoretical value for an M1 transition.

The fact that the 32 keV y-ray is observed in coincidence

with the y-rays populating the 77.8 keV level indicates the

lifetime of the 77.8 keV level to be less than the coinci-

dence resolving time (l00 nsec). The Weisskopf estimate

(for 32 keV) for an M1 transition is about 1010 seconds,

the estimate for an E2 transition is about 105 seconds (a

correction for conversion has been included). Thus, if the

32 keV transition were E2 in character the transition rate

would have to be enhanced by more than 100. This is un-

likely since there are no collective effects. Also, there

would be a severe intensity imbalance at the 45.7 keV level

if the 32 keV transition were E2. Therefore, both the 45

and 32 keV transitions have an Ml character.

In the study of the decay of the 10 minute isomer of

128Sb (22), a 8 branch of 83% was found to populate the 6+
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level at 1811.2 keV in 128Te. This transition has a log ft

of 5.8 which limits the parent spin to 5+, 6+ or 7+. Be-

cause of the Ml character of the 45 and 32 keV transitions,

the possible spin-parity assignments for the 77.8 keV level

is 3, 4, 5, 6, 7, 8, 9+. The 557.3 keV transition from the

1+ level at 635.1 to the level at 77.8 keV must therefore be

an E2 transition. (Higher order transitions, e.g., M3, would

have a life-time greater than 0.01 seconds and the 557.3 keV

transition would not be observed.) Therefore, the 0.0 keV

level has a spin-parity of 5+, the 45.7 keV level has a spin-

parity of 4+ and the 77.8 keV level has a spin-parity of 3+.

The 75.1 keV transition is M1 in character (see Table

7). The spin-parity of the 152.9 keV level is probably 2+

(if it were 3+ or 4+, an M1 crossover to the 0.0 or 45.7 keV

levels might be expected). The 482.2 keV level populates

the 3+, 77.8 keV and 4+, 45.7 keV levels respectively with

the 404.4 and 436.7 keV y-rays. Therefore, the 482.2 keV

level has a configuration of either 2+ or 3+. Since a level

at 321.8 keV cannot be firmly established, a discussion of

it's spin-parity is not deemed worthwhile.

129 Sn Decay

Birgul and Lyle (23) reported two isomers for 129Sn de-

cay: one with a half-life of 7.5 minutes and the other with

a half-life of 2-2.5 minutes. Auble et al. (24) studied

levels in 129Sb using a (d, 3He) reaction on 180Te. These
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authors found levels at 0.0 (7/2+), 0.64 (5/2+), 0.91 (3/2+)

and 1.45 (1/2+) MeV (see Figure 14). Izak and Amiel (25)

studied the decay of 129Sn and reported a 642.0 keV y-ray to

decay with a half-life of 2.52 ± 1.12 minutes. In this work

a 643.7 keV y-ray displayed a half-life of 2.52 ± 0.10

minutes. In a y-y coincidence experiment no y-rays were

found in coincidence with 643.7 keV y-ray. Any y-ray in

coincidence with the 643.7 keV is less than about 10% as

intense.

The systematics (12) of the odd-A tin isotopes indicate

that, without exception, the shorter lived isomer has a 3/2+

configuration and decays (1,100%) to the lowest lying 5/2+

level in antimony. These data are shown in Table 8. The

longer lived isomers of these levels have a 11/2- character.

These isomers arise from the neutron configuration (see

Figure 15).

Table 8. Decay Systematics of the Shorter Lived Odd-A Tin
Isomers.*

Isotope Half-life E (MeV) I(%)# log ft

121 Sn 27.06 h 0.383 100 5.0

129Sn 42 m 1.215 99.9 5.2

125Sn 9.7 m 2.062 98.3 5.4

127Sn 4.1 m 2.70 1,100 5.6

129Sn 2.56 m (3.20)$ 1,100 (5.7)

* Data compiled from Nuclear Data Sheets (12).
# (3 branching (%) to the lowest lying 5/2+ level in antimony.
$ See text for details.
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The 643.7 keV y-ray agrees with the systematics of the

levels in antimony shown in Figure 14. This energy also

agrees with the energy determined by Auble et al. (24) for

the first excited state in 129Sb. The end-point 8 energy in

coincidence with the 643.7 keV y-ray could not be determined

because of poor statistics. However the Qi3_ can be esti-

mated from the tables of Garvey et al. (26). Using this

value of QS_ (3.85 MeV) the log ft can be estimated. The

log ft value thus estimated (log ft = 5.7) agrees well with

the systematics of the other shorter lived tin isomers (see

Table 8).

18°Sn Decay

A y-ray singles spectrum of the tin sample that dis-

plays the y-rays from 18°Sn decay is shown in Figure 16.

Table 9 contains the energies and relative intensities for

the y-rays emitted from 188Sn decay. Three other measure-

ments of the relative intensities of these y-rays are also

listed in Table 9. There is more disagreement in these

values than was the case for 128Sn. I have more confidence

in my measurements (of course!) because of the agreement

with other workers for 128Sn decay. The half-life measured

in this work for the y-rays listed in Table 9 (exclusive of

the 550.5 keV y-ray) is 3.7 ± 0.2 minutes. This is in
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excellent agreement with the other reported values of 3.8 ±

0.1 (27), 3.69 ± 0.07 (25) and 3.6 (16) minutes.

Table 9. y-ray Energies and Relative Intensities from '3°sn
Decay.

El (keV) I (%)
1

I (%)
2

I (%)
3

I (%)
4

70.6 43 51 32 45

192.0 100 100 100 99

229.1 30 33 27 32

434.4 17 20 9 22

550.5 .12 5

742.5 19 26 10 31

779.3 68 83 43 100

1. This work. The energies have an uncertainty of ±0.2 keV.
The intensities have an uncertainty of about ±10% of the
intensity value.

2. Kerek (27). The following y-rays were also reported,
they all have intensities of <3%: 316.4, 341.3, 384.4,
472.0 and 726.0 keV.

