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ABSTRACT

The g-factors of nine excited nuclear states have been meas-
ured by observing the rotation of the angular correlation of a y-y
cascade in a magnetic field whose direction was alternately switched

up and down with rénfpect to the plane of the measurement. The re-

sults are: 280-kev state of A375 (Tt=4x 1(1"'}'0

0. 12); 91-kev state of Fm' *1 (7 = 3,4 x 10”7 sec) g = (0.93 + 0, 20)/

169

sec) g = (0.39 +

GZ « Where Gz is between 0.5 and 1.0 ; 115-kev state of Tm

{ 72 9.0 x 107! sec) g = (0.21 + 0.07); 114-kev state of Lul > (7 =

-11 X

9. 4% 10" sec) g = (0.65 + 0.25); 113-kev state of HE (¢ ( 7=

- ‘ i52
7% 10 10 sec) g = (0,20 + 0, 06) ; 122-kev state of Smls {T=2.0x%

15¢ 22 .72 10°7

9

10°7 sec) g = (0.26 + 0.07); 123-kev state of Gd
sec) g = (0.4 + 0.5); 87-kev state of Dymg (T=2.6x10

{0. 28 + 0. 08); 81-kev state of E::'166 (7= 2.4x 19-9

sec) g =
sec) g = {031+
0.06). The measurements have been compared to theoretical pre-

dictions. On the basis of the shell model, the probable value of the

147 169

apin for the 91-kev level of Pm is 5/2+ . The results for Tm" °,

Lu”s. and Hin? have been interpreted using the Nilsson model.

The results found are in qualitative agreement with theory, but some

deviations, especially in I~§£177. are noted. The measurements for

‘ 60
the 2+ states of Smif’z. Dyl(“. and Er166 provide a direct evalua-

tion of the rotatiomal g-factor, , of the collective model. The

gR
values found are about 3/4 of the value gp = Z/A predicted for uni-
form nuclear flow. The effects of electronic paramagnetism in rare
earths on these measurements are treated in an appendix, The asg-

sumptions necessary to interpret the observed rotation in terme of

the g-factor are discussed.
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1. INTRODUCTION

The magnetic dipole moment, together with the nuclear spin,
was one of the first properties of the atomic nucleus to be studied
extensively, and its determination is still of considerable interest to
the nucléa.r physicist. Techniques such as interpretation of optical
hyperfine structure, atomic and molecular beams, and magnetic
resonance, have £v.;rnished a wealth of data on the moments of nuclear
ground states. Values of thelmagxietic moment for excited states of
nuclei, contrastingly, are at present very sparse since, because of
the ghort lifetimes of such states, the above mentioned techniques
generally fail to apply.

In 1950, Brady and Deutech“) poilitcd out that the recently
verified existence of anisotropic angular correlations in y~ray cas-
cades made possible a new method for measuring g-factors of some
short-lived nuclear states. This technique, observation of the change
in an angular correlation in a magnetic field applied perpendicular to
the plane of the correlation measurement, was first used by Aeppli,
Albers-Schonberg, Bishop, Frauenfelder, and Heer to determine the

111 ¢2)

magneﬁc moment of the first excited state of Cd Generali-

zations of the technique have since been used by several workers to

(3)

study various'nuclear states'™’ with lifetimes ag short as 10'9 Bec.

This thesis discusses the measurement of g-factors for nine

excited nuclear states whose mean lifetime varied from 2.5 x 10"9

sec, to ¥ x 10”11 gec. The advanced techniques developed for this
experiment, though based on the principle suggested by Brady and
Deutech, made possible the measurement of exiremely small changes

through the minimization of systematic field effects and the effects of



.
instrumental fluctuations. This allowed the study of states whose
lifetime was less than 19-39 sec, and whose rotation in the applied
field during this time was, in the most favorable case, only 0. 2 de-
grees.

The extension of the lifetime range below 1677 sec. has made
possible the study of many of the low-lying states in the region of
large nuclear deformations, thus greatly expanding the scope of the
technique., The properties of these states are at present of consider-
able interest to the collective and umified nuclear models.

The first sections of this thesis are devoted to a discussion
of the results of the theory of angular correlations important to this
experiment. The application of these results to the measurements
is shown. A section is given to the description of the equipment and
the experimental technique. The experimental results for each nu-
clear state, and comparison to theoretical predictions are treated in
the next two sections. A discussion of the experiment and {ts results

concludes the thesis.
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L. PRINCIPLES OF ANGULAR CORRELATIONS

2. 0 Introduction

For the interpretation of the experimentally observed change
in the angular correlation of a y-ray cascade when an external mag-
netic field is applied, certain of the concepts and formulas from the
theory of angular cor?elations are required. In the following sections
a brief review of this theory is presented, first under the assumption
that interactions of the nucleus during the intermediate state are
negligible, and then considering the interactions with internal fields,
Fallowing this, the effects of a static magnetic field on such angular
correlations are discussed, and the application of the effect to the
measurement of nuclear g-factors is shown, Moast of the results
discussed here are more completely developed in the articles oi.
Devons and Gddfarb(4). and of Abragam and Pound(s).

2.1 Unperturbed Angular Correlations

The particular case of interst is that of a y-ray cascade, as
illustrated in Fig. 1, in which a level of spin I, and energy E_ de-
cays by emission of y-ray Yy of mixed multipolarity Lyge Ll' to a
state of energy £, , spin I, and mean lifetime T . This state emits
Y of mixed multipolarity L L,' going to the final state of spin g
and energy F.':f .

In general, if one measures the coincidence counting rate for
;’l and Y, detected in counters Dl and Dy respectively, in 2
geometry as illustrated in Fig. 2, then as a function of the angle €
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Figure 1. Typical Level Scheme. The Terms Are Defined
in the Text.
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Figure 2. Typical Counting Geometry. The Symbols
Are Defined in the Te:zt.

between the y-rays, the normalized counting rate, W(8) can be ex-

pressed as

w(e) = Z AF (cos 9) SNTY

even k

with 'AO =1 { Pk(cos @) are the Legendre polynomials of order k ).

In the cases of interest to this work, all correlations are of the form



.
W(8) = 1+A,P, (cos 8) + AP, (cos 8) (2)

If the geometry of the experiment is such that corrections for
the finite solid angle subtended by the counters are negligible, and if
the source strength is low enough that the random coincidence counti-
ing rate is insignificant, thén the Ak's in Eq. {1) depend only on the
spins I, , 1, I, and the multipolarities L, Ll' and L,, L, of
Y and Y respectively, provided that the nucleus doee not interact
significantly with any Internal or external field diring the lifetime of

the intermediate state.

2.2 Perturbed Angular Correlations

Effects ascribable to the interaction of the nucleus with inter-
nal fields of the source have been observed in many angular correcla-
tion experiments. Both the interaction of the nuclear electric quadri-
pole moment with the gradient of the local electric field, and the cou-
pling of the magnetic dipole moment with the internal magnetic fields
can be significant.

Qualitatively, the effects of such.intera,ctions can be understood
in the following way. For the theoretical values of the Ak'e in Eq. (1)
to be realized, it is necessary that the nuclear alignment remain un-
changed for the duration of the intermediate statée. The internal f}elds,
however, cause precegsions of the nucleus which change the alignment
and thereby affect the éorrela.tion coefficients.

To clarify such effects, we may consider the example of an
atomic nucleus interacting with the fluctuating electric field gradients
in a liquid. These field gradients change rapidly in both direction
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and amplitude due to the thermal motion of the atom. It is convenient
to define the average time the field gradient at the nucleus stays con-
stant in direcfion as T, This time is closely related to the time be-
tween collisions and is estimated in Ref, 5 to be somewhat less than
10'11 sec. for a typical ion in water. The electric field gradient
exerts a torque on the nuclear quadripole moment which causes it to

precess around the direction of the field gradient witl: an approsd-

mate angular frequency

eQ, 0L |
“=x )

where {DE/0z) is the average electric field gradient, and Q is the
nuclear electric quadripole moment. During the time ‘L‘c o the nu-
cleus will precess through an angle W T around the field gradient.
I % is much shorter than the nuclear lifetime, 7 , then the nu-
clear spin axis will undergo a series of small precessions around -
arbitrary space axes during the intermediate state. The result will
be 2 "smearing' of the nuclear alignment and 2 consequent attenua~
tion of the angular correlation.

The amount of "smearing’ of the nuclear alignment is depend-
ent on the time between Y; and Yy (see Fig. 1), Abragam and
Pound(s) show that the effect of the fluctuating f{ields on the angular
correlation of Eq. (1) is such that the correlation when the time be-

tween the two y-rays is exactly t can be wriiten as

W(8) = Z A, Gy (t) Py (cos 8)
k

-at | (3)
with C:k(t) = e
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They give explicit formulas for the inverse times 1/ A+ The A, 's
are proportional to wlz Ty and X 1 is the inverase of the spin lat-
tice relaxation time measured by resonance techniques.
Since the probability of a nucleus emitting y, attime t is
proportional to e't/ o » the resulting angular correlation measured

with a coincidence system whose regolving time 2 Tp > T can be

written as
@ .
1 At v
Wwie) = = I%Akl:’k(coa 9 e e £/ dt . {4)
0 &

When this is integrated, one finds

w(e) G, P 0)
( "EAk kP (cos

(5)

with Gk = /(1 + Ak‘t') .

For a typical nucleus in a liquid, T~ 10'12 sec. and

Wy = lﬂm radians per sec. are reasonable figures. Thus, the ap-
proximations w §% ¢ 1 and 'tc<< 7 are valid (no attenuwation can
be expected from this effect for T < 10'“ sec. )» Accurate esti-
mates of T, and the average field gfadients ToET792) are not avail-
able in most cases, and therefore, only order of magnitude estimatee
of the Gk's are possible., For a nucleus with a quadripole moment
of 1 barn, significant effects can be seen when T = 10°° see.
Internal magnetic fields strong enough to cause attenuation

of angular correlations can result from elecironic paramagnetism of

the atom containing the nucleus. The paramagnetic rare earth ions,
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for instance, generate fields of several million gause at their nuclei.
These strong magnetic fields have the same fluctuating character as
the electric fields discussed above for rare earth lons in solution,
since the clecironic tagular momentum is constantly changing in di~
rection from collisions.

¥ v " is now redefined as the time the magnetic field stays
caonstant in direction, the estimate 'rc-- 10'lz sec. is again reason-

able. If the field strength is H, the nuclel will precess around the

magnetic field with the Larmor frequency,
w, = -gHRH, (6)

where g ie the nuclear g-factor, and ’Un the nuclear magneton.
With H= 106 gauss and g = 1, this precession frequency i{s again
10m radians per sec. The assumptions w, T, << 1 and T, R z
~hold for the cascades of interest in most rare earth ions, and the
analysis leading to Eqs. {3), (4) and (5) is etill valid when the param-~
eters X, are redefined (gee Ref. 5). The Ak’s are now propox- |

) -12

tional to w 5 T, 4 and using the formulas of Ref. 5 with Ty® 10

L
sec., significant attenuation is found for g=1, wy = 10m radians
per sec., when T is longer than 2 x 10°? sec. Again, appropriate
values of T, are only approximately known, so that this estimate
can only be an order of magnitude one,

Although all of the experiments reported here were done in
liquid sources, a short comment can be made about the attenuation
effects in solids. As mentioned in Ref., 5, the significant electric
fields in solids are static ﬁellds. Therefore, even for samall rota-
tional frequencies the angle smearing effect may be quite large
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(the rotation angle is Wi T instead of wiTc)' The average electric
field gradient will depend upon whether the atom iz moved from its
lattice positian by the recolil of the first y-ray (or a previous nuclear
disintegration). Attenuation i{n sclid sources is typically much great-
er than in liquids for the same cascade. Magnetic fields in rare
earth paramagnetic solids, conversely, fluctuate very rapidly, typ-
ical values of 7, being 10712 to 107'% gec. The effects of such

fields can be expected to be similar in solids and liquids.

