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ABSTRACT

The nuclear gyromagnetic ratios of the first excited 2"
states in 114Cd, 122'I‘eand 124’1‘e have been measured to be .42 + .06,
.31+.03and .22 +,05 M respectively. The perturbed gamma-
gamma angular correlation method was used. The large experi-
mentally known hyperfine fields present at the positions of the
- nuclei of substitutional impurity atoms in an iron lattice were used
to obtain mean angles of precession large enough to be measured. The
experimental results are compared with theory, and with the results
of Coulomb excitation implantation measurements. In each instance

the agreement is poor.
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I. INTRODUCTION

The gyromagnetic ratio or g factor of a nuclear state is
defined as the ratio of its magnetic dipole moment to its angular
momentum measured in units of # and is given in units of nuclear
magnetons. The determination of the g factors of excited states
of nuclei provides a test for our understanding of nuclear structure.
Our meager knowledge of g factors and static electric quadrupole
moments in the vibrational region is in marked contrast to the
extensive data that are available for rotational nuclei, The low-
lying excited states of rotational nuclei have been intensively
investigated by the M8ssbauer and perturbed angular correlation
techniques. The high energies and short lifetimes of the first
excited states of even - even vibrational nuclei make their study
by the MBssbauer technique impossible.

Until recently perturbed angular correlation measurements
have also been impractical because of the short lifetimes of
vibrational states, which are typically 10-11 seconds. In order
to mcasurc the g factor of a state having such a lifetime, it is
necessary to have a magnetic field of the order of 500 kilogauss. Al-
though such magnetic fields cannot be produced statically ona macroscopic
scale, it has been found that hyperfine fields of this magnitude are
present atthe location of the nuclei of impurity atoms in ferromagnetic
hosts. (1) We have utilized this method of the "internal fields" in
the measurement of the g factors of the first excited 2" states in

114(1(1, 122Te, and 124Te. These states were populated by the

radioactive decays of 114Inm, 122Sb, and 124Sb respectively.



To obtain a semi-classical estimate for the nuclear g factor
of a collective state one considers the nucleus as a fluid undergoing
irrotational flow. This "hydrodynamic' estimate gives the value
Z/A, where Z is the charge number and A the nucleon number,
More elaborate theoretical descriptions of first excited states of
vibrational nuclei, based on both a collective and a microscopic
description of the nuclear motion, predict from twice to half this
value, (2)(3) In the case of tin isotopes even negative g factors are
predicted(z) for the first 2" state. Obviously, experimental data
are needed to help decide which theoretical approach gives an
account of the g factors of vibrational states.

The present thesis thus is aimed at providing a test of the
theoretical understanding of these states.

A comparison of the results of this thesis with work based
on a method using Coulomb excitation is attempted for Te nuclei.
The experimental results from Coulomb excitation show a striking
increase of the first excited state g factors with neutron number(4).
Our experiments on 122Te and 124‘Te disagree with these findings.

A possible reason for this disagreement will be discussed,

Thus, the purposes of the work presented here are three-
fold. They are, to obtain information relevant to the theoretical
understanding of vibrational nuclei, to explore and develop the
possibilities of the utilization of hyperfine magnetic fields present
at the nuclei of impurity atoms dissolved in ferromagnetic hosts,
and to obtain an independent check on previous work done by the

Coulomb excitation method,



1I. DESCRIPTION OF THE EXPERIMENTAL METHOD

2.1 Introduction

In 1950 Brady and Deutsch(s) pointed out the possibility of
using the anisotropic angular correlations in y-ray cascades to
measure the g factors of excited nuclear states. The first such
measurement was carried out in 1951(6) . Since the formalism
needed to interpret our experimental resulis has been treated in
several excellent articles(7) we will give here only a brief

description of the method,

2.2 Angular Correlations

Figure 1 shows an idealized vy-y cascade. The first radiation,
called yl,leads to a non-uniform population of the magnetic sub-
levels of the intermediate state. The second radiation Yo will then
exhibit a non-isotropic pattern of emission with respect to the
direction of emission of Yy The probability distribution for the
emission of the two y quanta depends on 6,the angle between their
directions of propagation,and can be expressed as:

k
max

W)= ) Ay Pleos(o) (1)

k, even

where the Akk depend on the multipolarities of the radiations and
on the spins and parities of the three levels. Among the selection

rules for the value of the largest index present in the above sum is
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f
Figure 1., Showing typical y-Y cascade, in this case the highest
excited state is populated by g decay. I1i'f, IT and I‘; are the spins

and parities of the initial or highest, the intermediate, and the final
excited states respectively. The mean life of the intermediate state

isT.




the relation

kmaxs 21 - (2)

where I is the angular momentum of the intermediate state, Since
our experiments involve states of angular momentum two, it is

possible to limit the sum to the first three terms.

2.3 Angular Correlations Perturbed by a Magnetic Field

If one applies a magnetic field to a nucleus, then it will
precess about the direction of the applied field with a Larmor

frequency w; = - guntl/?. Here g is the g factor of the excited
state, My is the nuclear magneton, and H is the magnetic field
strength, If the direction of the applied field is perpendicular to
the plane of the directions of emission of the v rays, then formula

(1) is modified in the following way:

k
max

W(e, H,t) = }: A P (cos(-w; 1)) (3)
k, even

where t is the time that the nucleus spends in the excited state, and
th is just the angle of rotation that the nucleus experiences while
in the intermediate state. If the angle of rotation which the

nucleus experiences during the lifetime of the intermediate state

is small i.e., wT << 1 and t is not measured, then formula (3)

yields upon expanding and averaging over the lifctimc of the state



k
~ max 3P, (cos(8))
W(s,H) = Z Akk(Pk(cos(e) - -———«-r wL'r)
k, even
= wie) - W& o (@)

Our experiments consisted of the measurement of W(8) and
W(e, H). Scintillation spectrometers were used to detect Yy and
Yoe The arrangement of the sourcc and dctectors is shown in
figure 2, The coincidence counting rate for an angle 6 between
the two detectors is proportional to W(8) when no fields act upon
the nucleus while it is in the intermediate state. If a magnetic field
is applied to the source, as shown in figure 2, then the coincidence
counting rate will change according to formula (4).