3. Izak and Amiel (25).

4. Hnatowicz (16).

A genetic identification of the activity with a 3.7

minute half-life was made by fitting the growth and decay

characteristics of the 182 and 840 keV y-rays known to occur

in the decay of 130Sb (16, 27). Figure 17 shows a plot of

the intensity of the 182 keV y-ray as a function of time.

The equation for the growth and decay of daughter activity

(for the case where the daughter nuclide has an isomeric

state) is:
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T
1/2

(PARENT) = 3.72 ± 0.08 MIN.

1 1

0 10 20

Minutes

30

Figure 17. y-Ray Intensity as a Function of Time of the 182
keV 1 -Ray from 130Sb Decay. These data were re-
corded using the 60 cc Ge(Li) detector.

40
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A
At=0 -X t -XAt

+A
d
(t) = (1-a) (e P -e )

X
d

-d X
p

p

At=0 -apt - e
-Xat

)

X'-X p
d p

where A (T) = activity of daughter at time, t

X = decay constant of parent

Xd = decay constant of daughter

X' = decay constant of daughter isomeric state

At-0 = activity of parent at time, t=0

a = fraction of parent decays that populate the

isomeric state

Another term, Ad(t=0), has been excluded because of the

excellent radiochemical purity of the tin sample. The half-

life of the isomeric state was fixed at 40 minutes (28).

The parent half-life, daughter half-life, activity of the

parent at time, t=0, and a were adjusted to obtain the best

fit to the experimental data. Four separate sets of "best

fit" values for these quantities were obtained using the

182 and 840 keV y-rays from the experiments with the 25 and

60 cc Ge(Li) detectors. The average value for the half-life

of the parent is 3.72 ± 0.08 minutes. This is in excellent

agreement with the half-life of 3.7 ± 0.2 minutes obtained

from the direct decay of the 1-rays in Table 9 and clearly

establishes the 3.7 minute activity to be 13°Sn. The

average value for the daughter half-life is 6.6 ± 0.5

minutes. This is in agreement with the reported half-life
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of 6.3 ± 0.2 minutes for the shorter lived isomer of 13°Sb

(29). The average value for the value of a is -0.005 ±

0.006 indicating no significant population of the 40 minute

13°Sb activity in the decay of 130Sn. Since the radiochemi-

cal purity of the tin samples was established at <0.3%, the

upper limit for the population of the 40 minute isomer is

<2%. (The radiochemical purity of the tin samples varied

somewhat for different experiments. The value quoted here

of <0.3% was determined from the same experiments that were

performed to study 130Sn decay.)

The y-y coincidence results are summarized in Table 10.

The gated spectra for several energy gates are shown in

Figure 18. The y-y coincidence results of Kerek (27) are

also listed in Table 10. Except for the missing 70 keV g-

ray in Kerek's 434 keV gate, there is good agreement. Kurie

Table 10. y-y Coincidence Results for 130Sn Decay.

Gate Coincident y-Rays

70 192
a,b

, 229 a,b , 434
a,b

, 550wa , 742a,b , 779 a,b

192 70
a,b

, 229Wa,b , 434
a,b

, 550Wa,b , 779
a,b

229 70
a,b

, 192
a,b

, 550W
a

, 550
b

, 742
a,b

434 70
a

, 192
a,b

550 70Wa, 192Wa, 229Wa

742 70
a,b

, 229
a,b

779 70
a,b

, 192a ,b

W denotes weak intensity
a. This work.
b. Kerek (27).
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plots of the 8 spectra in the energy gates are shown in

Figure 19. The endpoint energies are summarized in Table

11. Kerek (27) did not measure the 8 energy associated with

130 Sn decay. In Kerek's preprint the Q value of 3.8 MeV

measured by Lund and Rudstam (30) was used. The technique

used by Lund and Rudstam consisted of summing pulses from

Table 11. y-13 Coincidence Results for 130Sn Decay.*

Gate Coincident End-Point Energies (keV)

70 910 ± 130 1610 ± 320

192 860 ± 90 1400 ± 200

229 1050 ± 60

434 1280 ± 80

779 1070 ± 60

* See the section on Qb determination for a further discus-
sion of these data.

two NaI(T1) detectors and recording the 8 spectrum in coin-

cidence with this sum. For 130Sn the energy sum of 1042 keV

was used. However, there are no two y-rays from the decay

of 130Sn which sum to 1042 keV. A better choice would have

been 1042 - 70 = 972 keV. Lund and Rudstam's measurement

was probably much more sensitive to the 182 + 840 = 1022 keV

1 -ray sum from 130Sb decay. To confirm this I placed a gate

on the 182 keV 1 -ray (from 13osb) and found an endpoint 8 en-

ergy of 2.1 MeV. This is in good agreement with the value

of 2.14 MeV of Lund and Rudstam. The effect of this is that
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the Q reported by Kerek for 130Sn decay is one MeV more

than the value reported in this work.

The K-shell internal conversion coefficient, a
K'

for

the 70.6 keV transition was measured by means of a y-X-ray

coincidence experiment using a 40 cc Ge(Li) y-ray detector

in conjunction with the 0.5 LEPS detector. The gated X-ray

spectrum in coincidence with the 192 keV y-ray is shown in

Figure 20. a
K

is defined as:

I(Ke)_
X(KX)/W

K
aK I(y)

where I(Ke) = intensity of K-shell electrons

I(y) = intensity of y-rays

I(KX) = intensity of K-shell X-rays

K
= K-shell fluorescence yield ( = 0.867 (21])

This ratio can be calculated by correcting the experi-

mental intensities for efficiency differences:

I (KXy) I (KX13)

6Ka 61<
It V

K I (Y) /Cy

where I(KXa) = intensity of a X-rays

I(KX13) = intensity of 8, X-rays

= is the efficiency for that energy.

The efficiency values were taken from Figure 4. For the

70.6 keV transition, aK was determined to be 1.46 ± 0.09.

From the tables of Hager and Seltzer (20), aK = 1.47 for an

Ml transition (E = 70.6 keV, Z = 51). Therefore, this tran-

sition is purely M1 within experimental uncertainty. Kerek
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(27) also measured a
K

for the 70 keV transition. His value

of a
K
= 1.45 ± 0.35 is in good agreement with the value de-

termined in this work.

