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Abstract

The perturbed gamma-gamma angular correlation technique has
been used to measure the magnetic moments of several nuclear excited
states. The magnetic moment of the second excited 2+ state in
lO6Pd has been measured to be p = 0.74 = 0.14 nm, in good agreement
with the interpretation of that state as a two-phonon quadrupole
vibration about spherical equilibrium. The magnetic moment of the
two-quasiparticle 2" state at 1289 keV in 182W has been measured to
be m = 1.04 + 0.24 nm, in poor agreement with the predictions of
the '"strong-coupling'" approximation. The probable origin of the
discrepancy is discussed. The following magnetic moments in odd-mass
thulium nuclei have been measured: the 5/2+ level at 118.2 keV in
L Wil = 0,79 & 0,08 nmy the 72T level st 135.9 ke¥ 45 "5
with pw = 1.33 £ 0.07 nm; the 5/2+ level at 116.7 keV in l71Tm with

0.81 + 0.37 nm; and the 7127 level at 129.1 keV in 171Tm with

ol

B =1.44 £ 0.14 nm. In addition, the multipole mixing amplitude for
the 109.8 keV transition in l69Tmihas been measured to be

5(E2/M1) = -0.15 * 0.02, and the crossover-to-cascade transition
intensity ratios for the 5/2+(116.7 keV) and 7/2+(129.1 keV) states
in 171Tm have been measured to be Iy(5/2 —>1/2)/Iy(5/2 = 3/2) =
0.115 £ 0.005 and I£0t<7/2 _93/2)/Itot(7/2 - 5/2) = 3.22 + 0.58,
respectively. The results of the measurement in the thulium nuclei
have been used in conjunction with other data to determine the para-

meters in the rotational model description of the nuclei. The

magnetic parameters are interpreted in terms of transverse and



iv

longitudinal spin polarization effects, where only qualitative
agreement with theory is found. A correction to the rotational model

predictions of electric quadrupole transition rates is also dis-

cussed.



Part

IX

IIT

IV

TABLE OF CONTENTS

Title

INTRODUCTION

DESCRIPTION OF THE PERTURBED ANGULAR CORRELATION

TECHNIQUE

1. Introduction

2. The Directional Angular Correlation between
Gamma Rays Emitted in Cascade

3. Perturbation of the Angular Correlation by a
Static Magnetic Interaction

4. Perturbation of the Angular Correlation by

MEASUREMENT OF THE MAGNETIC MOMENT OF THE SECOND

Fluctuating Electric or Magnetic Fields

EXCITED IJt = 2+'TWO-PHONON VIBRATIONAL STATE

IN

3

4,

MEASUREMENT OF THE MAGNETIC MOMENT OF AN Iﬂ = 2
TWO-QUASIPARTICLE STATE IN

1.

Zs

106Pd

Introduction - Vibrational Models

Experimental Procedure and Apparatus

a. The Gamma-Gamma Cascade
b. Source Preparation and the Magnet

c. Detectors and Electronic Apparatus
Results

Conclusion

182w

Introduction - Rotational Model and Strong
Coupling

Experimental Procedure and Apparatus

a. The Gamma-Gamma Cascade and the Magnet
b. Source Preparation and Detectors

c. Electronics

L1

15

15
21

21
24
25

30

36

37

37
40

40
42
42



VI

35

4.

vi

Results

Conclusion

MEASUREMENTS ON THE GROUND STATE ROTATIONAL BANDS

OF

1Y8

l69Tm AND

171Tm

Introduction

Source Preparation, Magnet, and Electronics

169

Measurements in Tm

a. Measurement of the Magnetic Moment of the
138.9 kev I" = 7/2" state in %m

b. Attenuation of the Angular Correlation
through the 138.9 keV State

c. Measurement of the Magnetic Moment of the
118.2 kev 1" = 5/2% State in °7Tm

d. Measurement of the E2/M1 Mixing Amplitude

of the 109.8 keV Transition in 169Tm

. 171
Measurements in Tm

ae.

Measurement of the Magnetic Moment of the
129.1 kev I" = 7/27 state in ' lm
Measurement of the Magnetic Moment'of the
116.7 keV Iﬁ = 5/2+ State in 171Tm
Measurement of Branching Ratios from the

176.1 ke T® = 779" and 116.7 k¥ 15 = 55"