2.3 Angular Correlations in Applied Magnstic Flelds

The effects of applied external magnetic flelds on guch angu-
lar correlations are easily seen. To illustrate the result, one can
first consider the case where the perturbing fields in the intermediate
state are negligible. If a magnetic field H,¢¢ s applied along the z
axis perpendicular to the plane of the angula.r correlation measurement,
the nuclear spin axis will precess around the field with a frequency

~gM, H »
B g S, eff (7)

If all the nuclef lived a time 7 between the emission of v,
and Y3 then the angular correlation of Eq. (1) would become

W(O) = ) A Peos(8+ W) 8)

In the more general case, where the nuclear state decays
exponentially, the time integrated correlation (for 2 'Z’R > T )be-

comes
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e o]
w(e, H) n%fz AP, (costo +wt) o Tar . (9)
o k

Calculation of this integral is simplified by writing the correlation of
Eq. (1) in the equivalent form

W(8) = Z Ck cos (k8) ,

(10)
with Co = 1.
Equation (9) then becomes
W({8, 1) = "]EI" [ Z Ck cos k{@ + wt) e'tlt dt , (11)
k
which, when integrated, becomes
W(ﬂ. H) = « cos k{9 + A8, },
Z [1 + (kw'c) ﬁ k
(12)
1 -1

with Aek = Ei.'am Lwt .

The resulting angular correlation (undisturbed by internal fields) is
both rotated and attenuated compared to that in zero field.

In the case of time dependent electric quadripole attenuation
{as occurs in liquid sources), Eq. (9) must be rewritten to include
Gk(t}. It becomes

Q0
- Ayt
W(e, H) = f Z AP, (cos(8 + wt)le ST at . (13)
[«



The value of this integral is not hard to obtain, but is difficult to write
in closed form. For k = 4, it becomes

) : GZAZ 3cos z¢e+aezz)
W8, H) = 1+ 1+~ — | +
e [1 + (zc-zm)z]'i

Gahy

55 |

20cos 2{8+ A8 35cos 4{0+ A8

24} 8,4
[1+(zeém)2]'§‘ [1+(4r34m)2]'3:

-1

= %tan 2G,wT LBy, = -é—ta.n'l

1

-1
44 T Ftan

AS 4, wT.

~4

¥ G 1, i.e. the rotation is through a small angle, the result

can be approximated for all k as

w(e, 1) = ZAkaPk (cos (8 + GwT)) . (15)
k :

The terms in the angular correlation in zero field thus appear
rotated through an angle G wt when the external field ie applied.
This illustrates that the attenuation coefficients G, muet be known
independently in orde; to measure w7 from the observed rotation.

When a static magnetic field is applied to a source in which at-
tenuation due to hyperfine interaction exists, several different possi-

bilities muet be considered., If we define the Larmor precession fre-

quency of the electronic angular momentum in the fleld H as

o * Tl g B



w}lde

where g is the electronic g factor and My the Bohr magneton,
then we may consider the two cases w_ >> lf‘c‘c and W, << 1/ T,
(T, is the time the magnetic field at the nucleus stays constant in
direction). When w_ << 1/ T, » the electron cannot precess sig-
nificantly around the external field before it undergoes a2 phase
changing transition, and therefore the external magnetic field does
not affect the electron-nucleus interaction. As a result, the deriva-
tion leading to Egs. (14) and (iB)‘ still holds, and these formulas can
be used in this case with the G 's measured in zero field. In almost
all rare earths, T _ —~ 1012 gec. and the approximations used in
the above discussion are valid. |

U w, 2 l/’t'c and as well w_>> -uJ L- {the Larmor {fre-
quency of the nucleus in the electron field), the nucleus interacts
with the average projection of the internal field on the axis of the ap-
plied field, In this case, the attenuation effects are dependent upon
the direction of the applied field with respect to the directions the
y-rays are measured. Such a2 field applied along the direction of one
of the y-rays can completely remove hypexfiné attepuation, while |
if it is applied perpendicular to the plane of the correlation meag-
urement, the attenuation increases. T is relatively long for the
Gd3+ ion in the rare carths, and for most of the -iron group para-
magnetics, and therefore such effects may be obgerved with these
ions,

When T e °T in a paramagnetic source, there is a fur-

ther effect on angular correlations in applied magnetic fields to be

considered. The external fleld in this case induces an average po-



larization of the elecironic moment {giving rise, for instance, to
paramagnetic susceptibility) and therefore the field at the nucleus is

not the applied field, but can be written as

Hef! = BH _ {16}

where Heif. and I1 are respectively the effective and the applied
fields. The paramagnetic correction factor  for rare earth 3+
ions is calculated in Appendix I asguming T, << T and also that
the electromic structure is in thermal equilibyium for the duration of
he intermediate state in the configuration of the 3+ daughter jon.
The validity of these assumptions ie discussed in the appendix. The
effect on the angular correlations discussed can be found by substi-
tuting Ea. (16} into Eq.' (7) for the Larmor frequency, a2ll other for-
mulag remaining wmchanged.

The two cases discussed above cover most situations of inter-
est for angular correlation experiments using liquid sources. Abra-
gam and Pound‘s) give some discuseion of the effects to be expected
when solid sources are used., In a solid polycrystalline substance in
which large static electric field gradients exist along with 2 large
enough hyperfine interaction to cause attenuation of the angular cor-
relation, the interpretation of angular correlation rotation resulis
could be quite difficult. Because of the complexity of this problem,
results obtained from experiments using solid sources must be con-

sidered somewhat carefully.
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. DESCRIFPTION OF THE EXPERIMENT

3.0 Experimental Method

Each g-factor measurement conegisted of two parts; first, a
measurement of the angular correlation; and second, a measurement
of the rotation due to the applied magneatic fleld.

The observed angular correlation, corrected for random co-
incidence and finite solid angle of the counters is compared to the
theoretical predictiom and those of other experimenters to determine
{wherever possible) the attenuation coefficients Gk . A measurement
of these parameters to better than 5% wae never necessary for these
experiments.

The rotation was mea.eure& by setting the counter at the point
where dW{0)/d8 was # maximum and measuring the counting rate with
field up and field down. From these counting rates, one can form the
number

W(G. H) " WSG. "H) . ' (17)
3 W(6, H) + W(e, -H)

-]

R =

Using Eq. {14) or Eq. (15) along with the observed value of
the angular correlation (uncorrected for finite solid angle, random co=~
incidences, or the presence of competing cascades through short half-
life states) and the attenuation parameters, Gk s 2value of w7z c¢an
be deduced from the observed value of R . From this value of wr ,‘

2 value of g can be calculated. Recalling Eqs. (7) and (16},

‘Heff = BH anc (16)
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W =-g g Heg o (7)
one finds that '
. % o ‘
g = - —— . (18)
, /un [.'5:.'{ ‘

For the case where the ohserved correlation is describable as
w{e) = 1+ Cz cos 29, (19)

the optimum angles are w/4, 3n/4, 5v/4 or 7w/4, and when Eq.

(15) applies, we can write
w(e, H) - W{8, -H) - -
Rxmmi[' A (N =+4C2w’r'u2.

G,wT = F E'g’" , (20)
2

h R
8% L ICG T
- where the upper sign applies for 6 = w/4 or 5v/4 and the lower
for 9= 3nw/4 or Tn/4.

Two different checks were made on the results in certain
cases. If the angle beiween the counters is changed from 8 to _
{(ér ~ 8), the value of R should change sign. This may be accom-
plished without moving the counters by adjusting the electronic set-
tings so that thé y-rays accepted by the counters are interchanged.
Any systematic field effects will not be reversed, and their presence

can be detected.
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The second check is available when one of the y-rays has a
significant K-conversion coefficient. These y-rays together with the
¥ x-rays which are in coincidence with the other y~rays of the cas-
cade are recorded in the pulse height analyzer. The angular corre-
lation of the K x~rays is isotropic, and hence R {for the y-ray -
x-ray cascade shéuld be zero. This value thus provides a check on
systematic effects. 7

In the cases where guch x-rays have been observed, the an~
gula;- correlation was usually measured by normalizing the counting
rate at each angle to the x-ray. The value for R in thcse cases is
also quoted with an error which includes both the y-ray counting
statistics and the K x-ray counting statistice. In Er166. this pro-
cedure was not followed, because the effect was so large that the
possible systematic effects were completely negligible.

As an illustration of a typical measurement, Fig. 2 shows
the angular correlation.bbserved for the 208~113 kev cascade in
Hf”? {see Section 4. 5). The two broken curves are the correlation
for field up and field down respecﬁvely. The circles show the ob-~
served counting rates at 135° and 225° for the two directions of the
field. The observed rotation was (0. 0091 + 0, 0014) radians, or
{0.52 + 0.08) degrees. The intermediate state lifetime is T = Tx 10‘10

sec., and the calculated g-factor, g = 9.20 + 0.06.

3.1 Equipment and Experimental Details

A g-factor determination consisted of two parts; measurement

of the angular correlation for the cascade of interest, and measure-
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ment of the change In counting rate at one fixed angle for a reversal
of the applied field (i. e., measurement of R ). The electronic
equipment used for both parts was the same. It consisted of a con-~
ventional fast-slow coincidence arrangement with a resolving time of
~ 2% 1078 goc. The Nal {T1) crystals used were 1% inches in di-
ameter. One wag 2 inches long, and the other 1} inches long. They
were mounted directly on RCA 6655 A photomultiplier tubes without
the use of light pipes. The photomultipliers were shiclded from mag-
netic fields by two layers of Netic and Co-Netic shielding. "
The system used for taking data was that the spectrum from
. one counter in coincidencé with a narrow range of pulse heights from
the other counter was recorded in a PENCC PA-~4 pulse height ana-
lyzer. i The instrument wae used as a2 50-channel analyzer with two
sets of storage. For the angulayr correlation measurements, two
angles were studied alternatively, the s-pectrum at one angle being
stored in one memory array and the specirum at the other angle being
stored in the second memory array. (If more than two angles were
studied, separate runs were made for pairs of angles. ) The equip-
ment was run automatically with alternate short counting periods at
each of the two angles. A pair of scalers was also switched auton
matically to sum separately, at each angle, the total counts in the
narrow pulse height range accepted from one of the counters. The

counting time at each engle was also automatically summed. The

Made by Ferfection Mica Company, Illinois,

Made by Pacific Electro-Nuclear Company, California.
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same arrangement was used for the g-factor measurement, one set
of storage being used for the field up, and the second for the field
down. The use of automatic interchange between two counting ar-
rangements enables a single measurement to be braken down into
many hundreds of alternate counting periods, and hence effectively
eliminated errors due to emall changes in gzin or efficiency of parts
of the system,

The concept of these g-factor measurements was to design a
magnet to minimize the leakage fields and then to run it at a suffi-
ciently low field to ensure that all of its iron was in a region of high
permeability. Figure 4 shows a sketch of the magnet and one of the
counters. The flux return path for the magnet was a hollow cylinder
around the coils and poles. A slot was cut in the cylinder to accept
the conical lead shields for the scintillation counters. With this ar-
rangement, and a fleld of 12, 000 gauss in the 1/8" gap between the
poles, the largest leakage field just outside the magnet was kept to a
small fraction of a gauss. It was not necessary to use light pipes t.o
remove the phiotomultiplier tubes from the vicinity of the magnet.
The counters were set at the value of 8 required and their change
in gain, when the magnet was reversed, was measured. This was
repeated for several rotations of the counters about their own asis.
A position was found for each counter at which the gain change re-
versed sign. The counters were thus set to minimisze the effects of
the magnetic field, The maximum gain change for either counter was
less than 1% , and at the rotation used wasg less than 0.05%. This

procedure could be adopted for any angle 8 between the two counters.
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It was essential to reduce systematic effects resulting from reversal
of the magnetic field, as the rotations of the angular correlation pat-
terns Vto be measured were extremely small. A continual check on
these systematic magnetic field effects was maintained throughout
the experiment. For each direétién of the fleld, the coincidence
spectra from cne counter were recorded, together with the summed
counts within the small range of pulse heighis accepted from the other
counter.