Decay Scheme Construction

The proposed decay scheme for 130Sn is shown in Figure

21. (This decay scheme has been published in reference 3.)

The 70.6 keV y-ray is in coincidence with all of the other

y-rays. After correcting the intensity for M1 conversion,

the 70.6 keV transition becomes the most intense transition,

therefore it is placed as a transition from a level at 70.6

keV to the ground state (of 6.6 min 13°Sb). The sum of

192.0 and 77.93 keV is the same (within experimental uncer-

tainty) as the sum of 229.1 and 742.5 keV. This fact implies

these are two y-ray cascades between the same two levels.

The sequence of having the 779.3 keV y-ray preceding the

192.0 keV y-ray is needed in order to balance the transition

intensities. The 229.1 keV y-ray is in coincidence with the

192.0 keV y-ray, therefore a cascade sequence of 229.1 -

742.5 and 229.1 - 550.5 - 192.0 is necessary. The 434.4 keV

y-ray is in coincidence only with the 192.0 and 70.6 keV g-

rays. Therefore, the cascade sequence of 434.4 - 192.0 -

70.6 keV is suggested.

The endpoint energy of the (3 particles in coincidence

with the 434.4 keV y-ray is about 350 keV greater than the

endpoint energy of the R particles in coincidence with the
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779.3 keV y-ray (see Table 11). The Kurie plots of the 5

spectra in coincidence with both of these y-rays show a

single component 5 spectrum. The Kurie plots of the 5 spec-

tra in coincidence with the 192 and 70 keV-y-rays both show

a two component 5 spectra. Once again, the difference of the

endpoint energies for both Kurie plots is about 350 keV.

This is consistent with two 5 branches: one to the level at

1042 keV and the other to the level at 697.0 keV.

The 192 and 229 keV transition intensities shown in the

decay scheme in Figure 21 have been corrected for Ml inter-

nal conversion. In the region of 200 keV the internal con-

version coefficients for Ml and E2 transitions are not

greatly different. The correction was rather small: aT (M1,

E=192 keV) = 0.103, aT (Ml, E=229 keV) = 0.063. [Kerek (27)

has measured these values: aT (E=192 keV) = 0.10 ± 0.02;

a
T

(E=229 keV) = 0.07 ± 0.2.] After this correction was

made, the 5-branching ratio was calculated from the transi-

tion intensities. By requiring intensity balance at the

70.6 keV level, the total conversion coefficient of the 70.6

keV transition is calculated to be 2.0 ± 0.4. The theoreti-

cal value (20) is 1.70 (M1, Z=51). This is consistent with

a pure Ml transition. The 5-branching to the ground state

would not be observed by coincidence experiments. however,

once the decay scheme is constructed, this branch can be

calculated by comparing the value of At-0 obtained from the

fitted daughter activity with the same value obtained from
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the direct decay of the parent. For the decay of 130sn, the

13-branching to the ground state of 130Sb was calculated to

be 2 ± 10%.

The decay scheme proposed by Kerek (27) agrees with the

decay scheme presented here. In addition to the levels in

Figure 21 Kerek has proposed levels at 725.7 and 341.3 keV

based on weak (less than 3%, see Table 9) y-rays.

Spin and Parity Assignments

The log ft values were calculated from the tables of

Gove and Martin (32). These log ft values indicate that

the assignments of the 697.0 and 1042.2 keV levels are both

1+ (19) .

The 40-minute isomer of 130Sb has been given the assign-

ment of 8- (28). This configuration is due to the coupling

of the g7/2 proton with (h11/2) -x
neutrons. Therefore, the

6.6 minute isomer is formed by coupling the 97/2 proton with

(d
3/2

)-x neutrons (see Figure 15). In the case of 128sb

there was an 83% a branch to the 6+ level at 1811.2 keV in

128Te. There is a 6+ level at 1815.1 keV in 13°Te (29).

The 2.1 MeV 13 energy observed in the 182 keV y-ray gate in

this work is probably the (3. branch which populates the

2833.1 level in 130Te. A 3.1 MeV 13 energy is not observed

in this, spectrum; a limit of can be set for a 6 branch

to the 6+, 1815.3 keV level. [Kerek (27) reported a

branch of 12.5% to the 6+, 1815.3 keV level.] This value was
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obtained by balancing a number of y-ray intensities at the

1815.3 keV level. The branching value of 12.5% probably re-

flects the uncertainties in the y-ray intensity measurements.

On this basis, Kerek claims the 6.6 minute isomer of 130Sb

to be 5+. 6.6 minute 13°Sb clearly does not resemble the

decay of 5+, 10.4 minute 128Sb. In the decay scheme there

are no crossover transitions from levels above 70.6 KeV to

the 0.0 keV level. Thus, the ground state assignment is

most likely 4+. This is consistent with the Brennan-

Bernstein (33) coupling rule for particle-hole states of

J + J
n

- 1 = 4+. Also, there is a strong similarity of

the decay scheme of 13°Sn with that of 132Sn (10). In the

case of 2.9 minute 132Sb, the 0,0 keV level is unambiguous-

ly 4+. Because of the discrepancy regarding the R branch-

ing, the 4+ is enclosed in parenthesis in Figure 21.

The 70.6 keV level has a configuration of 3+, 4+, or 5+

because of the M1 transition to the 4+, 0.0 keV level.

There are no crossover transitions from levels above 70.6

keV to the 0.0 keV level. Thus the 70.6 keV level has a 3+

configuration. The assignment of this level depends on the

assignment of the 0.0 keV level and consequently is also en-

closed in parenthesis in Figure 21.

The spin and parity of the 813.1 and 262.6 keV levels

are not 1+ because of the lack of R branching. These levels

are not 4+ because that would require M3 transitions. There-

fore these levels are either 2+ or 3+. Kerek (27) has
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reported that the 229 and 192 keV transitions are E2. This

has not been accepted in the latest NDS compilation (29) be-

cause of poor statistics in the conversion electron

measurements.