This effect was utilized for the measurement of the mean
angle of rotation Wy T Since

g > , (5a)

or numerically,

gx H(kllogauss) X T(nanoseconds) (5b)
209.1

wr(Radians)=

if H and 7 are known, and w; T is measured then g can be deduced.
The Akk which are experimentally determined will not be
those given in formula (3). They will be modified according to the



H

source

" Detector 1 Detector 2

Figure 2. Showing the arrangement of source, detectors and the
magnetic field H,



relation (6)

exp

Gk A » ()

where the GII{ and G12§ depend upon the geomeiries of detectors
one and two, which in practice subtend a finite solid angle, while
formula (1) assumes an infinites imally small angle of acceptance.
The factors G1 and G:2 do not enter into the determination of wp T
since W(8) and W(o, H) are measured . in the same geometrical

configuration.

2.4 Necessity for the Use of Internal Fields

In order that in a precession experiment the second term
on the right side of equation (5a) be measurable with sufficient

accuracy, it is necessary that w, T be at least of the order of , 01,

The lifetime of vibrational states? is typically 10711 seconds; thus
if we assume g~ Z/A ~.4 we need a magnetic field of H = 500
kilogauss. A static laboratory field this large is unobtainable
using presently available techniques.

In 1959 Samoilov, et al. ®) demonstrated the existence of
large hyperfine fields at the nucleus of a diamagnetic impurity atom
introduced in dilute form into an iron lattice. They employed the
nuclear orientation technique and found a field of 250 kilogauss for
~ indium dissolved in iron. Since then considerable experimental
information on the systematic variation of these fields with the Z of

.the impurity atom has been accumulated using perturbed angular



correlation, nuclear magnetic resonance, nuclear orientation and
MUssbauer techniques. An up to date compilation of the measured
values of the internal fields for the elements Ru, Rh, Pd, Ag, Cd,
(1)(9)(10)

of these fields can be accounted for qualitatively on the basis of the

In, Sn, Sb, Te, I, and Xe is given in figure 3 The origin
effects of the polarization of conduction electrons and core electrons
which produce a magnetic field at the nucleus via a Fermi contact

(11) . A quantitative understanding, however, is still lacking.

term
Nevertheless, our empirical knowledge of the fields is quite good,
and hence they are useable in experiments to measure nuclear

magnetic moments.
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Figure 3. Showing the variation of the internal hyperfine field in iron
as a function of the atomic number of the impurity., In most cases,
the error bars are too small to be shown. Square points indicate that
the sign of the hyperfine field is known as well as its magnitude, For
the circles only the magnitude is known,
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i, POSSIBLE SOURCE OF SYSTEMATIC 'ERRORS IN THE
MEASUREMENT OF w7

3, 1 Introduction

It has been assumed that the only field acting upon the nucleus
while it is in the intermediate state is the internal hyperfine field,
The presence of other fields, electric field gradiénts or magnetic
fields other than the hyperfine field, would complicate the inter-
pretation of our results., The excited state under study is always
the intermediate state of y-y cascade. The y ray that populates the
~ state under study, or pfeceding radiations may impart a momentum
to the atom sufficient to eject it from its lattice position. That is,
the lattice may be locally radiation damaged. The preceding
radiations may leave thc atom in an ionizcd state, or in some highly
excited state. In the time before the atom decays to its ground state
the nucleus will be subject to an internal field which will be different
from that which we assume. The influence of these effects on our
measurements is discussed in this section.

3.2 Fields Due to Lattice Imperfections

The body centered cubic structure of « iron has cubic
symmetry about each lattice Site, so the electric field gradient
must vanish for substitutional impurity atoms. Hence, the only
other fields present will be those due to lattice imperfections. The
very short excited state lifetimes are of advantage in this respect.
Unless residual electric field gradients or magnetic fields are very
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strong indeed they will produce a negligible reorientation of the
nucleus during the lifetime of the excited state. If these fields are
assumed to be randomly oriented, then their perturbation of the
angular correlation will be proportional to (wR'r)2 where wg is
some measure of the strength of the residual field and 7 is the
nuclear lifetime Magnetlc and quadrupole interaction frequencies
are typically 10 -10 Hertz(lz). For wp = 109 we obtain (wR'r)2
= 10 Ll,a,ssummg T=10" -1l seconds. |
Kontani and Itoh(13) have found non-unique internal fields
in alloys having impurity concentrations of the order of one percent.
They attribute these non-unique fields to the interaction of impurity
atoms, The impurity concentration of our samples was typically
10_2 percent, hence such effects are assumed to be unimportant

for our measurements.

3.3 Local Radiation Damage

In all cases our experiments involve radiations with energies
of the order of 1 MeV. The energy imparted to a Te124 nucleus by
the emission of a 1 MeV vy ray is about 4 eV, The threshold energy
for the production of a lattice defect consisting of a hole interstitial
pair, a Frenkel defect, in pure iron has been determined to be 22
eV(M). No suchdata are available for the Cd-Fe system, or the Te—l
Fe system: however, it can be argued that somewhat more energy
is required to eject a telurium or cadmium impurity from its lattice
pusition. The threshold energy is the sum of two parts: the binding
energy of an atom in the lattice and the energy associated with an
atom in an interstitial location, The boiling point of iron, 3000 CO,
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corresponds to an energy of an iron atom in an iron lattice of about
1/3 eV, which is negligible compared to 22 eV, Thus, one may
conclude that most of the threshold energy for the displacement of
an atom from a sustitutional to an interstitial location is associated
with the creation of the interstitial, The atomic radii of telurium
and cadmium are larger than that of iron: 1.60, 1.51 and 1. 26 x 1078
cm. respectively; hence, the energy associated with putting a
telurium or cadmium atom in an interstitial location is probably
larger than the corresponding energy for iron, and hence the threshold
energy for the displacement of a substituted telurium or cadmium
atom into an interstitial location is greater than that for the creation
of a Frenkel pair in an iron lattice.

In the case of 'I‘e124

were performed in which the radiations populating the states had

two indcpendent measurements of wr

energies of ., 722 and 1. 69 MeV. This corresponds to energies of
2.2 and 11, 7 eV imparted to the Te atom. If the effect under
discussion were important, one would expect it to show up as a
difference in the values of wt measured in these two experiments,
We find, however, that the two results are in excellent agreement,

although the error of the 1. 69 MeV experiment is 40 percent.