The counters used had lead collimators to reduce spurious
effects due to y-ray scattering between the ¢rystals. These colli-
mators allowed a 1 1/4 inch diameter entrance aperture to the crys-
tals at a distance of 2 1/2 inches from the source. With this ay-
rangement, the finite solid angle correction for the counters required
that the obgerved Pz(cos 8) and ¥ 4(cos 8) coefficients, after cor~
rection for randoms, be multiplied by 1. 10 + 0. 01 and 1. 34 + 0. 04,
respectively. As the effects to be measured were small, a large
number of colncidence counts were necegsary in order to obtain the
required a.ccui-acy. It was reasonable, in general, to run with a sig-
nificant proportion of random coincidences, asg the effect of these was
ecasily calculated, and the increased statistical accuracy obtained in
a given counting time more than compensated for slight uncertainties
so introduced. The random coincidences were easily measured by

-7

adding a delay of ~ 10 ~ sec. in one of the signal leads to the fast

coincidence unit.
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IV, EXPERIMENTAL RESULTS

4, 0 Introduction

In thiz section, a short subsection is devoted to the measure~
ment of each state, discussing the experimental data and its com-

parison to previous results. The states discussed are the 280 kev

75. the 91 kev state in Pm147. the 118 kev state in Tm169,

7

level in Asg

the 114 kev state o 2aT 7, the 113 kev stats in 50
152 154

, the 122 kev

state of Sm . the 123 kev staie of Gd , the 87 kev state in Dylba.

and the 81 kev state in Ermé.'

4.1 280 kev Level of As >

The g-factor of the 280 kev state in A375 was measured using

the 121 - 280 kev cascade from the 401 kev level to the ground state.

15 level scheme.

Figure 5 shows the significant parts of the As
The angular correlation of the 121 - 280 kev cascade has been
meagured by Schardt and Wellcer‘w using a solid source. They ob-
tained W(8)= 1 - (0. 40 + 0,03) P,(cos 8) - (0. 14 + 0. 17) P, (cae 6],
Kelly and W iedenbeck(”. who do not state the form of their source,
obtained W{8)= 1 - (0,41 + 0. 03) Py {cos 8). Using dilute selenic
acid, van den Bold, et all®! cbtained W(8) =1 - (0.466 2 0.02) P,
(cos 8). The difference in these results may in part be due to the
uge of solid sources, but may also be due to the‘ difficulty that the
401 kev state decays as well through a 136 - 265 kev cascade which

iz not completely resolved from the 121 - 280 kev cascade in any of

ithe above experiments. All three of the above authors also deter-
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mined the angular correlation for the 136 - 265 kev cascade. The
results were @(0) = 1- (0.19 "0 0l) ©, (cos @) - (0.012 = 0. 012)
3?4 (cos 8), (@) =1~ (D.016 £ 0.030) .‘PZ (cog @) and ¥ (@) =
1 - (0.0l + 0.009) P, (cos @), respectively.

The source used for this measurement was a dilute nitric
acid solution of neutron irradiated selenium metal enriched in Sem.
Since the 121 - 280 kev cascade was not well resolved from the 136-
265 kev cascade, the measurement was made using the whole of both
composite peaks. #igure 5 shows the pulse height spectrum, and the
setting of the narrow gate. This reduces the observed anisotropy,
but does not aifect the g-factor measurement, since the correlation
fér the 136 - 265 kev cascade is nearly iasotropic and its rotation will

11

be small because the lifetimé of the 265 kev state ( 7= 1.6x10" " sec.)

(9)

is short compared to that of the 28( kev state. The observed an-
gular correlation was (@) =1 - (0.056 + 0.003) cos 26 . ‘vhen cor~
rected for finite solid angle and random coincidences, this gave |
W(Q) =1 - (C.10 + 0, Q1) PZ (cos 0). This value ie in agreement
within the quoted error with that obtaine‘d from the other measure~
ments, if the relative strengths of the 121 - 280 kev and 136 - 265 kgv
cascades are taken as 28:95 as indicated by the ¥ -ray intensities of
Edwards and Gallagher(m).

‘he g-factor measurement was done at angles of 135% and
225° in a field of 12, 000 gauss. The coincidence counting rate for
both the angular correlation experiments and the g-factor experi-

ments was of the order of 100 counts per second. A total of 8 x 106

counts was obtained in the coincidence peak for each direction of the
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magnetic fleld at each angle. The values of R obtained were
(0. 0023 + 0, 0005) and - (0. 0017 + 0. 0006) for 8 = 135° and 225°,
respectively, The average of these two measurements gives, using
Eq. (20), GwWT= (.72 + 0.34) x 10”2 radians.

75

The lifetime of the 230 kev level of Ag ~ has been measured

i sec. ol Since the angular correlation shows

‘tobe {4+ 1)x 107
only a small difference between liquid and solid sources, v:}2 =1 ig
assumed for liquid sources. Since As75 does not have a large quadri-
pole moment, and the nuclear lifetime is sho;t. this is to be expected.
Arsenic is not paramagnetic, and hence f is taken as 1. Using
these values, we find

0.39 + 0. 12

g = =O.39_vf_-_0.12.
£ G ;

4.2 91 kev State of Pm %7

147. Two pravimis

147 —

Figure 6 shows the level scheme of Fm
measuremenis of the g-factor for the 91 kev staie in Pm
been reported. Lindquist and Karls-son(lz) obtained an upper limit
g=1. Bodenstedt, et _a;l_“s’ obtained a preliminary value of g =
(0. 43 + 0.15) . Both of these groups used the 321 - 91 kev cascade
from the 412 kev state to.the ground state.

Lindquist and Ilarlsson used a source of Nd, O, dissolved in
alcohol, and obtalped an angular correlation of W(8) = 1-(0.097 +
0, 007) PZ {cos 8) + (0. 023 + 0. 018) P4(cos 8) ., They re-measured
the angular correlation in a fleld of 25, 000 gauss, and were able to

place a limit on the g-factor only,
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Bodenstedt, et £(13) used a saturated aqueous solution of
Nd2513 as source. They measured an angular correlation of VW(8) =
1 -(0.11+ 0,01) Pz(cos 2) . The angular correlation was measured
. for each directon of a 37, 200 gauss field, and the rotation calculated,
from which the preliminary value quoted above was obtained. They
cdo not state that they have applied a paramagnetic correction to their
results. Their measurement was somewhat hampered by poor energy
resolution of the counters, |

We measured the g-factor of the 91 kev s.ta.te using the 321 -
921 kev cascade as well., The source was Ndz()3 dissolved in alcohol.
Figure 6 shows the pulse height spectrum and the setting of the nar-
row gate. OQur observed angular correlation was W(8)= 1 ~ {0,025
+ 0. 003) cos 28, which, when corrected for solid angle and random
coincidence counis, gave W(8) = 1 - (0,042 + 0. 005) P,{cos 8). The
measurements were made at flve angles between 90° and 180°, and
showed no significant I=‘4 {cos 8) term.

The g-factor was measured at 8 = 135° in a field of 12, 000
gauss. The 91 kev y-ray is K-converted and the x~ray peak in co-
incidence with the 320 kev y-ray was used as a check on the meas~
urement. About 105 counts were observed in the coincidence peal:
for each field direction. A value of R = (0.021 + 0, 004) was observed
for the 321 ~ 91 kev cascade, while R = (0. 002 + 0. 005) was observed
for the X =x-ray in coincidence with the 321 kev line. Equation (20)

was used to evaluate Gz wT with the result,

GywT = - (0.38 + 0,09) radians,
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The lifetime of the 91 kev state has been measured to be

(3.4+ 0.1} x 10-9 SEeC,. {14) The paramagnetic correction factor £
ie predicted in Appendix I to be Z.1. Bodenstedt, et al measured the
angular correlation with a delay of 2 hali-lives, and coacluded that
the time dependent attenuation was small, However, since the angu-
lar correlation results we obtained are not in agreement with the
other measyrements, it is difficult to assgert that G, = 1. Using

the known values of the parameters, Eq. (20) gives

(1. 95 + 0. 4) {0. 93 + 0. 20)

o = = N

p G, Gy

GZ is probably between 0.5 and 1. 0.

4.3 118 kev State of Tm1¢?

169

The level scheme of Tm below the 316 kev state is shown

in Fig. 7. 7The 198 ~ 110 kev cascade from the 316 kev level in Tmm?
wag used to measure the g-factor of the 118 kev state. The angulax
correlation of the 198 « 110 kev cascade has been measured by Cap~
pellar and Iﬂm.gcnﬁer(ls) » and by Hoicki, Simic and Kucoc“é’. .
The first-mentioned authors used an oxide source and found W(8) =

1+ 9,250 Py {cos @) + 0,029 P4 (cos 8) . The second group, using
YbCl, in a dilute HCL solution a6 2 source, obtained W(8)= 1+

{0,314 + 0.003) P, (coe 9) + (0. 003 + 0.005) ¥, {coa 8) . Cappelar
and Klingelhtfer measured the angular correlation with a delay be-
tween v, and y, of 4x 19”7 seconds and observed no significant at-
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tenuation. The discrepancy in the two angular correlations may
possibly result from the difficulty of resolving the 198 - 110 kev cas-
cade from the 177 - 130 kev cascade and the 177 - 110 kev coinci-
dences th.roug';: the intermediate 21 kev y-ray.