Kerek (27) has reported a possible isomeric state at

about 2 or 3 MeV excitation in 13°Sn which supposedly decays

to negative parity states in 130Sb. The most intense y-ray

involved in this decay is reported to be a 144.9 keV y-ray

which decays with a half-life of 1.7 minutes. In Figure 16

a 145.2 keV y-ray is observed; this y-ray had a half-life of

about 1.7 minutes. Kerek's samples were mass separated and

mine were chemically separated. Therefore, it seems clear

that this activity is due to 130Sn. However, from the sys-

tematics of fission fragment properties (34) one would ex-

pect a high spin isomer to be much more abundant than a 0+

isomer. This 1.7 minute activity needs to be studied in

greater detail.



71

IV. DISCUSSION

Decay Scheme of 132Sn

Before discussing the decay schemes of 128Sn and 13°Sn,

the salient features of the decay scheme for 132Sn should be

mentioned. The decay scheme for 132Sn published by Kerek,

et al. (10) is shown in Figure 22. In the language of the

shell model. 132Sb has one proton beyond the closed shell of

Z=50 and one hole in the N-82 neutron shell. Hence, it is

definitely a particle-hole configuration. The Brennan-

Bernstein (33) coupling rule predicts a spin of J + J
n

- 1

for the ground state. The proton ground state level for

132Sb is g
7/2

(see Figure 14). Later evidence will be given

that the 1+-level at 1324.3 keV in 132Sb is due to the coupl-

ing of a (d3/2)
-1 neutron configuration to a proton in the

d
5/2

level. Thus, the ground state configuration of 132Sb

is (g7/2)p(d3/2)n 1
. The prediction of Jp + J

n
- 1 = 4+

agrees with experiment.

Decay Scheme of 130Sn

13°Sb has one proton beyond the closed shell of Z=50

and three holes in the N=82 neutron shell. The ground state

spin and parity of 4+ is the same as for 132Sb. The log ft

of 3.9 ± 0.1 for decay from 130Sn to the 1+ level of 130Sb

at 1042.2 keV is the same (within experimental error) as the

log ft value (4.0) for the similar decay to the 1324.3 keV,



132Sn 40s

.w

}-1

0
N OD

co a)
CNI

LI) LI)

72

1324.3

1077.7

24-(3+)

3+

4+ V

$-1 CV
0

OD

co coNit'
528.7

or 548.8
in 111

O

425.7
0-,

r-11

if)

CO

85.5

0.0

\.11 3 2sb 2.9m
Figure 22. Decay Scheme for 132Sn.



73

1+ level in 132Sb. These facts indicate that the same

(d
3/2

)

-1 neutron configuration dominate the structure of

I30Sb as is the case for 132Sb. Thus, the two holes in the

neutron shell in I30Sn are in the s
1/2

level. This will be

substantiated in greater detail in the discussion of the de-

cay scheme of 128Sn.

There are minor differences in the decay scheme of

130 Sn and 132Sn. In 132Sb an E2 transition is observed be-

tween tha 1+ level at 1324.3 keV and the 3+ level at 85.5 keV.

The corresponding E2 transition in I30Sb between the 1+

level at 1042.2 keV and the 3+ level at 70.6 keV is missing.

This is perhaps due to the energy dependence of E2 transi-

tion rates. The Weisskopf estimates predict that a hypothe-

tical 972.1 keV transition rate would be only 30% of the

1238.9 keV transition rate. There is another 1+ level in

I30Sb which is not observed in 132Sb. The origin of this

level will be discussed below. Except for these minor dif-

ferences, the structures of 130Sb and 132Sb are quite

similar.

It is possible to understand the levels in 13°Sb in

terms of a simple residual force between the proton and

neutron-hole. The holes in the s
1/2

level are coupled to

J=0 so we can assume the structure of I30Sb to be due to

the coupling of a single neutron hole in the d3/2
level to

a single proton. The wave function for the odd particles in

an odd nucleus can be written as (35):
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where R1(r1)R2(r2) is the radial part and Ij1j2JM> is the

angular part for nonidentical particles 1 and 2 (proton and

neutron). The Hamiltonian can now be written as:

H = H1 + H2 V12

where H1 and H2 are the single-particle shell-model Hamil-

tonians for particles 1 and 2 respectively and VI2 is the

Hamiltonian for the interaction of particle 1 with particle

2. Now, if

H.I> = c.lol a/

is evaluated where i=1 or 2, a set of single-particle levels

for that particle is obtained. An explicit calculation of

these single particle levels is not necessary if the experi-

mental single-particle levels from adjacent odd-A nuclei are

known. If the residual interaction between the proton and

neutron, V12, is small relative to the single particle

Hamiltonian, H
i'

then V12 can be treated as a perturbation

on the single particle levels. Mathematically speaking:

E = co + E
2

+ E1
1

In this study, eci) and c° are known for the adjacent nuclei

of interest. Plots of these single particle levels are

shown in Figures 14 and 15. We are now left with the
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evaluation of the term V121a>. Sasaki (35) has developed a

general expression for this calculation. He assumes V
np

in

the expression

E = Vnp I a>

to be of the form:

4. 4.

V
np

= [-V
o
+ V

1

(a
n
.a
p
)] f(r)

= -Veff [(1-a) + a(a
n p

)] f(r)

where Veff specifies the overall strength of the interaction

and a is a mixing parameter used to weight the spin depen-
4. 4.

dence (a
n
0
p

) of the force. The radial dependence of the

potential is given by f(r). For simplicity, I assumed f(r)

to be a delta function, d(r1-r2). Using three dimensional

isotropic harmonic oscillator wave functions for the single-

particle wave functions, Sasaki arrived at the following ex-

pression for particle-hole coupling:

AE(jp,pri ,j)
[(-1010-Fin-J/.