3.4 Effect of Preceding Radiations on the Internal Field

The radioactive decay that populates the highest excited

state involved in the y-vy cascade may leave the atomic electrons

in an excited state. In the case of 114Cd this highest excited state

is populated by K capture, which leaves a K hole in the atomic

clcctrons., The highest excited states in 122'1‘6 and 124’1‘0 arc
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populated by B decay which changes the nuclear charge and hence
may lcave the electrons of the daughter atom in excited states.

The magnetic fields that we assume in the analysis of our
data have been measured using the MuUssbauer effect in the T9125
35 keV first excited state, mean life 2.0 £ .3 nanoseconds(g), and
by perturbed angular correlation measurements involving the 247
keV level in Cdlll, mean life 122,5+ .7 na.nosecondsgw) These
internal fields result from the ground state electronic configuration;
hence, they will be applicable only if the electronic disturbances
caused by preceding radiations have 'healed out' before the nucleus
decays to the state whose g factor is being measured. It is thus
necessary to compare the lifetimes of the highest excited nuclear
state involved in the y~y cascade to the time required for the atomic
electrons to reach their ground state,

The lifetimes of this highest excited state are 2.0 ps. for
Cd(ls), 1.0 ps for 1?"zTe('?), .60 ps for the 1. 326 MeV state in
Te (assuming that B(E2, 2 - 2) is the same as in 122T(—:*),a,nd
6 x 1017 s for the 2. 295 MeV level in 1244, (assuming that the
1.69 MeV vy is E1 and B(E1, 3 - 2) is one single particle unit).
Electronic disturbances in the K shell have lifetimes of the order
of 10719 _ 10717

emission of X rays, and the lifetimes are determined by line width

114
122

seconds: the decay mode is principally the

measurement, Disturbances in intermediate shells decay

principally through the Auger effect.The time for an electron hole to

14

move to the outermost shell has been calculated to be 10” ™~ seconds

for argon and 10" "% seconds for gold. (18)

A hole in the outermost
shell will be filled ina time comparable to the relaxation time for a

classical charge distribution, 10” 14 seconds for iron.
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Hence, the total time for the "healing out" of electronic
disturbances is of the order of 10~ 14 scconds, This time is short
compared to the first three lifetimes quoted above, but long
compared to the lifetime of the 2, 295 MeV state in 1‘24Te. Thus,
we are safe in assuming the static fields to be appropriate to the
measurements involving the first three states, and we would expect
any time dependent field effects to show up as a difference between
the two wr measurements in 124Te. In fact, the two resulis are

in excellent agreement, as was pointed out earlier.
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IV. EXPERIMENTAL PROCEDURE AND APPARATUS

4,1 Introduction

Each measurement of the g factor of an excited state
congisted of the following steps: (1) Preparation of one or several
sources of a dilute alloy of the activity to be studied with iron,
(2) Measurement of the angular correlation between y rays
populating and depopulating the excited state; and (3) Measure-
ment of the change in coincidence counting rate of these y rays
upon the reversal of an external magnetic field aligning the
magnetization vectors of the domains of the alloy sample, This
measurement was performed in geometry identical to that of step
(2); in this way, the finite size of the detectors and source and
scattering did not affect the values of the observed raotations.

The change in coincidence counting rate is defined as

U-D

where U and D are the coincidence counting rates with the cxternal
aligning field up and down respectively. The ratio R(9) is related
to the mean angle of rotation Wy T through the equation

ot = R x (3 ey ®



EL;

assuming wpT << 1. The g factor is then related to wpT by the
formula

f (wLT)
g = ~—m—0 (9a)
T
or numerically,
209, 1 wL‘fr(radians)
g = (9b)

B Hmt(kilogauss) T(nanoseconds) °

4,2 Source Prcparation

Our sources were prepared by alloying the parent activity
with iron, The alloys were prepared by melting the parent activity
and very pure iron in an induction furnace., The source preparation
technique was designed to satisfy the following requirements:

(1) the alloys should be as dilute as possible to avoid the effects of
interaction between impurity atoms, (2) no contamination should
be introduced in melting process, (3) the melting procedure should
be efficient, a large fraction of the activity should not be lost.

This was a particularly serious problem in the case of 114‘Cd
because of the low boiliﬁg temperature of indium, _

In order to satisfy requirement (1), the alloys were made
using high specific activities. In all cases, suitable source
strengths were obtained using impurity concentrations of . 0001 or

less than 10”2 atomic percent. Typical strengths were 2 x 1()6 ¥
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rays with energies above 300 kilovolts per second, into 4m solid
angle, |

In order to avoid contaminating the samples, they were
melted in an argon atmosphere in an induction furnace. A novel
flux concentrating device was employed which levitated the molten
alloy. As shown in figure 4, the surface in contact with the molten
alloy is silver which is virtually insoluble in iron. A thin layer of
iron was deposited on the silver boat during the melfing process,
but the silver was not observed to be affected in any other way.

The efficiency requirement was met by enclosing the activity
in a container of pure iron (. 99999) before melting. Iron pots with
tapered holes and tapered pins were fabricated according to figure
5. The activity was deposited in the pot and the pins driven in
under vacuum. The sealed pot was then melted in the flux
concentrator, No more than half the activity placed in the pot was
lost in the melting procedure.

The samples were forged into rough cylinders, and then
coined into the form of right circular cylinders 5 mm.in diameter
ahd 6 mm. in height, H a sample was to be annealed it was washed
in nitric acid and then sealed into an evacuated (10~ 5mm. Hg) quartz
tube and heated to the appropriate temperature in a resistance
heating furnace. No measurable activity was lost in the annealing
process.

4.3 Apparatus

The apparatus consisted of: the detectors, the magnet and

the electronics.
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The v rays were detected in 3" thick x 1 1/2'" diameter
thallium activated sodium iodide crystals. The crystals were
optically coupled to 56 A, V. P, photo-multipliers. The photo-
multipliers were magnetically shielded with several layers of
co-netic and netic foil, Lead absorbers . 050" thick were used to
eliminate X rays and low energy vy rays. The resolution of the
crystal multiplier combinations used was approximately 9 percent
for the 661 keV line from 13'TC s. A diagram of the crystals and
photomultipliers and their shielding from magnetic fields and
extraneous radiation is shown in figure 6.