Our measurements were done using a source of neutron ir-
radiated Yb,O, dissolved in dilute nitric acid. Figure 7 shows the
pulse height spectrum of '.T.'mle’9 and the setting of the narrow gate.
The observed angular correlation was W(8) =1 + (0. 1755 + 0, 005)
cos 28 ., This, when corrected for random coincidences and finite
salid angle of the counters, gave W(8) =1+ (0. 28 + 0.01) Pz(cos 8).
The interference from the 177 - 130 kev and 177 - 110 kev coinci-
dences can be estimated from the data of Koicki, et al, and the in-
tensity of the 130 kev peak in the coincidence spectrum. It was found
that the 177 -« 110 kev and the 177- 120 kev coincidences were
~ 2.5%b and 1% respectively of the 198 - 110 kev coincidences with
the settings used. The angular correlation between the 198 kev y-rays
and the lower half of the 110 kev peak collected by the pulse height
analyzer yiélded resulis in agreement with those of Koicki, et al,
after corrections for random coincidences and finite solid angle of
the counters.

The g-factor measurement was made at an angle of 135%in a
field of 12,-000 gauss. 3=z 106 counts were observed in the 110 kev
coincidence peak for each direction of the field, The X x-ray pcak
in coincidence with the 198 kev y-ray was observed to check that no

systematic error was présent. The value of R observed for the



o
198 - 110 kev cascade was R = (0.32 = 0.10) %. The value of &
observed for the 198 kev - K x-ray coincidence peak was R = (0.02

% 0,06) %. Using H®q. (19), cne can calculate from this, sz—c =
(0.56 + 0.17) x 10”2 radians.

Blaugrund 17 has measured the lifetime of the 113 kev state
to be 7= (9.0 %1.5) x 10" sec. The delayed coincidence meas-
urement of Cappelar and Klingelhofer cited above supports the
prediction that GZ should be urity for such a short lifetime. £ is
estimated in Appendix I to be 5.6. *

Because the lifetime of the 138 kev level is significantly long-

er than that of the 118 kev level (4.0 x 1{)"10 gec. and 9.0 x 10‘].‘1

sec., respectively)u?), a small admixture of the 177 - 130 kev
cascade could have a large enough rotation to affect the results sign-
ificantly. Using the admixtures quoted above and a theoretical value
of g = 0.2 for the 139 kev state, as predicted by the Nilsson model(m)
one finds that this effect can at the mosat decrease the observed g by
10% , and is probably considerably less. This is not included in
the quoted error.

Using the values quoted for the relevant parameters in Fq.
(20), one obtains

1.2+ 0.4
8= —oyp = 0.21% 0.07.

* Although the large disturbance of the electronic configuration
makes the calculation of £ difficult for cascades preceded by a K-
capture, the 1 microsec lifetime of the 316 kev level in Tml09 from
which all these cascades are fed should allow sufficient time for
electronic reorganization to justify this value.
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4.4 114 kev State of Lu’ '~

The level scheme of Lu”s is shown in Figure 8. The g-

factor of the 114 kev state of Lu”s'

was measured using the 282 -
114 kev cascade from the 396 kev level to the ground state,

The angular correlation of the 282 -~ 114 kev cascade has been
studied by Klera'!?) and by Wiediing'®®), Xiema obteined W{(9) =
1+ (0,221 + 0.004) P, (cos 8) for a liquid source, and W(8) =1+
{0. 210 + 0. 003) Pz {cos 8) for a solid source. Wiedling measured
the correlation for agueous solutions of YBZ{HG3 }3 with and without
glycerine added. ¥e obtained W(8) = 1+ {0.227+ 0. 004) Pz {cos 8)
independent of viscosity, These results indicate that quadripole at-
tenuation of this correlation is small for lquid sources.

Our measurements were made using two different sources of

L oxide dissolved in dilute nitric acid, The

neutron irradiated Ybl
observed angular correlations weye W(8) = 1+ (0. 107 + 0. 002) cos

28 and W(8) =1+ {0.167 + 0,020) cos 28 for the first and second
runs, respectively. Random o incidence rates varied from 30% to
10%0 for Run i, and franﬁ 10% to 5% in Run 2, as the source decayed,
 The above angular correlations corrected for finite solid angle and
random coincidences resulted in W(8) = 1 + (0. 200 + 0, 003) P, (cos @),
W{8) = 1+ (0. 21 + 0.03) P, (cos §) for Runs 1 and 2 respectively.

The rotaticm measurements were dope at 1357 in a feld of 12, 000
g:auss. In each run, over 4x 1(116 counts were obscrved in the x-ray
and y-ray coincidence pe#ka ior both directions of the magnetic ficld,
The value of R obtained for the y-vay was R = 0. 15“?!0 + 0. 0% for
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Figure 8,

Level structure of Lu”s.

The energies are in kev and the
mean lifetimes of the 396 kev state and the 114 kev state
are shown,
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Run 1 and R = 0. 23% + 0. 10% in Run 2. ¥or the x-ray, we found
R= - 0.02% + 0. 06% and R = - 0.07% + 0. 06% , respectively.
The above resulis for the y-ray are normalized on the - ray, and the
error inﬁluded both y-ray and x-ray counting errors.

Using Eq. (20) of Sectlon 3.0, we obtain for the two runs,
Gwr= (0.35 + 6, 17)=x m“z radians, and GWT= (0. 35 +0.12)x 10'2
radians, ‘

e lifetime of the 114 kev state can be calculated using the
Coulomb excitation data from the compilation of Alder, et ;a}_(zl).
Using the value 5° = 0. 22 for the E2/M1 intensity ratio obtained .
by Martin, gﬁ;ﬂ_{(zz). one obtaing a mean life of T = 9.4::'10'115@‘:.

From the evidence of the angular correlation work quoted
above, GZ is glren tobe 1. H should be 1 for Lu, since it ig not
paramagnetic, and therefore we obtain

0.65 + 0. 25
g = —-——c—-ﬂ::—-—————: 0.65__'_9.25 .

4.5 113 kev State of ' 1"
The level scheme of an? is shown in Fig. 9. The cascade
used to measure the g-factor of the 113 kev state in ml'?'l was the

208 - 113 kev cascade from the 321 kev level to the ground state.
The 321 kev levél ie populated by deéajr from 6, 8-day Lu”?.
Several authors have measured the angular correlations of
the 208 - 113 kev cascade, Wiedling(zg) measured the correlation
for liquid sources of various viscosity and concluded that the unﬂis—

turbed correlaiion is W({8) = 1 - (0. 163 + 0. 002) P, {cos 8) + (3. 002
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Figure 9. Level structure of 177, The energies are in kev and the
mean lifetime of the 113 kev level is shown.
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- -
+ 0, 002) Pé_ {cosg 8). IFor dilute aqueous sources he cbtained W(¥F) =

1-(0.160)P, (cos #). Ofer'®® found w(e) =1 - (0.135 + 0.010) P,

{cos 8) for aqueous sources. Klema‘zs) measured the correlation for
solid and liquid sources, obtaining W(8)} =1 - (0. 149 + 0. 002} Pz {cos
8) and W(8) =1 - (0. 1614 + 0.- 0015) P, (cos 8), respectively,

Behrend(Z®)

obtained the correlation for LuCl,y in aqueous solution,
in aqueous solution with glycerine added, and in a solid form. He
found Pz(ces 8) coefficients of - {0, 1627 + 0. 0032), - (0._1511 +
0.00627), and - (0. 1311 + 0. 0023), respectively.

The souyce used in our experiment was neutron irradiated
Lu,Cy dissolved in dilute nitric acid. The angular correlation after
correction for random coincidences and finite solid angle of the
counters was W(8)= 1 - (0. 16 + 0, ¢15) P, (cos 6).

The g-factor was measured at angles of 1359 and 225° ina
field of 12, 000 gauss. The values of R found for x-ray and y-ray
coincidences, and the observed coefficient of cos 26 in the angular
correlation, are given in Table 1. A total of 1. 2x 107 counts was
observed in the 113 kev y-ray coincidence peak for each direction of
the field. The coincidence counting rate varied from 200 to 100
counts per second, and the random rate from 20% to 10% as the
source decayed. The value of Gwt calculated from Eq. (20) was
~ {0. 0091 + 0. 0014) radians.

The lifetime of the 113 kev level has been meaéured by Ber-

e gec., Hauser, 5_1531_(28) have found T =

0

tovient®?) to be 6x 10"

10

(7.2 + 0.7)x 107" see. T = 7:;10"1 sec, is used for the evalua-

tion of g . OSince neither ¥ nor Lu is paramagnetic, f should be
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unity. The angular correlation measurements in ligquid sources in-
dicate Gzz 1. Using these values, we find

0.2010.{)6
g = BG

= 0,20 %+ 0.06 .

4,6 122 kev State of Smlsz

The level scheme of Sml52 is shown in Fig. 10. The g-factor

152

of the 122 kev state of Sm has been measured by Goldring and

Scharenbergtzl)) and by Sugimoto(3g). Goldring and Scharenbergused
a liquid source of sz‘{NO:,' ), and populated the 122 kev state by
Coulomb excitdtion using protons. After corrccting their results for
the effects of paramagnetism, they obtained g=0.21 + 0,04, Ougi-
moto, using the same method, found g = (0.36 + 0.16)/0 G {in our
notation) using a solid oxide source at 706°K.

Cur measurement was done using the 1,420 - 122 kev cascade
from the 1, 540 kev level to the ground state, The 1,540 kev level

was populated by n K-capture transition in a0

. The angular cop-
relation for this cascade has been measured by Hartman and Wied-
hng(al}. and by Ofer(;'z). Hartman and Wiedling ueed aqueous solu-~

tions of FuCl, and obtained W(8) = 1 + (0. 219 + 0, 005) P, (cos &) +

3
(0. 003 + 0. 007) Pé {cos 8) . Ofer used a dilute solution of Eu2(3£i4)3
as a source and obtained W(8) =1+ (0. 21 + G, G2) Pz(cos 8) + (0. 02 +
Q. 03) P4(cos 8} .

The gource for our measurements was neutron irradiated
151

I‘IuZOS » enriched in Eu » dissolved in dilute nitric 2cid. The ob-

served angular covrelation was W(6) = 1 + (0. 122 + 0, 004) Py {cos 8),
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Figure 10. Level structure of Smlsz. Energies are in kev. The
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which after corrcection for random o incidences and finlte solid angle
of the counters gave W({8)= 1+ (0, 205 + 0. 007) Pztcoa 8) . This is
in reasonable agreement with the results of Hartman and Wiedling,
and Ofer.
The g-factor measurement was done at an angle of 135% in &
fleld of 12, 000 gauss. A total of 2. 5x 10° counts was observed in the
coincidence peal: corresponding to the 1, 420 - 122 kev colncidences.

he coincidence peak corresponding to the 1, 420 kev — K x-ray co-
incidences resulting from K-conversion of the 221 kev y-ray was alao
observed. The value of R observed for the 1,420 « 122 kev cascade
was (2.1 + 0. 5)0/0 » which gave G,WwT = {3.7+0.9)= 10-2 radians.
The observed valuec of R for the 1,420 kev — K x-ray cascade was
{0.0+ 0, 2)010 » which indicates no significant systematic effecta,

The value of GZ for the 122 kev level was measured by
Goldring and Scharenberg for a liguid source by comparing the ob-.
served y-ray distribution following Coulomb excitation to the theo-
retical prediction. They found G, = 1. We made a direct mecas-
urement of Gz for the source used in the g-factor experiment by
measuring the correlation for the 144 - 122 kev cascade. Since this
is a cascade of two pure E2 y-rays, the theoretical value for the
cascade is known, The obgerved angular correlation was corrected
for contributions from tails of other y-rays by measuring the corre-
lation with a narrow gate set just above and just below the 144 kev
y-ray. The vulue obtained was G, = L 0+ 0.13. The lifetime of

the 122 kev state has been measured as T = {2.0+ 0. 1-41-)}:1*3'9 gec, (33)
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The value of § predicted for the Sm3+ ion in Appendix I is
# = 1,15, The rather sizable difference bebween this value and the
value of 8 = 1.7 + 0.2 used by Goldring and Scharenberg arises from
the sizable contribuidon of second order iterms in the calculat%::n of
this quantity for the ém3+ ion (see Kanamori and Sugimoto(sé). and
Appendiz= I).