1

.-1
2J (J

(j +2)

(414 ]2]

+ a(-1) P
+2,

n
-J

[ (-1)

[1-(-1)2
-J

T+411

p+in-J(; -1-L1
'-'1D 2' ''n

J(J+1)

(2j +1)(2j
n
+1)

x
. 1. lt 2

(30-3/1-2- jO)2J+1
Veff F0
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3where Veff
47

= ro Veff = strength of effective inter-

action

1(:1;F0 = fIR
n

(r)Rn (r)
2

12,1
2 2

(j144141j())2 Clebsch-Gordan coefficient

J is the total angular momentum of the particular

level

j is the angular momentum of the single particle

level

and n
k'

1
k

and r are the parameters iri the radial

wave equation

The values of the Slater integrals used in this work are

from the compilation by Zeldes (37) and are listed in

Table 13. The values of the Clebsch-Gordan coefficients are

from Condon and Shortley (38) and are listed in Table 12.

The results of the calculation are shown in Figure 23. The

parameters chosen for this calculation are a = 0.02 and

V
eff = 20 MeV/f3. These are not fitted values in the usual

sense. They are simply one set of parameter values which

give reasonably good agreement with the experimental levels.

(One might say they are the fourth iteration of the trial

and error method.) Sasaki found that the level spacings are

not very sensitive to the mixing parameter and that usually

the value of a is rather small. It might be added parenthe-

tically that Kerek et al. (10) performed an identical cal-

culation to describe the levels in 132Sb. The values of the

Slater integrals reported by Kerek differ from those given
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Table 12. Squares of the Clebsch-Cordan Coefficients,
(ji1/2j2-1/21,30)2, (ref. 38)

1 j2 J= 0 1 2 3 4 5

7/2 3/2

7/2 1/2

5/2 3/2

3/2 3/2

0.3214 0.0833 0.1786 0.4167

0.5 0.5

0.3 0.0714 0.2 0.4286

0.25 0.05 0.25 0.45

Table 13. Slater Integrals, F0, in Units of (21!)/T) , (ref.
37) .*

2d 3s lh lg

lg

2d

lh

as.

0.082

0.184

0.072 0.151

0.504

0.124

hW
V = ;TT MeV/r ,

4hW
A
11T ,

v(A=130) = 0.205 f2.
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Figure 23. Results of Residual Force Calculation for
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by Zeldes (37). These values of the Slater integrals differ

by a constant factor so that the results of the two calcula-

tions are comparable even though Kerek's value of Veff (500

MeV/f3) is substantially different from the value used in

this work.

As can be seen from Figure 23, there is good qualita-

tive agreement with the experimental levels. The predicted

ground state and first excited state of 4+ and 3+ respec-

tively agree nicely with the experimental levels. The 1+

level arising from the (d5/2)p(d3/2)n 1 configuration is very

close to the experimental level at 1042.2 keV. It is on

this basis that the neutrons in the d
3/2

level in 130Sn are

thought to be responsible for the 8 decay of 130Sn. The 2+

level from the (d
5/3 ) p (d3/2 )n 1 configuration is very close

to the experimental level at 813.1 keV. The 1+ level at

697.0 keV probably arises from the coupling of the d3/2 pro-

ton with a (d
3/2

)1 neutron configuration. A different set

of parameters in Sasaki's formalism would have to be used to

calculate the splitting of the (d3/2)p(d3/2);11 multiplet be-

cause of isospin restrictions. The residual interactions

for T=0 particle-hole states are quite different for T=1

states (39). T=1 states are repulsive (which is evident

from Figure 23) whereas T=0 states are generally weakly

attractive. The 1+ state arising from the (d3/2 (d3/
2

) n 1/2 p

configuration is a T=0 state. There seems to be only one

T=0 state in 13°Sb and several levels are needed to test the
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validity of the choices of a and V
eff'

Hence, in Figure 23

the 1+ level from the (d
3/2 ) p (d 3/2)-1 configuration is arbi-

trarily placed to agree with the experimental 1+ level at

697.0 keV.

The 4+ level from the (d5/2)p(d3/2)111 configuration

and the 5+ level from the (g7/2)p(d3/2)111 configuration

would not be expected to be significantly populated because

of y-ray transition rates. The 3+ and 4+ levels from the

(g7/2)p(s1/2)n configuration would also not be expected to

be significantly populated by y-rays; this would require a

level change for both the proton and neutron. Some popula-

tion of the 3+ level from the (d
5/2

)

p
(d

3/2
)-1 configuration

might be expected, however this is not observed.

Decay Scheme of 128Sn

The ground state of 10.4 minute 128Sb is 5+. The

Brennen-Bernstein coupling rule for the ground state in

particle-particle odd-odd nuclei is J = 1J
n 1. This is

consistent with a ground state configuration of (g712)p

(d
3/2

)

n
for 10.4 minute 128sb. Assuming that the d3/2 neu-

trons are participating in the a decay of n the ground

128state spin and parity of 5+ Sb) indicates that 1 2 8

has only two neutrons in the d3/2 level. Additional evi-

dence supporting this idea comes from the log ft values.

The log ft values are discussed in detail in a later section.

The important feature to be pointed out here is that if the
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d
3/2 neutron level is half-filled then the rate of $ decay

is expected to be one-half of the rate of a filled d3/2 neu-

tron level. If the log ft values are used then the log ft

for 128Sn decay should be 0.3 (log 2 = 0.3) greater than the

log ft values for I30Sn and 132Sn. The log ft of 4.38 to

the 1+, 635.1 keV level in 128Sb is approximately 0.3

greater than the log ft of 3.9 to the 1+, 1042.2 keV level

in 13°Sb and the log ft of 4.0 to the 1324.3 keV level in

132
Sb. Thus, the ground state configuration in I28Sn is

(s
1/2

)72(d
3/2

)

n and the ground state configuration in 10.4n

minute 128Sb is (g7/2)p(s1/2)112(d3/2)n.

There is no choice of parameters in Sasaki's formalism

for particle-particle states in odd-odd nuclei

which allows the prediction that 5+ is the

ground state of 10.4 minute 128Sb. In a recent review

article (40) it was pointed out that the Brennen-Bernstein

rule of J = J
P

Jn for particle-particle coupling was cor-

rect 92 out of 102 cases. So this rule can be considered as

fairly reliable and I conclude on this basis and from the

experimental evidence presented earlier, that the spin-

parity of 10.4 minute 128Sb is 5+. The failure of Sasaki's

formalism is probably due to the simplifying assumptions of

a 6-force interaction and perhaps the neglect of configura-

tion mixing. The zero order plot is shown in Figure 24.