The iron alloy sample was magnetized by a small magnet.
The requirements of the magnet design were: saturation of the
source sample within the gap, very small fringing field due to the
extreme sensitivity of the gain of the photomultiplier tubes to
magnetic fields ,and small absorption or scattering of y rays of
energy 500 keV or greater,

Figure 7 gives a diagram of the magnet used in the experi-
ments. It is of the toroidal -H type. Saturation of the sample was
determined by observing the flux change through the sensing loop
shown in figure 7 upon reversing the current direction. A ballistic
galvanometer was used for this test. The sample was pure iron
which had been formed identically to the source samples and not
annealed. Thus, it was expected to have a permeability as low as
that of the least permeable source sample. Figure 8 indicates the
saturation of this test sample, and shows the working current for

the rest of the measurements,
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The magnet had an extremely small fringing field, At the
working current this field was less than .1 gauss in the volume
occupied by the photomultipliers. The stray field was reduced to
less than . 005 gauss in the volume of the photomultipliers by
adjusting the current through a compensating coil wound around
the equatorial plane of the magnet. This current was reversed at
the same time as the magnet current. The stray magnetic field
was found to have a negligible effect on the gain of the photomultipliers.
The fractional change in singles counting rate in each of the detectors
was less than 10-4 upon the reversal of the aligning field direction.

Angular correlations measured with and without the magnet
in place showed that for y rays with energies above 500 kilovolts ,
the magnet did not significantly attenuate the magnitude of the angular
correlation coefficients.

The photomultiplier pulses were processed by an clectronic
coincidence system. The change in coincidence counting rate upon
the reversal of the magnetic field was small in every case. It was
of the order of 2 x 10_3 . Thus, the electronics were designed with
the following considerations in mind: ability to accept high counting
rates, stability, and good time resolution.

Figures 9abcd give a block diagram of the electronics.

This type of coincidence system is called a "'slow-fast' system. Two
signals were taken from each photomultiplier tube; a linear signal
from the g’E_l_} dynode, where the pulse height is proportional to the
number of electrons emitted from the photocathode, and an anode
signal for fast timing purpose.

The current pulse at the anode consists of the sum of many
pulses corresponding to the emission of single electrons at the photo-

cathode. These single electron pulses have a width of about 3 ns.
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for the 56 A.V.P. phototube. It can be shown that in order to obtain
the best time resolution the pulse standardization trigger should
be sensitive to the pulse corresponding to the emission of the first
photo electron from the photocathode.

This trigger level requirement is inconsistent with the use
of strong sources, since in order to avoid multiple triggering it
would be necessary to use a trigger with a long dead time. The
decay time of Nal (T1) is 250 ns. For a 1 MeV vy ray totally
absorbed in the crystal approximately 103 electrons will be
emitted from the photocathode. The median time for the emission
of the last photoelectron from the photocathode would be about 2 us.
after the 1 MeV y ray impinged onthe crystal. Thus, with a dead
time of 2 us. 50 percent of such pulses would double trigger.

In order to avoid this difficulty the anode pulse was split
into a high and a low frequency component by an LC network as
shown in figure‘ 9c. A low level trigger accepting the delayed high
frequency component was gated open when the low frequency
component exceeded a certain threshold. The dead time resulting
from each accepted pulse was 400 ns., and low level pulses were
rejected,

The outputs of the two pulse standardization systems were
fed into a time to amplitude converter (T.A.C.). The T.A.C.
produced a signal whose height was proportional to the time
difference between the start and stop signals (see figure 9¢) only -
if this difference did not exceed 100 ns. This output pulse was
suitably amplified and fed to a 400 channel pulse-height analyzcr.
Another signal called the valid stop signal which indicated that
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a pair of pulses had been analyzed was fed to the slow coincidence
system. |

The current signal from the dynode was integrated by an
operational type preamplifier. The preamplifier signal was in turn
amplified to approximately 8 volts by a double delay line amplifier.
The gain of the photomultiplier preamp. amplifier system was
stabilized by incorporating the photomultiplier high voltage supply
into a feedback loop. The high voltage supply incorporated a very
stable single channel pulse-height analyzer. A strong line in the
pulse-height spectrum was selected and the high voltage supply
alternately sampled the counting rate on the high energy and low
energy side of the line. An error signal developed from the
differences in these counting rates was used to adjust the photo
tube high voltage. In this way long time drifts were virtually
eliminated from the photomultiplier preamplifier amplifier system .

The signal from each amplifier was fed into two differential
discriminators. One of these discriminators selected pulses
corresponding to total absorption of the y ray populating the level
under study, and the other selected pulse heights corresponding
to total absorption of vy rays depopulating the level. The outputs
of these differential discriminators and the valid stop output from
the T. A.C. were put into slow triple coincidence as shown in
figure 9b. Thus, one slow coincidence unit sensed a coincidence
between Yqo in the fixed detector and Yo in the movable detector, anda
second coincidence unit served the same function with the roles of
the y rays reversed. A T,A.C, pulse was digitized and stored in
the pulse-height analyzer memory when such a slow triple

coincidence pulse was present,
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The data were recorded by a pulse-height analyzer and a
printing scaler. When the system was measuring a change in
coincidence counting rate with field direction, the data from the
T. A. C.werc stored in a certain quadrant of the pulsc-height
analyzer memory according to table 1, Thus, the rotation of
the angular correlation was simultaneously measured at an angle
8 in the first half of the memory and at an angle -6 in the second
half of the memory.

When the system was measuring an angular correlation,
the T. A, C. signal was routed into the four quadrants of the memory
according to the angle between the counters, Thus, the coincidence
counting rate measure was the sum of the coincidence counting rate
at 8 and n-9; however, these two rates were equal since the
angular correlation is symmetrical about .