Uzing the values from above in HEg. (20), our experimental

results yield

{0.32 + 0. 08)

This can be comparcd to the value of g = 0,30 + 0. 0C obtained from
Goldring and Scharenberg's work with the more accurate paramag-
netic correction factor, and the value of g = 0.34 + 0. 16 obtained
from Sugimoto's work using GZ =1, = 1,07 (see Ref. 34). The
agreement between these different measurements is most pleasing
in light of ihe different methods used to populate the 122 kev level,
and furnishes some support for the assumption that the ion contain-
ing the radicactive nucleus lias reached an equilibrium state in a

time short compared to the nuclear lifetime.

4.7 123 kev State of Gat°%

The g-factor of the 123 kev siate of Gd154 was measured
using the 1, 280 - 123 kev cascade from the 1, 400 kev ctate. The

»
1, 400 kev state was populated by § decay from lb-year Eubé. The

154

level scheme of Gd™ 7 7 is shown in Fig. 11,

The angular correclation of the 1, 280 - 123 kev cascade has
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Figure 11.
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been measured by Hickman and Wiedanbeck‘sl:" ). They used a source
of Eu203 dissolved in dilute HCl, and obtained an angular correlation
of W(8)=1 +(0.19 + 0.010) Pz(cos 6) - (0. 007 + 0.015) P4 {cos 8) .
These authors also measured the correlation of the 248 ~ 123 kev
cascade from the 371 kev state. They obtained W(@)= 1 + (0.098 +
0.018) Pz (cos 8) - (0. 020 + 0.024) P4(cos 8) . This result is in
good agreement with that expected for a (4(Q)2(Q)0) cascade. The
attenuation coefficient for the 123 kev level calculated from these
results is G, = 0,96 + 0.18. Goldring and Scharanberg‘zg) also have

54 0

measured the attenuation coefficient for the 123 kev state of Gcl1
a dilute nitric acid solution by comparing the theoretical angular dis-
tribution of y-rays from a Coulomb excited 2+ state with that ob-
'served experimentally. The result was G,=0.5+0. 06. They have
measured the attenuation for similar states in Gd156 and 0.'.'3:1160 and
conclude that the observed effect results from a static magnetic hy-
perfine attenuation rather than electric quadripole interaction.
Deutsch and Stiening(»Bé) have shown that this explanation is,in fact,
correct, by demonstrating that the attenuation of the 1, 280 - 123 kev
cascade can be removed by application of a small magnetic field
parallel to the axis of one of the detectors.
As this experiment demonstrates, attenuation resulting from

. static magnetic hyperfine interaction is not independent of the value
or direction of the applied fleld. It can be removed with a strong
enough field applied along the direction of one of the y-rays, or in-
creased considerably by a field perpendicular to the plane of the cor-

rélation measurements.
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We have measured the angular correlation of the 1, 280 -~ 123
kev cascade using a source of neutron irradiated Eu,0, enriched in
Eu153. which was dissolved in dilute nitric acid, The observed cor-
relation after correction for finite solid angle and random coinci-
dences was W(8) =1+ (0. 170 + 0, 008) Py {coe 8)., We also meas-
ured the correlation of this cascade in 2 magnetic field of 12, 000
gause. We found W(8) = 1+ (0.059 + 0.006) P, (cos 8) after cor-
rection for random coincidences and finite solid angle. The attenu-
ation coefficient in zero field was determined by measuring the angu-
lar correlation of the 248 - 123 kev (4{Q)2(Q)0) cascade, whose
thearetiéal value is known. Interference from competing cascades
was corrected for by measuring the correlation with the gate set just
above and just below the 248 kev line. The recult was W(8) =1+
(0. 075 + 0.015) Py {cos 8), which gave an attenuation coefficient of
G, =0.74 4 0. 15, The angular correlation observed for the 1,280 -
123 kev cascade is consistent with that of Hickman and Wiedenbeck
when corrected by this factor. .

In Section 2.3 and Appendix I, static magnetic hyperfine at-

3+ ion. The

tenuation is shown to be an expected property of the CGd
obgervation of magnetic hyperfine attenuation therefore furnishes
strong evidence that the equilibrium electronic configuration has been
reached in a time short compared to the nuclear lifetime. It is some-
what difficult to qndexatand the results of Hickman and Wiedenbeck on
the basis of the above evidence, since, although they used a different

source material, one would not expect that the relaxation time would

be markedly different. If these results are indeed correct, then the
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g-factor could be measured much more accurately in a soluiion of
EuCl_3 than in a solution of Euz{N03)3 :

The g-factor measurement itself was done at an angle of 135°
in a field of 12, 000 gauas., The observed angular correlation in the
magnetic field was W(8) =1+ (0,039 + 0.010) cos 26 . The value of
R obtained was (0. 20 + 0.25)%, which gives a value of G,w7T =
(1.25 + 1.56) x 10”2 radians.

The value of Gz can be calculated from the observed attenu-
ation in the magnetic ﬁeld. and the measured value in zero ficld to
be G, = 0.24+ 0.05. The lifetime has been measured to be (1.7 +
0.14) x 10”7 sec. 33} A pointed out in Appendix I, the calculation
of a B for Gd3+ is not reasonable, since the assumption of thermal
equilibrium is not correct. Therefore, § = 1 is used in the formu-~
las. The g~factor is calculated on the assumption that the attenuation
hag the same time dependence as that of electric quadripole attenua-
tion, which is a satisfactory approximation for the purposes of this

work. The value of g obtained on this basis is

g = 0.41:0.5 .

4.8 87 kev State of Dy °°

The level scheme for D’ylég is shown in Fig. 12. The g-
factor of the 87 kev siate has been measured by Debrunner, et §1~{37).
They observed the rotation of the angular correlation of the 800 - 87
kev cascade in 2 magnetic field using 2 solid Th,Q, source containing

160

Th °'. The measurement was done at 300°K and allowed independent

calculation of the paramagnetic correction factor, 8, and the apparent
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g-factor. The regult obtained was g=0.18 4+ 0,08, Avalueof f =
6.2 + 0.7 at T = 300°K can be calculated from their results, which
compares reasonably well with the value of 6. 7 obtained in Appendix
I.

The observed atienuation of the angular correlation was at-
tributed by these authors to effects occurring in a time short com-
pared to the nuclear lifetime. Recent work on ithe decay scheme dis-
cussed below suggests that the angular correlation should be unat-
tenuated in liquid sources, while for solid sources the attenuation
should be time dependent. Assuming the formulas for liquid sources
to hold, and taking the attenuation coeificienie G,=G 4% 0.7, which
can be calculated {from their observed angular correlations assuming
that the correlations observed in the liquid sources were unattenu-
ated, the resuit would be g = 0.24 + 0. 10,

Our measurements were done using the composite of the
1,170 - 87 kev and 1, 280 - 87 kev cascades. The source used was
neutron irradiated TH 504 dissolved in dilute HCL

R —— angular correlations of y-ray cas-

cades in Dylba have been made. S. Ofert-")

» using a source of
sz(504)3 disgolved in water, obtained for the 1, 170 - 87 kev cas-
cade W(8)= 1+ {C.08 + 0. OZ)PZ {cos 8) - (0.07 + 0.015) P4 {cos 9),
and for the 1,250 - 87 kev cascade, W(6)=1+ (0,011 +0.02) P,
{cos 8) + (0. 0C + 0.01) P4 {cos 8) . I'rom other measurements, he
concluded GZ = 0,40 + 0. 15, G4 = 0.42 + 0. 04, for the 87 kev level.
Arns, Sund, and Wiedenbeck(sg) have also studied the angular

correlations in Dymo. They used a source of Tb,O4 digsolved in
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dilute HCl. They concluded that the attenuation coefficient for the 87
kev state cannot be measured, but that the results are most consist-
ent with no aitenuation for liquid sources. For the 1,170 « 87 kev
ca.séade. théy obtained W(8)= 1+ {0. 133 + 0, 041) Pz(cos 8) + {0. 008
+ 0.083) Pé(cos 8), and for the 1, 280 - 87 kev cascade, W(8) =
1+ (0. 148 + 0. 965) P, (cos 8) - (0. 09 + 0. 14) P, (coe 8) .

Our observed angular correlation of the composite 1, 170 - 87
kev and 1, 28b - 87 kev cascades in the source used for the g-factor
measurement was W(8) =1+ (0. 058 + 0,005) cos 28 . After cor-
rection for random colncidences and finite solid angle of the counters,
this gave W(9) = 1 + (0.091 + 0.010) P, {cos 8) + (0.00 + 0. 02) P lcos e)
A separate measurement of the angular correlation was nade for a
source of Tb203 dissolved in dilute HCl, and 2 source of the same
solution with glycerine added to give a viscosity of 10 centipoise,
After corrections for random coincidenéea and finite solid angle,
these gave W({8) =1+ (0,11 + 0. 01) Pz (cos 8) + (0.02 + 0, OZ)P4(cos 8)
and W(@)= 1+ (0,10 + 0, 001) PZ (cos 8) + (0, 00) P4 {cos 8), respec-
tively. One can conclude that electric quadripole attenuation is not
high in these samples. An attenuation coefficient Gz =0.8+0.12
can be calculated for the source used in the g-factor measurement.

The g-factor measurement was done at 8 = 135% in o fleld of
12, 060 gauss. The temperature was 340°%. A total of 2x 195 counts
was observed in the 87 kev coincidence peal: for each direction of
magnetic field., The X =x-ray coincidence peak resulting from K-
conversion of the 87 kev y-ray was also observed to assure that there

were no significent sysiematic effects, A value of R = (4.5 + 0. 5)°/o

¢



was obtained, which gave a result G,wT= 0. 19 + 0. 03 radians.
The lifetime of the 37 kev state in Dym’” has been measured

- 4
tobe T =(2.6+ 0.3) =10 9sec.( 0}

The value of § for a tempera-
ture of 340°K obtained from AppendixIis £ = 6.3 . The attenuation
coefficient is talken to be 0.8 + 0. 12, as diccussed above, Using these
parameters, one can caleulate

1,36 + 0.20

i
4.9 81 kev State of Ex %6
The g-factor of the 81 kev state in Er166 was measured using

the 1, 370 - 81 kev cascade from the 1, 450 kev state. This state was
populated by [ decay of 27«hour Hou’ﬁ. The level scheme for this
nucleus ig shown in Fig. 13,

The angular correlations of the 1,370 - 81 kev cascade in

.. 166 (41)

Er have been measured by two groups. Milion and Fraser
using a source of Hc::;‘,(ft\I(.‘:-‘3 )3 maintained above its melting point,
found W(8)= 1 + (4. 137 + 0. 006) P, {cos 6) + (0. 560 + 0. 019)P4(c08 8).
Marklund, van Noodjen and Grabowsld(4z}. using an agueous source
of HoCl, found W(8) » i +(0. 226 + 0. 012) ¥, (cos 8) + (0. 783 + 0, 029)
Pé(cos 8) . Doith of these correlations are consistent only with a
3« 2 - 0 decay scheme for which the theéretica.l correlation is known,
although both of these correlations are significantly atienuated from
the theoretical value.