Particle-particle states are known to be attractive (39) so

the scale of the zero order levels in Figure 24 should
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3,4+
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4+

0
(g7/2)7(d3/2)v

2,3,4,5+ 5+

zero-order exp

Figure 24. Zero-Order Levels for I28Sb.
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probably be shifted upward relative to the experimental

levels. It is plausible to expect the low-lying 5+, 4+, 3+

and 2+ levels to be the members of the (g7/2)p(d3 /2)n multi-

plet. It is also plausible to think of the 1+ level at

635.1 keV and the 2,3+ level at 482.2 keV to be members of

the (d
5/2

)

p
(d

3/2
)

n
multiplet. In 18°Sb, the 1+ level ori-

ginating from the (d3/2)p(d3/2)Til coupling was an attrac-

tive state whereas the other states were repulsive. In

128Sb all the states are probably attractive. This probab-

ly explains why the sequence of levels in 128Sb matches the

sequence of levels in zero order.

Neutron Holes and Pairing

The particle-hole configurations are summarized in

Figure 25. 126Sn is included in this figure for complete-

ness. 126 Sn presumably has no d3/2 neutrons; this is evi-

denced by the fact that the decay scheme of 126Sn (12) does

not resemble the decay schemes of 128sn, 130sn 132sn.

The neutron single-particle levels are shown in Figure

15. To obtain the filling order, the levels in Figure 15

should be inverted (see Figure 26). In considering the

structure of even-A tin isotopes, the single particle neu-

tron levels must be modified with a pairing interaction.

The effect of pairing on the neutron levels is given by

(41) :

AE = a2 (21 + 1)IGI
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n
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P

00

00XX
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0000
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P n
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3/2

g7/2x
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s
1/2

='7/2xd
3/2

00

X000

1/2

d
3/2

Figu: 25. Ground State Proton Neutron-Hole Configurations
for the Tin and Antimony Isotopes. X-particle,
0-hole.
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Figure 26. Effect of Pairing on Neutron Levels in
130Sn. A - single particle levels before
pairing; B - levels with pairing (J=0).
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where IGI is the strength of the pairing interaction and a2

is an expansion coefficient which for J = 0 is (2j + 1)/

2(21 + 1). (Pairing always has the greatest effect on J = 0

states. J = 0 states are then the ground states and the

discussion here is confined to the ground states of the tin

isotopes.) Numerically we get AEJ=0(h11/2) = 61G1,

AEJ.0(d3/2) = 2 IG1, and AEJ.0(s1/2) = IGI. IGI can be

crudely estimated from IGI 25/A MeV (42), which in this

case is 1G1 = 0.2 MeV. Figure 26 shows a plot of the effect

of pairing on the levels in Figure 15. Qualitatively, it

can be seen in Figure 26 that the pairing interaction has

the strongest effect on the h11/2 level. This level is de-

pressed well below the s
1/2 and d

3/2 levels.

It has been shown that the ground state configuration

of 130Sn is (s
1/2 )n 2. The pairing force of IGI = 0.2 MeV

does not depress the d3/2 level below the s
1/2

level. One

would predict that the ground state of 130Sn is (d3/2);2

using this value of IGI. Therefore a stronger value of IGI

is indicated. IGI must be .0.28 MeV in order to depress the

d
3/2

level below the s
1/2

level in 130Sn. The higher pair-

ing energy is not surprising in view of the proximity to the

shell closure.

Calculation of 13 Decay Hindrance Factors

The experimental log ft values may be related to the

interaction matrix element by ft = 4400/R where R is the



square of the Gamow-Teller (GT) matrix element,

general expression for R is (43):

R
2J.+1 L 1,3 m 101-11J.m1

2

f f 1
m1 .m p

f

1C(J.J 1-m -m -11)(-1)mi-mf
7

l

1

2J.+1 L f f1 m1 .m p
f

1.
s(jij2)12

15

2
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A

where Ji,f is the total angular momentum of the initial and

final states, mi,f is the projection of angular momentum of

the initial and final states, C is the Clebsch-Gordan co-

efficient and S is the spectroscopic amplitude. The spec-

troscopic amplitude (defined by Madsen [44]) is the coeffi-

cient in the amplitude which contains the nuclear structure

information. For the case of even-A isotopes Ji = mi = 0.

Thus, there is only one Clebsch-Gordan coefficient. There-

fore, for a given a decay mode which creates a particle-hole

state, R is given by:

R = I <J21 10-11i S(jii2)12

Actually, for a closed-shell to particle-hole transition

the matrix element is:

1+1aPlo> = (-1) J10+jh -1 KiPlIallih>
w/73
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where the single particle reduced matrix element is

<i2(9,1/2) I la' 1 (Z1/2> =

(-1)2'4.3/2-i VYTTTI W(1/2j11/2j2;k 1)16-

where W is a Racah coefficient. The Racah coefficients used

in this work are listed in Table 14 (45).

Table 14. Racah Coefficients used in this Work (45).

W(1/2

W(1/2

W(1/2

W(1/2

W(1/2

W(1/2

W(1/2

3/2

3/2

11/2

5/2

7/2

3/2

9/2

1/2

1/2

1/2

1/2

1/2

1/2

1/2

5/2;2 1)2 = 1/15

3/2;2 1)2 = 1/40

11/2;5 1)2 = 1/10296

5/2;2 1)2 = 7/180

7/2;4 1)2 = 7/432

5/2;2 1) = W(1/2 5/2

7/2;4 1)2 = 1/27

1/2 3/2;2 1)

130
n _The main component of 8. decay for 128Sn, and

132Sn is (d3/2)n to (d5/2 ) . For 13°Sn and 132Sn there are

four neutrons in the d3/2 level. So S(jij2)2=1 (46), R =

12/5, and:

ft =
2

440105 1833 sec

For 128 Sn there are two neutrons in the d
3/2

level. So

S(j1j2)2=h (46). R = 12/10 and:

4400.10
ft 12

3667 sec
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These are the simplest shell model (unperturbed) estimates of

ft. In Table 15 these estimates are compared with the ex-

perimental values. The experimental ft values are hindered

by an average factor of 5.5 relative to the simple shell

model predictions.