A typical time spectirum in one of the quadrants of the pulse-
height analyzef is shown in figure 10. The peak represents events
resulting from vy rays emitted from the same nucleus, and the flat
background represents those resulting from different nuclei.
Typical time resolutions were 2-3 ns. for the width of the prompt
peak, (

The experiment was automatically controlled. The
configuration of the experiment was changed every 200 seconds
bya control system incorporating a quartz oscillator clock. In the
caise of a rotation measurement the field direction was changed,
and in the case of an angular correlation measurement the angle
between the detectors was changed.

During each counting period, the number of counts from

each of the differential discriminators was recorded in a printing



TABLE 1.

Pulse-Height Analyzer Routing Scheme

Coincidence Coincidence
Number 1 Number 2
Field Up Field Down Field Up Field Down
Quadrant 1 Quadrant 2 Quadrant 3 Quadrant 4
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scaler. The fast coincidence counting rate and the field direction
were also recorded by the printing scaler., Thus, such quantities
as the decay of the source, phase of the experiment and long time

drifts were constantly monitorcd.

4.4 Experimental Procedure

Each mcasurement consisted of several one day runs., At
the end of each run the contents of the pulse-height analyzer
memory was read out onto paper tape for future analysis. These
data together with the output of the printing scaler were scrutinized
for possible indications of malfunction. On the average, the
equipment worked satisfactorily 80 percent of the time.

The long term stability of the monitored counting rates
was always better than 1 percent. In addition to this good stability,
the symmetry of the apparatus led to the cancellation of many
potential sources of error. For example, because of the symmetry
of the system with respect to Y1 and Yq the finite half life of the
radioactive sources used only enteredas a second order correlation
to the coincidence counting rate as recorded in the pulse-height
analyzer. Because of the symmetry, it was possible to measure
the angular correlation using the alloy samples, without the
necessity of correcting for the perturbation due to the internal
fields. Just as the directions of the change in coincidence counting
rate in the two halves of the analyzer during a rotation measurement
were opposite, the effects of the rotation of the angular correlation due to
the randomly oriented fields in the iron cancelled in first order in

the sum of coincidences in the angular corrclation mcasurcment.
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The peak area corrected for random coincidences, and the
average number of random counts per channel were determined for
each quadrant of the P, H. A. memory. In the case of angular
correlation measurements the random counting rate was used to
correct the peak area for changes in solid angle due to decentering
of the source. In the case of rotation measurements it served as

a control experiment,
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V. EXPERIMENTAL RESULTS

5.1 Introduction

In this section each of the cases is individually discussed.

These cases are the first excited states of 114Cd, the first excited

state of 122Te, and the first excited state of 124‘Te.

5.2 The g Factor of the First Excited State of 114Cd

Indium metal, enriched to 96. 4 percent 113In was obtained
from Oak Ridge National Laboratory. It was irradiated for seven

14 114. m

days in a neutron flux of 2 x 10 n/cm.z/ sec, to produce In

activity. TFigure 11 gives the energy level diagram of the states in

11‘J‘Cd populated by the decay of 114Inm. Also shown are the states

populated by Coulomb excitation(lg).

The 722, 556 keV cascade was used in this measurement.
Figure 12 gives the y-ray scintillation spectrum of this decay as
measured in the previously described apparatus. The lead
absorbers were essential in this case in order to reduce the
intensity of the 192 keV vy ray to a tolerable level. The range of
pulse heights seleéted by the single-channel analyzers are indicated
in figure 12,

_ There are little data available on the In-Fe system. Although
Samoilov(8) used dilute In-Fe alloys in his early investigations of
internal fields, he does not fully describe his source preparation
techniques., In a preliminary study a .03 atomic percent In-Fe

alloy was prepared using inactive indium. The sample was cut into



38

114m1n 50 Day 5
5+
l . 192
1+
1,36 4y
a ot
Fa¥ 1. 278
- | | — 4" 114
g R To Sn
—-— P
. 2+
1.15
0+
. 722
Y1
. 556
-—-a L s - AN H 5t
T 1 '1
. 556
Yo
+
| 114Cd 0
114m 114

Figure 11. Decay Scheme of In- Cd.



39

10
o)
o
o)
o o
Oo
° o
00 0 o ].Y_2.|
°o o
$ &
© 192 A ,
1
S o H
- 105 o o&b
o o]
(o) o ©
%0 o
®
o
0
(o}
(o)
" 102 (o)
o}
Channel Number
Figure 12. Scintillation Spectrum of 114m1n - 114:Cd .



40

pieces, polished and studied with an electron micro-probe. The
indium was found to be homogeneously distributed throughout the
sample. The micro-probe spot size was about 1 micron in diameter.

Next, two samples were prepared using active indium. Both
samples had indium concentrations of about . 007 atomic percent.
Sample I was first studied without annealing and then remeasured
after annealing for four hours at 105000. Source II was annealed
for two hours at 850°C. The change in coincidence counting rate at
8 = 135 and 6 = 225, R(135) and R(225), was measured for each of
these sources. As a check on systematic errors R(180) was
measured for source I after annealing, The results of these
measurements are summarized in table 2 . The three sources
evidently gave consistent results; hence, the weighted average of
the data appearing in column 1 was used in the determination of
the g factor.

The angular correlation between the 722 and 558 keV vy rays
was measured several times. The results of these measurements
are summarized in figure 13. The angular correlation coefficients
(A22= 084+.001, A4, =.001+ .003) were not corrected for solid angle.
Substituting the final value of R(135) = - R{225) from table 2,
aW(e)/ W(p) from figure 13 into formula (8) yields a mean angle of
rotatlon wr = +(9.69 + 1,06) x 10~ -2 radians.

Several workers have measured the Coulomb excitation
cross section from the ground state to the first excited state.

These results are summarized by Stelson and Grodzins in ref, {(20).
They obtain a mean life of (13.2 + .9) x 10~ 12 Soconds.
Taking this value for T and |Hintl = (348 + 10) kilogauss as

(21)

measured by Matthias et al. in a perturbed angular experiment
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TABLE 2, Summary of 114'Cd Data, Values of R are Given in
Percent
Source R(135%) R(225°) R(180°) R(Random)
Number
]
I-unannealed -.104 £ ,034]+ .139 £ ,034 -.015%, 021
I-annealed -.112 £ ,030}{+ ,126 + ,030|+ .021 + .025|+.007+.015
II -.155 £ ,033|+.130 +.033 +.019%, 015

Weighted Average

- R(225) _

R(135)
2

.120 =, 013
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Hleg, we obtain|gl= . 44 = . 06

nuclear magnetons, corresponding to| u2|= .88 £ .12 nuclear

using the first excited state of

magnetons, since the spin of the state is 2, It seems reasonable
to assume that Hint varies smoothly with Z, hence from figure .
3 one would predict a negative sign for the field of Cd in Fe.
This assumption leads to a positive g factor and magnetic
moment., .