Our measurements were made using a dilute hydrochloric

acid solution of neutron irradiated Ho, 0. Figure 13 shows the
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pulse heighﬁ spectrum, and the gate set on the 1, 270 kev y~ray. The
observed angular corrclation, after correction for random coinei~
dences and finite solid angles of the counters was W(8) = 1 + {0. 159
-+ 0. 03) Pa {cos 8) + (3. 474 + 0. 04) P4 {cos 8} . Analysis of the pulse
helght spectfum of Fig. 13 showe that 25 + 5% of the y-rays included
in the gate set on the 1, 370 kev y-ray were contributed by the 1,520
kev y-ray. Using the theoretical coefficients for a (1(D)2(Q)C) transi-
tion for this pari of the coincidences, and the theoretical coefficients
for 2 (0{Q)2(Q)2) transition for the remainder, tlic predicted correla-
tion is W(8) = 1 + (0. 205 + 0. 02) Py {cos &) + {0.36 + Q. DS)L‘écos 6).
The attenuation coefficients calculated by comparing these two are
G, = 0.78 + 0. 12, G, =0.55+40.05. The muchlarger G, value
suggests I-ﬁerfine attcnuation‘s’. Since ‘t‘c is exmpected tole very
short, in this case Eqs. (14) and (15) should 2pply (zee Section 2. 3).

The g-factor measurencnts were made at 6 = 153 in 2 field
of 5,000 gause. The measurements extended over a period of 231
days, and the angular correlation was measured at the beginning and
end. Several measurements of the random coincidence rate were
made by inserting a long delay in one counter lead during the course
of the experimenta. The observed random-to-true coincidence ratio
varied frorm 25% to 5% from beginnix;g to end, and decreascd ez~
ponentially with the source lifetime. The true coincidence counting
rate varied from 60/counts min. to 15 counts/min. during the course
of the experiment. In evaluating the results of this experiment, all |
measurements were corrected for random coincidences but not for

finite solid angle. A total of 7, 000 counts was observed in the 51 kev
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coincidence peak for each direction of magnetic field, The coinci~

a1 %

dence peak corresponding to the -conversion z-rays of the 01 kev
y~rays was also observed as a check on systematic effects. <The an-
gular coxrelation, uncorrected for finite sclid a.n;gle but corrected for
random coincidences, was W({8)= 1+(0. 14 + 0, 02) P, {cos 8) + (0. 35 +
0. OB)Pé(cos 6). Avalue of R=(13.7 + L, 3}01’0 was observed. For
the 1,350 x~ray cascade, the observed value of R was (0.3 + Z)ofo .

To deduce the rotation from the above measurement, Eg. (14)
rmust be used, since the attenuation is high and the rotation large.
Figure 14 shows the dependence of R on w7 wusing the observed
angular correlaiion coefficieats, and the calculated values of Gy and
G 4° Tlhe cross-iatched area dencies the obscrved value of R . The
value of w7 found is w7 = (0. 14 + 0, 02) racians.

Toe lifetime of the 81 kev level of Er166

has been measured
y 42 . \ )
as (& 4+ 0,28) = 10 9 gec. (, . In Appendi=xz ], £ is calculated to be

7.7. The resulilng value of g, from Iq. {20), is

g = 0.31+0.06 .

o
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Figure 14. R vs. wt for Er 166. This curve is computed from

Eq. (14) using the observed values of the attenuation
coefficients and the angular correlation coefficients.
The cross hatched area shows the observed value of R,
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V. COMPARISON TO THEORY

5.0 Introduction

The magnetic moment of a many-particle nucleus depends
very sensitively on the nature of the nuclear force and the details of
the nucleon configuration. Since nuclear theory has not progressed to
an understanding of these phenomena, the calculation of such mag-
netic momentz is at present impossible,

Because of the inherent difficulty of the problem, most of the
progress made in explaining the properties of nuclear states has
therefore been through the use of nuclear models. There are pres-
enily three of interest in discussing magnetic diﬁola moments of nu-
clei. A brief outline of these models as they refer to nuclear mag-
‘netic moments is presented below.

A
The firet model of interest is the nuclear ghell xmw:hsl{4 ".

This model visualizes a nucleus consisting of essentially non-
interacting particles moving in a spherically syrmmetric nuclear po-
tential. The propertics of such a system are quite analogous to those
exhibited by the atomic electron shell. In particular, for instance,
each nucleus can be regarded as having an orbital angular momen-
tum, ¢, and a spin angulay momentum, s . For odd-A nuclei, in
the simplest picture, the properties of the nuclear state are assumed
to be those of the last odd particle, the spins and orbital moments of
the other particles being assumed coupled to zero.

Prediciions of magnetic moments using this model are easily

made for odd-A nuclei. Using the free nucleon values for gpin and
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orbital g-factors, one obtains(M’ for a nucleus with odd 2,

Moo= (2T94 X 5) M for 1= $+ %
(21)
M =i—:",1"'1 (*2.79+I+%),Un for 1= ‘-%
while for an odd-N nucleus,
Moo= o= L9l for 1= $+ 1
1 . (22)
gy BN for 1= .3

These formulas give the so-called Schmidt limits for the mag-
netic moments, which although confirmed in a few cases by experi-
ment, are generally in ervor by as much as 50%. However, in
virtually all cases where they are applicable, the Schmidt limits do
indeed furnish an upper or lower limit for 1= & + L and 1= $.4,
respectively. Since several factors such as configuration admixtures
and residual interparticle forces are ignored in this calculation, it is
not Bﬁrprising that many experimental resulte are in disagreemeont

with it.

-

(45)

More recently, the collective model of Bohr and Mottleson

has had some success in explaining the properties of nuclei in certain
regions of the periodic table. ‘The basic concept of this model iz that
the nucleus hag an ellipsoidal rather than a sphericzal shape. This
gives rise to nuclear energy levels coming from a collective rotation
of the nucleus around an axis perpendicular to its axis of symmetry.
The assumption is made that the rotation of the nucleus does not af-

fect its intrinsic configuration. This simple model has had striking
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success in explaining the properties of low-lying nuclear states for
heavy nuclei lying between closed nuclear shells in the periodic fable.
{See for instance Alder, g}_g}_(z” for a summary of experimental
results. )

| The rotational fnotian now contributes to the magnetic mo-
ment of the nucleus. Using the usual terminology for this model,
where 1 is the total nuclear spin, X the quantum number agsoci-
ated with the intrinsic angular momentum of the nucleus (and also the
spin of the state upon which a rotational band is based), and By and
Bg the _g-falctors associated with the intrinsic and rotational motions
 respectively, the magnetic dipole moment of a nucleus for X # % can

be written

2
A » [gRI+(gK°3R)f§—Ij}Mn' . R

{The additional complexity associated with K = 4 is discussed in the

section on Tm169

below) It is a consequence of the model that i
and gg in Eq. (23) should be constant in any rotatiomal band. It can
be seen that if this is indeed the case, measurement of two magnetic
momenis in one rotational band allows independent calculation of Zer
and gp , when K # 0, 3, while in a band with K = 0, measure~
ment of only one g-factor determines g

Theoretical ﬁredictionl for the value of gn depend upon a
knowledge of the details of the nuclear ﬂow.. The simplest models of
rigid rotation or perfect hydrodynamic flow, where the nuclear mat-
ter moves as a uniformly charged fluid, give gp = Z/A. One would

expect, however, that g, does not vary repidly from anucleus to
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nucleus in a given reglon of the periodic table,
The value of e in this model can be predicted only by
making definife assumptions about the intrinsic nuclear structure.

The unified nuclear model does this by assuring that the general con-

cepts of the sheil model apply to the ellipseoidal nuclear potential as-
sumed in the collective model above. Nileaon(ls’. for instance, has
calculated the ordering and wave fu::;.ctions for the sinzle particle
states in au ellipsoidal harmonic ascillator potential with added & . s
coupling as a function of a deformation parameter, § . DBy making
the assumption thai the intrinsic nuclear propefties of odd-A nuclei
stem from the motion of the last odd particle, he is a.%:le to predict
ground state spins, nuclear momenis, and other nuclear properties.
Formulas for Gy are given in this work 28 a function of the tabulated
wave functions,

Mottleson and Nileson have applied this model to the proper-
(46)

ties of many odd-A nuclei in a recent paper with marked success.
Figures 16 and 17 of this reference show theoretical and experimental
magnetic momenis for nuclear ground states, calculated using

8p = Z/A ., Thereisa consiatept disagreement to be seen of the
order of 0.6 M, or less in virtually all momenis plotted. This
rather consistent small deviation may poseibly arise from the effects
of residual interparticle forces not considered in the chosen poten-
tial. It should be noted that configuration mixing is much more ac-
curately considered in this model than in the simple nuclear shell

modiel.

In the several subsections below, each nucleus is studied and



treated separately, and the interpretation of the result is discussed

in terms of the applicable model theory.

75

5.1 As

The As75

nucleus is one in whicl: one might hope, by using
measured values of magnetic moments and other nuclear parameters,
to justify the use of one or another of the nuclear models, The mag-
netic moments can be caleculated from the simple shell model formu-
las of Eqs. (21) and (22). The results for the ground state and the
280 kev state zre 3,75 M o and 0.87 M n respectively. These values
can be compared to the measured values of 1, 43 U 5 and (0. 42 +
0.13) i » respectively. Iepecially for the ground state moment
this agreement ie rather poor. 7

Manning and Rogersmn have shown that several properties
of the low-lying etates of .A.s75 can be understood on the basis of the
unified model. The groumd state and the 280 kev state are assigned
to Nilzson orbits 16 and 15, respectively. E‘igure 15 shows the the~
orectical magnetic moments of the two states plotted as a function of
8 , the distortion parameter. 8y = Z/A has been used in the calcu-
lation. The value & = 0.2 shown on the graphs is that predicted
from the measured ground state quadripole moment. The measured
magnetic moments can be seen to be in qualitative agreement with
those predicted on the Nilsson picture, and can thus be said to be con-
sistent with the pr.apoaed model explanation. Since these states are
both single-particle states, » separate calculation of gx and 8n is

not possible.
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e e

A soracwhat different outlook must be taken for I‘m147. Very

little is knovm about this nucleus. The spin and magnetic moment of
the ground state have not been measured, and the gpin of the 91 kev

state is not known. Shell model considerations have suggested spins
of 5/2+ and 7/2+ for the ground state and the first excited state with
an wncertain order. . It is possible to differentiate between these two
possibilities on the basis of this measurement,

The s-hell model prediction of the g-factor is g = 0.49 for a
7/2+ etate, and g = 1.92 for a 5/2+ state in an odd-7 nucleus from
Zqe (21} Our moasurement, g= 0.9 + 0.2, would seem to rule out
the 7/2+ spin for the 91 kev state.