In order to use perturbation theory to try to improve

the agreement of the calculated values of ft with the ex-

perimental values, a schematic residual force of the form

V = V
CIT

cla TT

will be used (43, 46). There are other particle-hole pairs

(coupled to 1+) which can be created by GT 8 decay from the

even-A tin isotopes. These particle hole pairs then inter-

fer with the main component of:

04. 22 ) (d )-
5/2 p 3/2 n

1]
1+

Table 15. Experimental and Theoretical. Single Particle ft
Values for (d 3/2)

n
-4-

(d5/2) p.

Isotope Exp. A hA

128Sn 24000 3667 6.5

130Sn 8000 1833 4.4

132Sn 10000 1833 5.5

A - simple shell model prediction

hA - hindrance factor
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Diagramatically the main component is:

where x are the even-A tin isotopes, the wavy line is the

13 decay interaction and the curved lines with pointers re-

present the particle-hole pair. The perturbation term to be

added to this main component is:

where the closed loop is some other particle-hole pair

(coupled to 1+) which then converts via the schematic force

(dotted line) to the final particle-hole pair. A compila-

tion of particle-hole states which could be created by

allowed GT transitions is listed in Table 16.

In ordinary perturbation theory (first order) a term of

E
o

- E
ph appears in the denominator of the expansion of the

perturbed wavefunction. If E
o - Eph is very small then per-

turbation theory is not applicable. In Table 16 it can be

seen that the (d
3/2

)

p
(d
3/2 )-1 pair lies relatively close to

to the main component. The procedure adopted here is first

to find the exact eigenstates and eigenvalues of

H1 = Ho + V1
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Table 16. Proton-Neutron-Hole States (coupled to 1+) Which
are Created in Allowed GT Transition in the De-
cay of 128Sn, 13°Sn and 132Sn.

p n-1 A AE (MeV)

d
5/2

d
3/2

12/5

h
11/2

h
11/2

13/11 3.0*

d
3/2

d
3/2

3/5 0.27

d
5/2

d
5/2

7/5 2.0

g7/2 g7/2
7/9 2.8

d
3/2

d
5/2

8/5 2.2

g7/2 g9/2
16/9 6.7

s
1/2

s1/2 3 0.96

*includes the effect of pairing

The AE values are the total energy difference relative to
(d
5/2

)

p
(d
3/2

)

n
.

These values were obtained from Figure 14 and from reference
48, page 239.

A is 7pjili1 _Fla1112

in terms of a linear combination of the (d
5/2

)
p
(d3/2 n)-1 main

component and the (d3/2)p(d3/2);1 component. The develop-

ment will follow that of Baym (47). After this is done the

other components in Table 16 will be treated in ordinary

perturbation theory in the new basis set.

For ease of notation, let us define

= I [(d5/2)p(d3/2)ri1]1 +>

I m> = I [(d3/2)p(d3/2);:ill1 +>
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We wish to find the linear combinations of alri> + f3Im>

diagonalize H1:

now,

H1(aln> + edrri>) = El (alr) 131m>)

E1(11) = Ei(,0) + <nlvIn>

E(1) = E(0+<mlvIrn>

where E (0) and E (0) are the unperturbed energies. a and (3

must satisfy the following matrix equation:

E(1)

There are two solutions for a and f3; the solutions given

here are those which give the lowest value of E'. The solu-

tions are:

a = <n1171m>

E(I) -E
(i)

E
(I)

-E
(i)

m n-
2 ( 2

a and $ must be normalized such that:

ot2 f32

+ <nlvIM>2

We now need to calculate matrix elements of the type <11VH

and <nIVIM>.
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The schematic force can be separated as follows:

<ipj11114-1\7(-a-CC I

vciP<jpihil+103-1)

where p is the radial dependence of the schematic force.

A Yukawa potential with a range parameter of if and a

strength of 12 MeVf3 has been successfully used in many

reaction studies (46). These tin isotopes have diameters

of about 12 f which is large compared to the range of the

Yukawa potential. Therefore, a zero range calculation is

probably a good approximation. Thus, the radial dependence

of the schematic force reduces to a Slater integral:

now,

p = V
CT

F° = 12 F° MeV

<[J pill,]1+101jt-10). = (-10P+in-1
<ipi ICI ih>

VT

Therefore, we have (exclusive of phase):

<0v,lin> = <pd5/2)13(d3/2)1711],4.1 .7c.-M(d5/2)p(d3/2);1] 1+>

V
GT 2 2

F° 032=2,s=1/2) 110112 (=2,s=-11 2
3

3 3
TtIVIrt, = VaTF° ,<T(i=2,s=-1/2)

I IC71 17(k=2,6=-1/2) 2

and

\ 2 5 13<nIVImi = 7 VaTF° <y(i=2,s=11) Ilal lf(2,=2,s---1/2):

x<.3 (k=2,s=i-1/2) IlalIT
3 (i=2,s=:1/2)>
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numerically OIVIn> = 0.262 MeV

<MIVIM = 0.0656 MeV

<nIVIM> = -0.131 MeV

The f° values are from Table 13. The unperturbed energies

were obtained from Figure 14. Now,

(

E
n

1)
= 0 + 0.262 = 0.262 MeV

(

Em
1)

= 0.270 + 0.066 = 0.336 MeV

The solutions for a and are:

a = -0.131 MeV

= -0.099 MeV

Normalization requires that:

a = 0.80 a . 0.60

The retardation relative to the single particle estimate is:

la.011a _ la 011" 12
I <I1 alo>d 2 <n a o>

I 2
= 10.8-(0.6)(f)1 = 0.25

Thus, the hindrance factor from just the (d3/2)n (d3/2)p

interference is h=4.0.