5.3 First Excited State of 122Te

Several samples of antimony metal enriched to 98, 4 percent

121 . . 14

Sb were irradiated for two daysin a flux of 2 x 10™ " n/ cm.z/ sec.

to produce the 2.8 decay 122Sb activity used in this experiment,
Figure 14 gives the energy level diagram of states in 122Te
1225, 22)  The 686, 564 keV cascade

was used in this experiment. Figure 15 gives the scintillation

populated by the decay of

spectrum resulting from this decay and indicates the window

settings used. The 1,69 MeV photo peak resulting from the decay
124'Sbto 124'1‘6 isalsoapparent in this decay. This spectrum

represents the largest contamination encountered in any of the

runs. The estimated coincidence counting rate due to the 124Sb

activity is 2 percent of the lzzsb rate.

The rotation of this state in the internal field of iron has

been observed in three earlier experiments. Johansson et al. (23)
find wt = - (0.0132 =, 0013) radians in a y-y correlation measure-
122

ment. Their source was prepared by electropolating Sb activity
on an iron cylinder,diffusing the activity into the iron at 900°C for
twelve hours, and then dissolving away the surface activity with
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aqua regia. Auerbach et al. (24) in a similar experiment find wr =

- (0.0154 = , 015) radians. Their source had a concentration of less
than one atomic percent, and was prepared by melting 122Sb with
iron in an argon atmosphere, The annealing procedure is not
specified. Borchers et al. (4) find wr = - (0,0177 = .0012) radians
using a Coulomb excitation technique.

The agreement between these three values is poor. Our
purpose in the measurement of the 122Te g factor was, therefore,
twofold; to improve the statistical error on the value of the g
factor, and to investigate the effect of source preparation procedure
on the measured value of wr.

Three source samples were prepared. Source I was .007
atomic percent antimony in iron, and was annealed for two hours
in vacuum at 8500C. Source II was of similar composition but was
annealed at 10500C. Source II was approximately one atomic
percent antimony and was annealed at 850°C. Figure 16 gives the
Sb-Fe phase diagram for small antimony concentrations as given

in Hansen(zs). The room temperature solubility of antimony in

iron has not been accurately established. Hagg(ze) reports a
soluhility of three atomic percent. Ge]ler(27) reporis 2. 4 atomic
percent. In the fabrication of our own alloys, we observed that

the dilute alloys had perceptibly the same mechanical properties

as iron, but that the one atomic percent alloy was brittle and
shattered upon impact. A possible interpretation of this observation
is that some antimony had precipitated at grain boundaries. In any
case the antimony concentration of our alloys was well below either

solubility quoted above.
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The experimental results are summarized in figure 17 which
gives the angular correlation resﬁlts, and table 3 which gives the
values of R(157. 5) and R(202, 5) for each of the samples and the
results of control experiments. The values of wt obtained for the
- dilute alloys are consistent and are in agreement with the results of
Johansson et al. Our results are in poor agreement with the value
for wr obtained by Auerbach et al., who obtain a value larger than
ours. The one atomic percent alloy gives a somewhat smaller effect
than the dilute alloys, and hence a concentration dependence of the
field cannot explain the poor agreement between our results and those
of Auerbach et al. who obtain a larger effect. Our result is in
definite disagreement with that of Borchers et al. “) obtained by the
Coulomb excitation technique. The weighted average of our dilute
alloy results gives wr = -(1.02 = , 07) x 10"2 radians.

The lifetime of this state has been measured by several
workers, As before, we adopt the weighted average as determined
by Stelson and Grodzins, who give T = (11.0 = 1. 1) x 10712 seconds.
The magnetic field of Te in Fe has been measured by Frankel et al. (9)
to be +(620 + 20) kilogauss at 4°K. T we assume the field is
proportional to the bulk magnetization, then we obtain an internal
field of +(605 + 20) kilogauss. Using these values of 7 and H, . we
obtain g =.31 £ .03 nuclear magnetons, and u = .62 + ,03 nuclear
magnetons.

5.4 The g Factor of the First Excited State of 124Te

Antimony metal enriched to 97. 7 atomic percent 12‘}‘Sb was

irradiated for twenty days in a neutron flux of 5 x 1014n. /em, 2/ sec,
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TABLE 3. Summary of 122Te Data. Values of R are Given in

Percent
Source R(157, 50) R(202. 50) R(Random)
Number :
I 616 + .082]- 536 + 082 000 + 025
IT .445 + ,089(- .619 £ .090| .030 £ . 040
I 425 = ,110(- .324 + .112|-. 027 + . 080
Source  R(157.5%-R(202.5°) wr(Radians)
Number 2
I 576 + .058 (1. 05 £.10) x 1072
i .532 + . 063 (.99 = .11) x 1072
I .375 + ,078 (.70 1 .14) x 1072

Weighted average of data from I and II

.555 = .036 (1,02 = .07) x 10”2
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to form the 60 day 124Sb activity used in the experiment, Figure

12é‘Te populated by this decay(zs).

124Te as

18 gives the energy levels in
Figure 19 gives the scintillation spectrum of
observed in our detectors. The source uged in these measurements
was similar to source I in the 122Te experiment,

Two experiments were performed; the first using the 1.69 -
. 603 MeV cascade, the second using the . 772 - , 603 MeV cascade,
The window settings used in these measurements are indicated on
figure 19. Obviously Compton events from higher energy rays will
be accepted in the 1.69 MeV and , 722 MeV windows. This fact
makes the interpretation of the angular correlation results difficult,
but does not affect the rotation measurement, since all strong vy rays
terminate in the . 603 MeV level.