It must be said that while this measurement illustrates the
posaibility of g-factor measuremecnts playing a role in the assignment
of nuclear spins, a real understending of the structurc of this nucleus

awaits future clarification of tiwe level scheme.

5.3 'I'mmg

169

Tm is a highly deformed nucleus, and the unified model

has had considerable success in predicting the properties of its low~
lying levels. It is thercfiore of considerable interest to attempt a
detailed comparison of the magnetic moments with the model pre-
dictions. ‘

The properiies of the low-lying states of this nucleus were
(48)

extengively studied by Iatch, Boehm, and Marmier » Their re-



-6 le
g 1 2 T (4"6) 3

sults, as summarized by Mottleson and Nilsson'™ /, show the 5/2+,
118 kev state as the second rotational state based on the 1 /2+ ground
state. & is found to be 0, 28 and the decoupling perameter, a, is
- 0.77 . The ground state is identifled with the (411%) orbital.

Since the ground state of this rotational band has 1= 1/2, a
slightly more complicated formula for the moment must be used.

From Reference 18 the magnetic moment for the case K = 1/2 is

3
M = [I"II_';I')' {gzc'gﬂ) [1 = (21';'1){'1)1_-2‘00] +1 GR] M n * {23)

The constant bo » related to the decoupling parameter a,
must now also be determined from the results along with g, and
gg Three experimenial quantities instead of the previous two rmust
therefore be used to determine these constants. In principle, the re-
duced M1 transition probability between two of the rotational states
may be used with the ground and excited state moments for this pur-
pose, but the resulis are not sufficiently accurate to be of interest.
Bernstein and de Boeng) have used two such M1 transition proba-
bilitiee determined from Coulomb excitation data together with the
ground state moment to obtain gy = 0.23 £ 0.12, gy = -1.76 + 0. &4,
b, = 0. 0+ 0.12. Using these values, one can ca?lcul'ate the expected
moment of the 5/2+ state as 4 = 0. 45 + 0. 50 in crude agreement with
our value of M = 1,0+ 0.3,

Using the MNilsson wave functions, the variation of the g-factor
for the 5/2+ state with deformation parameter »n has been calculated.

The results are shown in Fig. 16, where the solid line is for gp = 0.4
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and the dotted curve is for Bp = 0.2. (iThe measured rather than
the calculated values .of the decoupling paramc;ter, a , were uaed for
these curves.) The assumed deformation is indicated. It can be seen
that this result is in agreement with the theory for gg = 0.2,

Interpretation of these results is rather difficult. [he agree-
ment between our measurement and the Nilsson prediction is not
shared by the values of Bernstein and de Boer, since for the observed
deformation the caICulated-gK is -2.4. However, our results are
in agreement with those of Bernstein and de Boer within the guoted
errors. The situation could perhaps be clarified by the measurement
- of the magnetic moments for the 3/2+ level and the 7/2+ level. Both
of these experiments appear feasible, and the results c,"ould provide a

very interesting check on the theory.

5.4 Lu175

(

rarmier and Boehm 50) have studied the level structure of

Lu”‘5 . Their results, as quoted in Mottelson and Nilsson(éﬁ)

show
reasonable agreement with the predictions of the unified nuclear
1nbde1, and it is of interest to see if the predictions of the model for
the g-factor can be verified as well.

=
The 9/2+, 114 kev level in Lgl™®

is identified as the first ro-
tational state based on the 7/2+ ground state. The ground state is
identified as the (404 7/2) orbital with = 0.28. The measured
value of the ground state moment is u = (2.0 % 0.2)/un. (51) Using

experimental values of the reduced transition probability and the

ground state moment, Berstein and de Boer obtained B = 0.30 %
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0. 06, = 0,65 + 0,06 .

g
Using the ground state moment quoted above, and the excited
state moment c»i.,u = {22+ 0.9 _ , the values of g, and g, ave
found to be g, » 0.51+0.20, gp =0.840.7. The g, predicted from
the unified mndél for the chosen deformation is By * 0.41. This
value is somewhat in disagreement with the valus obtained by Bern-
stein and de Boer, but is included within the error of our rather less

accurate result,

5.5 metTt

e s

The level structure of Hfrﬁ'

has been studied by Hatch,
Boehm, Marmier, and Du Mond!32), Their results are summarized
in Reference 46. They interpret the 113 kev 9/2- level as the first
rotational state based on the 7/2- ground state, which is assigned as
the (514»7/ 2) orbital with a deformation parameter 8§ = 0.27 . The
meagured ground state magnetic moment _is M= {0,614+ 0. 03);1!;. (33)
Using experimental valuee of the reduced M1 transition probabilities,
Bernstein and de Boer found g = 0. 215 + 0. 014, gy = 0. 162 + 0. 010,
The value of the magnetic moment for the 9/2- state :.'em:.lt.!ng
irom our experiment ia U = (0, 90 + 0, Z27) M 5 " Combined with the

ground state moment, this yields ER = 0. 24 + 0. 16, = 0,15 + 0.04,

B
The theoretical prediction using the Nilsson wave functions is By =
0.41 . The experimental values of g;; are in agreement, and both

show marked disagreement with the predictions of the model.

5.6 Ewen-Even Nuclei

As is pointed out in the first part of this section, measurement
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of the g-values of the first rotational state of an even-even nucleus
constitutes a direct measurement of B Three such g-factors have
been measured in this work with a sufficient accuracy to be of practi-
cal interest; SmlSZ, Dymo. and Ermé. The fourth measurement,
C—dwé. is interesting in that it serves to confirm many of the as~
sumptions made in deriving the paramagnetic correction factor as
well as pointing out the dangers Inherent in these measurements where
the assumptions made are not fulfilled.

Table 2 is 2 summary of the existing mcasurements on g-
factors of the first rotational ctates of even-even nuclei. These re-
sults are obtained from experiments similar to these, and experi-
ments utilizing angular distribution rotation measurements following
Coulomb excitation., (The corrections to the résults of Goldring and

152 are discussed in

Scharenberyg, and Sugimoto for the case of Sm
Section 4,6, ) The mecasurements quoted seem to show a trend in 8r
from values of about & Z/A at the lowest A values, to values ap-
proximating Z/A in the case of high A . Unfortunately, there are
not enough resuits of sufficient accuracy to warrant drawing detailed
conclusione about the variation of En with A .

The values of g, for many odd-A muclei have been calculated
by Berustein and de Boer'*? from Coulomb excitation mesasurements
of reduced M1 transition probabilities and the known ground state
moments. The results are shown in Fig. 17. The values of 8n for
even-even nuclei quoted in Takle 2 have been included for compari-
son. The trend of the En ’valuea with A appears very similar for
odd-A and even-even nuclei, the predominant difference being the low

values of g, for even-even nuclei in the region of A = 150° .

“%



TADLE 2

g, for even-even nuclei

wNucleus 218 BExperimental . Ret.
Values
oolid " ¢.40 6. 220, 04 (a)
6351:11152 0.4l G.30+0. @6* (a)
G.28x8, 07 (b)
o608 6.4l 0.18%0. 08 (c)
C.28+0, 7 (b)
6a 166 0. 41 6. 310, 06 (b)
0 4 ; 5
- et 0.40 0.3820.05 (d)
£ (a) Goldring and Scharenberg (29)

(b) present work
(37)

(60

(¢} Debrunner et al_

(d) Bodenstedt et al

Corrected for effects of paramagnetism according to Appendix 1.

Surnmary of experimental results for the rotational g-factor g, of
even-even nuclei. =
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Figure 17. Experimental values of gp. The solid and open circles are for odd-Z and odd-N nuclei

respectively. The values are taken from Ref. 49. The crosses show values for even-

even nuclei taken from Table 2.
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V1. CONCLUDING REMARKS

6.0 Discussion

We have scen that in these experiments, the directly meas~
ured quantity is the rotation of an angular correlation for some y-ray
cascade in an applied magnetic fleld. The rotations have been inter-
preted in terms of g-factors, using the formulas developed in Section 2.

In deriving these formulas, certain assumptions have been
made concerning the effect of electron paramagnetism, as expressed
in the formulas by the parameter $, and concerniang the n;:.tﬁre of
any atienuation of the angular correlation, &z expressed by the param-
eters g, . The wvalidity of the interpretation of the rotation in terms
of a g-factor depends on the validity of these assumptions. It is
thercfore well to summarize them briefly.

In the calculation of the paramagnetic correction factor 3 for
the 3+ raxe earth ions, it wae assumed that:

1. The nuclei interact with the time average of the z-com-=-
ponent of the field due to the paramagnetic electrons., This requires
that the time, T _, in which the electronic mégmtic field changes its
orientation, be very short compared to the nuclear lifetime, asg well
2z that the nueclear precession frequency in the electrom field be small
compared to 1/ e, ¥ *

2. The electronic configuration of the ion containing the
nucleus must be that of the 3+ daughter ion during the intermediate
state of the nucleus. This requires in moeny cases a very rapid re-

orientation of the electronic configuration.
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If there is an attenuation of the angular correlation, then it is
also assumed that:

3. Any attenuation of the angular correlation must be unaf-
fected by application of an external magnetic field, and must, further,
result from an intera.étinn with a fleld whose clzargcteristic time, T e’
for remaining constant in direction is very small compared to the
nuclear lifetime.

Attenuztion caused by interaction of the nuclear electric
quadripole moment with the fluctuating electric fields in a liguid, and
certain types of attenustion caused by interaction of the nuclear mag-
netic dipole moment with a parameagnetic electron shell in a liquid,
fulfill the above reguirements. Attenuations in solids may not.

In the derivations of Appendix I and Section 2, the justifica-
tion of some of these assumptions is discussed, and the paucity of
direct evidence as to their validity (especially assumption 2) is men-
tioned,

Our experiments, however, do furnish considerable indirect
evidence that these agsumptions are justified, some of which may be
briefly summarized,

First, several of the g-factors obscrved have been measured

by other methods, using for instance different methods of popudating

he intermediate state (Smmz). or 2 source in = different form (Tbmo
and SmlSa), The agreement found is satisfactorily within the errors

in these cases. In two cases, }If.l?? and ,Lu”s. derived values of

&y and Er for odd~A rotational nuclel can be compared to gimilar

resulte obtained from an interpretation of Coulomb excitation data.
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The results are in agreement. The case of Gd154, in which para-
magnetic attenuation was found to be severe, can be explained as an
expectable breakdown of asgumptions 1 and 3, but requires that as-
sumption 2 be fulfilled. Finally, there is a direct measurement of

166 gource obtain-

the paramagnetic correction factor for a solid Tb
ing results in agreement with those predicted. One can conclude
from this that the evideance for the validity of this method of measur-
ing g-factors, provided that care is taken to conasider special cases,
is very good.