The other terms in Table 16 (exclusive of the s
1/2

neutrons) will now be included in an ordinary perturbation

treatment. The perturbed wavefunction is written as:

q)E1111

ta 4)(3a 1PE Lb
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o o
where Ab = Eb-Ea, tPo is the basis set just calculated (1Pa =

13111)) and qc": is the wavefunction of another particle-

hole pair (coupled to 1+). Now once again we write:

<Eipin)1+1;.*; 41ii;j1'1)14-> =

lo>

for simplicity write:

now

la> =

lb.> = l[i;j,1014>

<alalci> = <N,10.1 - a 79b<olal°0101alo>2
3 pc, A

Thus, the amplitude of al alo is reduced by a factor:

2 Pb<crlci>2
1 -

ol

A
b

Summing over the remaining p-h pairs in Table 16 we get a

retardation of:

11-0.2012 = 0.64

which yields a hindrance factor of h=1.56. Therefore, the

total hindrance is:

4.0 x 1.56 = 6.2

This hindrance factor is in good agreement with the experi-

mental value of 5.5. The s
1/2

neutrons are present only



in 132Sn. The retardation for just the s1/2 neutrons is

given by

2 <1(s1/2)p(sl 2)/-1)1+1a10>2
1 - p 1 - 1.85

3 A
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This model would thus predict that the GT transition in

132Sn is completely hindered. The transition rate in 132Sn

decay is essentially the same as that for 180Sn. This fact

indicates that the s
1/2 neutrons do not play a significant

role in hindering the (dv2)n -4- (dv2)p transition. One

possible explanation for this is that the occupation numbers

may not be very sharp. The discrepancy presented by the

s
1/2 neutrons is presently not well understood.

Qs Measurements and Predictions

The Q
8
value for 180Sn was determined by subtracting

345 keV from the endpoint 8 energies populating the 697 keV

level and then taking a weighted average of these values

along with the endpoint energies populating the 1042 keV

level. The value thus obtained is 1000 ± 50 keV. There-

fore, the Qs is 1040 + 1000 = 2040 ± 50 keV. (The uncertain-

ty here is the standard deviation of the mear4)

The Qs value for I28Sn was determined by adding 635 keV

to endpoint energy in coincidence with the 482 y-ray. This

Qs value is 1270 ± 30 keV.

These isotopes are relatively far from the region of

stability, consequently their Qs values are useful to test
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Q calculations. The predicted values from four such calcu-

lations (26, 49, 50, 31) are plotted in Figure 27 along with

the experimental values. All of the calculations reproduce

the trend of the experimental data, however, the predictions

of Garvey et al. (26) give the best quantitative estimates.



126 128 130
A (mass)

132

98

Figure 27. Comparison of c4, Calculations and Experimental
Values of Even-A Tin Isotopes. A - experimen-
tal; B - Garvey et al. (26); C - Seeger (49);
D - Myers and SwiatTeRi (50), E - Wing and
Verley (51) .
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V. SUMMARY

In this thesis the decay schemes of 128Sn and 130Sn

were presented. Most of the features of these decay schemes

are now well known. Measurements which were not performed

in this work and which could possibly yield some additional

information are: life-time measurements of excited states

and y-y angular correlations.

The structures of I28Sb and 130Sb along with 132Sb

offer an excellent opportunity to study particle-hole states

near the double closed shell of Z=50 and N=82. Until about

two years ago, the structures of nuclei in this region had

been largely unknown.

Using a simple residual force calculation it was pos -.

sible to obtain good qualitative agreement with the levels

in 13°Sb. This procedure failed in the case of I28Sb. Both

of these isotopes are ripe for a more sophisticated shell

model calculation. Hopefully, because of the relative

structural simplicity, a better theoretical treatment will

yield more detailed information on residual forces.

The 128s_, 1decay of n 30Sn and 132Sn have been shown

to involve the d
3/2

neutrons. The log ft values are not as

hindered as most GT transitions. A schematic force was used

to attempt to reproduce the experimental hinderence factors.

This attempt was not particularly successful (as of this

writing) and certainly deserves more work.
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It was possible, by studying the neutron hold configu-

rations in 13"Sn and 128Sn to arrive at a lower limit of the

pairing force. This value was found to be 40% greater than

a "chart wide" estimate. This is presumably because of the

close proximity to the double shell closure.

I think the most worthwhile aspect of the present work

is the elucidation of structure of an interesting set of

nuclei. Hopefully, a more refined version of nuclear struc-

ture will emerge from a theoretical study of these nuclei.
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APPENDIX I

LOSSES DUE TO LONG COUNT LENGTH RELATIVE TO HALF-LIFE

Normally the activity is determined by measuring the

total number of counts in a counting period, t1, where t1

is the "live" time of the analyzer:

Am = c /t1
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(1)

This activity is normally corrected for decay by assuming

that all of the activity occurred during the instant of the

mid-point in the counting period and is corrected to the

time at the start of the counting period by:

Ao = Amexp(At2/2) (2)

where t2 is the actual length of the counting period (clock

time), and A is the decay constant of the radioactive

species. These times are related by:

t2 = t1/(1-D) (3)

where D is the fraction of time that the analyzer is not

accepting pulses (the dead time). Since equation (2)

assumes that the activity is constant during the counting

period, one should not use this equation if the count length

is long. The derivation of the correct expression follows.



The total number of counts in the counting period is

given by:

t2
c = tiA /t2f exp(-At)dt

o
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(4)

The exponential is integrated over the total clock time

since that is the period over which the decay is occurring.

The activity is multiplied by t1 /t2 since this is the frac-

tion of the clock time that the analyzer is accepting

pulses Note that:

tl t2
A
o

f exp(-At)dt t A
0
/t f exp(-Xt)dt

1 2
0

Also note that equation (4) assumes that the dead time is

constant during the counting period. If this is not the

case, then the dead time will have to be included in the

integration. Substituting equation (4) into equation (2)

yields:

or,

t2
Am = A

o
/t2f exp(-At)dt

0
(5)

Ao = AmAt2/(1-exp[-Xt2]) (6)

The ratio of A0 computed by (6) and A0 computed by (2)

yields the correction factor, R:

R = [At2exp(-At2/2)]/[1-exp(-At2)]
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For a count length of one half-life, R = 0.980; i.e., a 2%

correction is needed. I am endebted to Dr. William Boynton

for this derivation of R.