The results of the angular correlation experiments for the
two window settings previously indicated are summarized in figures
20 and 21. R(135) and R(225) were measured for the 1. 69 - . 603
MeV cascade. R(157.5) and R(202. 5) were measured for the .722 -
.603 MeV cascade. The results of these experiments and associated
control experiments are presented in tables 4 and 5. In the former
experiment we obtain wr = -(.66 + .24) x 10'2 radians and in the
latter wr = -(, 54 £ .13) x 1672 radians.

This state has also been studied by Borchers et al, ) using
the Coulomb excitation technique. They find wr = -(1. 48 £ .09) x 10°

radians. The two results disagree. Possible reasons for this

2

disagreement will be discussed in a later section,

Using our value for wr, a lifetime of (6.0 = 1,2) x 10~ 12

seconds from Stelson and Grodzins, and a field of 605 + 20 kilogauss

as in the case of 122Te we obtain g = . 22 + , 05 nuclear magnetons.
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TABLE 4. Summary of 124Te Data From 1.89, .603 MeV Cascade.

Values of R are Given in Percent

R(135°) R(225°) R(180%  R(Random)

- . 040 £ ,014|+ .031 1 .014'- .021 +,019 | .007 +.011

037 £+ .010

R(135%)-R(225)_
3

or = (.66 + .24) x 10™2 radians
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TABLE 5, Summary of 124'I‘e Data From . 722, , 603 MeV Cascade,
Values of R are Given in Percent

R(157. 5°) R(202.5°) R(180°) R(Random)

.088 = .030[— .080 = .030]- .024 = .028‘ .008 = 023

=,084 = ,021

R(157. 5°)-R(207.5%) _
3

wr = -(.54 +,13) x 10—2 radians
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VI, COMPARISON WITH THE RESULTS OF COULOMB EXCITATION
IMPLANTATION EXPERIMENTS

' Values have been obtained by Borchers et al. ) for the first
2" states in 1207e, 1227 1247, 1267 5ng 12810 They used the
Coulomb excitation method which has been referred to above, In
these experiments the Te nuclei are Coulomb excited by heavy ions
and forward scattered into an iron field, The precession of the
angular correlation between back scattered ions and the y ray de-
exciting the first excited state is observed.

These wr values are plotted as a function of excited state
lifetime in figure 22. Our results for 122Te and 124'I‘e are also
included. Herskind et al. (29) have performed similar experiments
on the first 2" levels in 1°*pd, 1%%pa, 1%8pg and 11%4, These
results, together with the angular correlation results of Auerbach

(31)

against the lifetime of the excited state in figure 23. In each ligure,

et al. (30) which has been verified in this laboratory are plotted
there is evident disagreement between the results of the Coulomb
excitation and the angular correlation experiments.

Static magnetic fields appropriate to the atomic ground state
have been assumed in the analysis of the Coulomb excitation data,
While the Coulomb excited nuclei are stopping the atom is certainly
not in its ground state. Borchers et al. have estimated a stopping
time of 7 x 10_13 seconds for the Te nuclei in their experiments. -
Further, some time is required for the atoms to find lattice positions,
de-ionize, and decay to their ground state once they have stopped.
While these processes are taking place, the internal field will not be

the static field as measured by other methods.
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If we make the approximations that the stopping time is
small compared to the excited state lifetime, and that the g factors
of the states are the same, then the relationship between the wr
values measured by Coulomb excitation and those measured by y-y
angular correlation methods becomes WTag = Wac + Eh where €9
is the angle of rotation which the Coulomb excited nuclei undergo
while stopping. This model predicts that the intercept on the wr
axis of the Coulomb excitation results of figures 22 and 23 should
be equal to the differences between the wr values measured by the
two techniques for each isotope. This conclusion is borne out by
the data presented in figures 22 and 23.

The explanation given above for the discrepancies between
the results of the two techniques could be tested by measuring wr
as a function of the recoil energy of the Coulomb excited particle.
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VI, COMPARISON WITH THEORY

In 1955 Sharff - Goldhaber and Weneser(az‘) suggested that
the properties of the low-lying energy levels in medium weight
(36<N<108) even-even nuclei could be understood in terms of the
vibrational model first proposed by Bohr and Mottelson(33 ) . This
model assumes that the low-lying excited states can be described
as quadrupole vibralions about a spherical equilibrium shape.

Most of the spectroscopic characteristics of the nuclei
114Cd, 122Te, and 124Te are in qualitative agreement with the
vibrational model. Thus, the ground state is 0+, the first excited
state is 2+, and a 0+, 2+, 4" triad is found at about two times
the energyof the first 2" state.Gamma-ray transitions between states
differing by one phonon are strong, and transition between states
differing by two phonons, which are forbidden in the vibrational
model, are relatively weak. The B(E2)'s of the one and two phonon

transitions are given in table*6f(34) .

-~

There are important deviations from the characteristics
predicted by the vibrational model. In the nuclei we have studied,
and in general, the 0+, 2+, 4" triad is not degenerate, and its center
of energy is more than twice the energy of the first excited 2" state.
The observed ratios of allowed B(E2)'s do not agree with those
predicted by the model (B(B,, I- 2+)/B(E2, 2" - 0") = 2, and the
two phonon transition 2+, ~0" (2+' denotes the second excited 27 state)
is weak but nonetheless present. However, the most striking
deviation from the vibrational model is the large experimentally
observed static electric quadrupole moment of the first excited state

in 114Cd. This measurement was first performed at Caltech by
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TABLE 6. Summary of Quadrupole Transition Rate Data

J T ¢
B(E2,270") B(E2,3-7) B(E2,4-9) B(E2, 07-2") B(E2, 27 -0)
Nue. S. B U, pE2,7-0) BE2,3-0) BE2, 27-0") BE2(2T-0")

11403 | 546 + 2.5 | 1.2+.2 |1.80=.23 |.85+.17 |.015 = .005

1220, | 36.4:35 | 3.12.5 .009 = .003
1247, | 33.2+6.6 .009 = .002
Vib, Large 2 2 2 0

Model
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de Boer et al, (35) , and later repeated by Stelson et al, (36) and

Simpson et al. (37).