The separate discussions of the interpretation of each meas-
urement demonstrated some of the different possible uses a2 g-factor
measurement may serve. In the case of ABTS, the measurement
served as a check on the explanation of the nucleus in terms of the

unified model. In Pm}'47

it was possible to make a tentative assign-
mnent of a spin on the basis oi shell model considerations. For the
odd-A nuclei known to be collective in nature, the measurement
served to predict ERr and 8 » the latter of which can be predicted
from the Nilsson model. In the case of the even-even collective nu-
clei, our measurements served as a direct evaluation of B 2
parameter of considerable interest in the theory of the collective
model,

The resgults of the measurements on the odd-A collective nu-
clei suggest that there is some discrepancy between the rmeasured

values of gy and those predicted by the Nilsson model. These

measurements, on the other hand, are not a ssnsitive measurement

ofgq.
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Our measurements on even-even collective nuclei in the rare
earth region indicate that there is considerable deviation of the rota-
tional g-factoz, B » from the value gg = Zz/A . Thie deviation
seems to vary with atomic number as well. More work in this area
would probably be of‘interest to the theory of the unified and collec-
tive models.
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APFPENDIX 1

Parama.g_xetic Correction Factor

This appendix digscusses the calculation of the effect of elec-
tron paramagnetism on angu];ar’correlationa in an applied magnetic
field. The effect is calculated for the rare earth 3+ ions, which are
assumed to be in a liquid solution. It is assumed from evidence dis-
cussed in Section 2. 4 that the nucleus interacts with the time average
of the z-component (along the direction of the applied field) of the
electronic magnetic field. If this assumption is correct, the effec-
tive magnetic field, H g+ at the nucleus when an external magnetic

field, H, is applied, is in the direction of H and can be written
Hype = BPH . {1A)

The calculation of 8 ie the subject of this appendix.

In order to calculate £ , the electronic configuration of the
ion during the intermediate state of the nucleue must be known. Be-
cause of the previous nuclear transitions, this may be difficult to as-
certain, A typical case we encounter is that of 2 § decay followed by
a y-ray cascade. At the beginning of this event, the ion is assumed to
be in the 3+ ionization state of the parent element. Sometime during
or after the event, the ion reaches the atabie 3+ configuration of the
daughter element. If the time for reorganization of the electronic
shell is very short or very long compared to the nuclear lifetime, the
effect can be calculated.

Some relevant times for such reorientations to occur in a

liquid can be inferred from various sources. The correlation time,
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-12 {5)
: ‘Z"c for water molecules in water is known to be -~ 10 sec.

This number is related to the collision time in the liquid' and is ex-
(5)

Goldring and Scharen-~
12

pected to be similar for ions in solution

(29)

berg state that a paramagnetic relaxation time of less than 10~

sec. is required to explain their observed angular distribution results

e and Sm:‘l+ ions in solution. This time is essentially the

from Nd
time in which the electronic engular momentum changes its orienta-
tion, and is again closely related to the collision time. Collisions
will play a strong role in de-exciting any excitatinns of the outer elec-
trons, and one therefore would expect that this type of excitation
would be removed in 10'12 sec. or less for paramagnetic ionsg in so-
lution. -

In the case of a § decay, it is also necessary for the ion to
pick up an extra electrbn. while for a K-capture event, it may need to
acquire as many as five or six electroms to compensate for the loss of
Auger electrons in the resulting x-ray caséade. The time necessary
for picking up an electron is difficult to estimate, and there is no di-
rect experimental evidence available. One might again suppose that
a relevant time would be the collision time.

On the basis of the above discussions, it is reasonable to as~-
sume that the electronic structure is that of the 3+ ion of the daughter
element during the intermediate state, and therefore, the lcalculation
is done on this basis. The specific calculation of the f-values with
the above assumptions has been discussed by Goldring and Scharen-

(47)

berg(zg) for some isotopes, by Mamning and Rogers , and by Kana-

mori and Sugimpto[34). The results obtained are similar, with the



exception that Kanamori and Sugimoto have pointed out that for the

3+. Sm;'*'. and Pm3+

case of Eu a more accurate treatment is required
than that given by Manning and Rogers. The derivation of the formu-
las of Kanamori and Sugimoto (which contain some numerical errors)
and Manning and Rogers is given below. .

The electronic structure of rare earth 3+ ions is discussed by
Eliot and Stevens‘sﬂ and by van Vleck(ss). The electronic configu-
ration of the rare earths is of the form (4f)" where n varies from
1 to 14. L-S coupling is appropriate, and the electronic states can
be charadterized by L., S and J, in the usual way. The ground
electronic state is determined by Hund's rule. Energy splittings of
the ground staie J due to the crystalline fields are small compared
to KT at room temperature, and thus can be ignored. The f{irst ex-
cited electronic state, characterized by L, 8, J', falls from 400%%
to 10, 000°K above the ground state, and ie thus not significantly pop=
ulated at room temperature.

The energy of interaction between the electronic structure and

an applied magnetic field is of the form‘ss):

H, = ;ucrf- (C+28) . (2A)

1

For 1L.-8 coupling states, this gives rise to a set of energy levels
which can be specified (to first order) by J and M, the total angu-
lar momentum and its projection on the axis of the field. The energy
is

E{(IM) = Mo &1, HM . (3A)

where g, is the Lande g-factor.
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The energy of iateraction of the nucleus with the atomic elec-

tron shell can be written as(54):

{r, - 8,)
. 1 i T% LT
Hy = ) 2/%“:;%1‘;3’)[ By -8 +3x; ~r [T
i i i
where the sum is over all wnpaired electrons, and I $ is the orbital
angular momentum, 8, the spin angular momentum, and ¥, the co-

ordinate of the im electron. The contribution from s elecirons has

been ignored. Eliot and Stevens define an operator N such that
B3
1—12=z/40,4ngn(;.g;n.1 . (54)

The nucleus also interacts directly with the applied external field.

he energy of this is

Hy = g g, He 1 (6A)

If the eigenstates of H;, are assumed of the form [JMD , and states
of only one J are populated, then, since the z-compomnent only is of

interest, the time average of H, can be written

ry <aM|N_ | v e EITMMKT -
Hp = 2 MMy 8y (301, Ty, SEOMTRT : L]
M

M

Eliot and Stevens show that the quantity M|, |JM) can be written
as

QMIN 3D = QINlTd> guala, 1D
where the '"reduced matrix elements” J|N||J D ave independent of

M and are tabulated for each element. Upon expanding the Boltsman



factor, Hz can be written as

2
L B EM
B ' Z )
I{znz/"oungn(?)ls <3“N“3> = &J+ 1 . (i
which becomes
. (JIINIIJ Moo 8y, AT+ 1)
Hzn 2/u gn( By 42 : YT le . (FA)
Now P - 1 is just the ratio of this to Hy . o7
Hy T <IN Mo sf JHI+1)
f-1 = % 2 () : (10A)
Hy e Ey, 3RT

Van Vieck's definttion!®®) of M g under the assumptions made
{multiplet eplittings wide compared to KT ) is

g = gh I . (11a)

Also, with thies assumption, Eliot and Stevens give

T <Ilimlg> -

12A
=) &1, gugn /"‘n”o) V"

2 (g

In their notation, g, = IPANTY . ALl of this derivation depends
on the separation of the first excited electronic level being far above
the ground level. '
. 3+ 34+ 4+
For 8Sm~ , Eu ', and Pm™ ', this approximation is not good,
. a8 pointed out by Xanamori and Sugimoto(34’. For these cages, the
mixing of the first excited state into the ground state by means of the

rﬁagm’dc field (the second order Zeeman effect) is significant at room



e
tempera.ture'. The result of this can be seen 1n the susceptibility
rﬁea.surements. for instance. M 1ig still an eigenvalue of H,» and
the eigenstates of Hl can be written |

JM|H,|I'M
< |_ZEJ'>IJ'M> . . (134)

|« MY = _}.JM)+ Z
I3

In practice, only J'=J + 1 contributes. The time average of H,

then becomes
T
Hy 2 2,00 gn(:guz *

Z(JM]NZIJ'M DI M|, |5 > _E(xM

J‘l
) Camin|anmd+ ‘ T 3
E{oc M) (14A)
L o i
M
or, upon expanding the Boltzman factor and summing,
- 5 T (JHNuJ) /“ EL I+ 1)
HZ Z.MB an( 8. T 1. Iz
Z y CaMIN | 3'™M D I MIH, | IM D 1 N
E;-E “ L (15A)
M J J I
and
e | I+ 1
3 r L
1 1 MmN, | M T M| H, L TM D
+z]1r;:ﬁ ZZ E.-E., . (16A)

J J

M I
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The factors <JINIIID> , and gy, = IANT > are given by Eliot and
Stevens, as well as the matrix elements A M|N2|Ji-_1. M > and
- E

(JMILB+ ZSBIJil. M>: The valuee of E are also tabulated.

J J!
Values of (:1; } accurate to about 5 /o are given by Baker and
r
Bleaney(sb). Table A-1 lists the relevant parameters for each ion,

and shows f£-1 from Eq. (10A) in column 6, and p-1 for Pm3+ and
Sm-j+ from Eq. {16A) in column 7. The effect is small excepi for
Sm3+.

It can be mentioned that for the case where £q. (10A) applies,
namely, no admixtures of other J states, the ratio Al(g"gn) is in-
dependent of the coupling model used for the electrons. Crystalline
field splittings and breakdown of L-8 coupling, for instance, do not
affect this ratic. Since the value of M iff can be gotten from sus-

"
cepﬂbﬂiﬁes(gﬁ)

» and the value of A/(g"gn) can be measured exper-
imentally by paramagnetic resonance, the value of -1 can be checked
against that derived from experimental quantities. The result, as

el ig given in column 8 of Table A-1.

shown in Manning and Rogers
The agreement is in general good, except in the cases mentioned.

The calculation of § for Gd3+ ig not applicable to the experi-
ments, since it is believed that the assumption of thermal equilibrium

made for the electron shell is not valid in this case (see Section 2. 4).
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TABLE Al

PARAMAGNETIC CORRLECTION FACTOR

1 2 3 4 5 6 7 8

fon | I UINII> “;’"" 12 | Metr | (4 2 pa £-1 pel
ad - 0.3 "_1 " .2 corrected exp.

(A } (e =10 )

La " o - - o " o

Ce 1. 6C 2.54 | 32.5 2.79 C.4 0.5

O 1. 65 " %.88 | 3% .13 1.0 1.2

Nd 1.81 3.62 | 42 3,76 1.3 1.5

e 2.26 2.68 | 47 1.0 0.92

Sm 5.42 . 0.84| 5l 4,18 0.9 G.15 0.3

al 0 57

Ga | 0 7.84| 62 o 0 -

b .36 9.7 68 1.18 3.0 3.2

Dy G.53 10.6 74 5,8 |

Ho 0.6l 10.6 30 7.2

Tir 0. 65 g.6 85 2.46 6.1 6.7

Fm .67 7.6 92 4.6

Yb 0.67 4.5 98 1.7

I_m - 0 - - &} ¢ -

Relevant parameters for the calculation of the paramagnetic correction
factor { for rare earth 3+ ions. Column 6 shows the value of 2-1 cal-
culated from Zg. 10A., The corrected value of f-1 from Eq. 164 is

given in column 7 for Pm and Sm. §£-1 calculated frora experimentally
measured parameters using ©g. 124 is given in column 3 for comparison.
All results are for a temperature of 3C0%K. Values in column 2 are
from Ref. 54; column 3, Ref. 55, column 4, Ref. 56; column 5 Refs, 57
and 58. '
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