Q, =(-.5 £ ., 25) barns. This value of Q, might be expected in the

A weighted average of their results yields

region of deformed nuclei, but since the quadrupole operator is

a linear combination of phonon creation and annihilation operators,
its expectation value for states of a definite number of phonons
must vanish,

Tamura and Udagawa(z) have recently attempted to explain
this large quadrupole moment, while retaining the vibrational
character of the 114Cd nucleus. They propose two models which
predict quite different magnetic moments for the first 2" state.

Model one, a phenomenological model, considers the first
and second 2° states to be a combination of one and two phonon
states. The mixing ratio of one and two phonon states and the
amplitude of the vibralions are adjusted to fit Rl , the ratio of the
energies of the second and first 2" states and B(E2, 27 - 0%). The
magnitude of the quadrupole moment and R, =B(E2, 2" - 07)/B(E2,
2" - O+) are then calculated. It is assumed that the interaction
causing the mixing does not alter the hydrodynamic model value for
the g factor, Z/A.

Model two, a microscopic model, calculates the above
properties (g, Rl’ RZ’ QL) on the basis of a pairing force together
with a long range quadrupole force, In a preliminary calculation,
Tamura and Udagawa show that in urder to obtain a sufficiently
large quadrupole moment it is necessary to have a larger mixing
of one and two phonon states than the usually employed mathematical
approximations will allow, They, therefore, have included
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previously neglected higher order terms in their microscopic
calculation. In table 7 the predictions of the two models for

(g, Ry, Ry, and Qz) are summarized and the results of experi-
ments are given. Evidently neither model is successful in
predicting all of the experimental quantities, although they both
predict sufficiently large quadrupole moments for the first excited
state, The phenomenological model leads to a two phonon transition
too fast by a factor of 9, and the microscopic model predicts a g
factor too large by a factor of 2.

The calculation of g factors of the first excited states in
1‘?'zTe and 124Te have been éarried out by Kisslinger and Sorensen(32
They were not concerned with the quadrupole moments, which are
not measured, but do give predictions for B(E2, 2" - O+) and
B(E2, 2"" - 0M). They consider a short range pairing force
together with a long range quadrupole force. The pairing force
constant is taken as equal for neutrons and protons and is extra-
polated from Sn isotopeé assuming a 1/A dependence. The quad-
rupole force constant is adjusted to give the correct energy for the
first excited 27 state. A comparison betwsgen the predictions of
Kisslinger and Sorensen for the nuclear quantities mentioned above
(g, B(E2, 2t . 0+), B(E2, ot . 0%) and the results of experiment
is given in table 8. The one phonon and two phonon transition rates
are in qualitative agreement with the experiment, and the deviations
of the g factor from Z/A are in the right direction, but are too
large. As Kisslinger and Sorensen suggest, this discrepancy may
be due to the fact that they completely neglect contributions from
the closed shells, which would tend to bring the g factor closer to
Z/A.
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TABLE 7. Comparison of the Predictions of Tamura and Udagawa
for the Properties of the Low- Lying Levels of 114’Cd With

Experiment

Quantity Phenomological Microscopic Experiment

Model Model
glup) .43 1.19 .44 + ,06
R, 1.2 1.65 1.25 + . 25
R, 14 Loar .015 = . 005
Q(barns) | Q| =.58 -.439 -5 £.25
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TABLE 8. Comparison of the Predictions of Kisslinger and

Sorensen with Experiment

122

Te
Quantity Prediction Experiment
g(uN) .17 .31+.03
B(E2,2" - 0%)(s. p.u.) 35. 36.4 + 2.5
B(E2, 2" - 0")(s. p.uw.) .24 .10+, 02

124,

g(uN) .16 .22+,05
B(E2, 2" - 07)(s. p. . ) 21. 33.2+6.6
B(E2, 2" - 01)(s. p. w.) .16 .10 £ .02
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The predictions of Kisslinger and Sorensen, those of Tamura
and Udagawa, and the semi-classical estimate Z/A, are compared
with our experimental results in figures 24a, b, Kisslinger and
Sorensen's predictions for other first 2" vibrational states in this

region are also given,
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Figure 24a. Predictions of the phenomological and microscop'_ic
models qfl’z'famura and Udagawa for the g factor of the [irst 2
state in Cd. Our experimental value is also given.
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Figure 24b, Summary of the predictions of Kisslinger and Sorensen
for the g factors of first exc1ted ot ﬁtes in isotopes of Sn, Te,
and Xe, Our results for 1227¢ and Te are also given.
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Vi, DISCUSSION

We have applied the perturbed angular correlation technique
to the measurement of g factors of excited nuclear states having
lifetimes of the order of 10”11 seconds. This extension is made
possible by the utilization of the large experimentally known hyper-
fine fields present at the nucleus of an impurity atom imbedded in
an iron lattice.

The agreement between our results with those of the Coulomb
excitation implantation technique is poor. This discrepancy may be
explained by the hypothesis that the recoiling Coulomb excited
nucleus experiences a field different from the static field in

metallurgically prepared samples while it is stopping in the iron
lattice.

Our experimental data, together with prcviously determined
electromagnetic properties of 114Cd, 122Te and 124Te, are in
qualitative agreement with the vibrational model as modified by
Tamura and Udagawa and Kisslinger and Sorensen. However, the
agreement isnot quantitative, and future theoretical investigation of
these nuclei will be necessary before their low-1lying energy levels
can be completely understood.

We anticipate several extensions of this work., Measure-
ments of the first excited 2" states of 1100d, 126Te, and 126Xe,
all vibrational states, are possible with the existing apparatus.

The utilization larger Nal(T1) crystals for our detectors, and
(38

the hyperfine field at the location of Sn nuclci in certain garncts y

should make possible the measurement of the g factors of the first

118 IZOS

excited 27 states in Sn and n. The quadrupole moments of



2

several Sn nuclei have been determined and a strong dependence

(3)

predict negative g factors for these states, even though they are

of neutron number is observed(39). Kisslinger and Sorensen

of a collective nature.
The availability of Ge(Li) solid state detectors, which have

much better energy resolution than NaI(T1) scintillation spectro-

meters, makes possible the study of excited states in nuclei

having complicated decay schemes. For example, the measurement

of g factors of several first and higher excited states are possible

. 186 188 190 1

in 7 Os, Os, Os, and

Os in Fe. These nuclei are particularly interesting since they fall

9203, using the internal fields of

between a spherical and a deformed region.
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