171
States in . Tm

ANALYSIS OF THE PROPERTIES OF THE GROUND STATE

169 171Tm

ROTATIONAL BANDS IN Tm AND

L

Zn

Introduction

Determination of Rotational Model Parameters

Rotational Model Formulas

Least~-Squares Fitting Procedure

Results of the Fit for 169Tm

Results of the Fit for 171Tm

44

50

53
53
o4

58

58

65

69

70

7L

71

17

82

85

85

87

87
88
90
94



APPENDIX A

APPENDIX B

APPENDIX C

REFERENCES

vii

Interpretation of the Rotational Model
Parameters in Terms of Single Particle
Matrix Elements

a. Transverse and Longitudinal Effective
Spin g-Factors

b. Discussion of the Parameter ¢

Conclusion

94

94
99

101
103
107

112

115



I. INTRODUCTION

Nuclear ground state spins and magnetic moments determined from
nuclear magnetic resonance, atomic and molecular beam, and optical
spectroscopy experiments havé played a large part in the development
of the nuclear shell model. The use of Mossbauer effect and perturbed
angular correlation methods has permitted the measurement of spins and
moments of nuclear excited states. Based on these and other spectro-
scopic properties of exéited states in nuclei, theoretical descriptions
of nuclear structure have been developed which account for many of the
observed nuclear properties. In Chapter II, the perturbed angular cor-
relation technique is discussed, and in following chapters, measure-
ments of several magnetic moments of nuclear excited states using that
technique are described. The measurements provide a test of the
applicability and limitations of the theories pertaining to three dif-
ferent classes of excited states.

The concept of two basic modes of excitation in nuclei has been
utilized, rather successfully, to explain observed spectroscopic
properties of nuclear excited states. They are the collective excita-
tions, in which a large number of nucleons participate, and the parti-
cle excitations, in which only one or a few nucleons are involved. Any
given nuclear state may consist of one or a combination of both ex-
citation modes. In-Chapter III, the theoretical models describing
some collective vibrational states in spherically shaped nuclei are
discussed, and the measurement of the magnetic moment of a state to
which the models apply is presented. The state under consideration is

in the medium weight even-even nucleus 1O6Pd and may tentatively be



classified as a two phonon+ collective vibrational level. As yet, no
other moment measurement on such a state in the medium weight region of
spherical nuclei has been reported. The measurement is intended to
discover whether that state is truly c&llective or includes single
particle excitations. The instrumentation developed to perform the
measurement with high data collection rates and minimal systematic
errors is also described.

In addition, several measurements have been performed on nuclei
possessing a stable spheroidally deformed shape. Besides single
particle and collective vibrational states, these nuclei display
collective rotational excitations. In fact, it has been found that
rotational bands, analogous to those found in molecular spectra, are
built on all particle and vibrational excitatioms. The rotational
model, which accounts for the properties of these bands, contains at
least one, and in one case considered, two parameters related to the
magnetic structure of the intrinsic state upon which the bands are
built. The values of these parameters are in turn predicted by the-
model applicable to the intrimsic excitations, which, in the cases
studied, is the Nilssoﬁ model for the shell structure of deformed
nuclei.

In Chapter IV, the measurement of the magnetic moment of a state,
formed by the excitation of two protons, in the even-even nucleus 182W

is described. The result of the measurement, along with other known

+ The term "phonon'" is borrowed from the solid state nomenclature
where it refers to one quantum of lattice vibrational energy.



properties of the rotational band built on this intrinsic state, is
used to deduce the magnetic parameter characteristic of the structure
of the state. 1In this way, the wvalidity of the strong-coupling rule,
which suggests the two protons are coupled independently to the deformed
nuclear core without interacting with each other, is tested.

The last two chapters are devoted to the description of measure-

s - . 169 171
ments performed in the odd-mass deformed nuclei Tm and Tm and of
least-squares fits of the rotational model to all currently known
electromagnetic properties of the ground state rotational bands in these
nuclei. The measurement of the magnetic moments of two levels in the
ground state rotational bands of each nucleus is presented in Chapter
V. The determination of the multipole mixing amplitude of an intra-
5 . 169 > ;
band transition in Tm and the crossover-to-cascade branching in-
2 ; . 171 ; ;
tensity ratios from two states in the Tm band is also described
there. 1In Chapter VI, the results of Chapter V and of other investi-
gators are compiled and fit to the rotational model description of the
nuclei.  The electric and magnetic parameters of the model, determined
in this way, are then used to investigate the intrinsic structure of
169 1771, — : :

the Tm and Tm ground states. Specifically, the renormalization
of some single particle Nilsson model matrix elements due to a spin-
spin interaction of the odd proton in thulium with the remaining
nucleons is accurately determined, and a correction to the rotational
model description of electric quadrupole transition rates is discussed.

All of the measurements to be presented here may be found reported

in less detail in refs. (1), (2), and (3).



II. DESCRIPTION OF THE PERTURBED ANGULAR CORRELATION TECHNIQUE

-II.l Introduction

In 1950, Brady and Deutsch(4)recognized the possibility of
measuring the g-factors of nuclear excited states using an anisotropic
angular correlation between gamma rays emitted in cascade. Aeppli et
alg5> performed the first such measurement in 1951. Since that time
the technique has been used extensively, and improvements in electronics
and radiation detectors in recent years have allowed the measurement
of moments previously inaccessible. The complete mathematical treat-
ment of the theory of angular correlations is to be found in several

(6)

comprehensive articles ™ | A short outline of'the theoretical results

needed to analyze data collected in our experiments is presented below.

I1.2 The Directional Angular Correlation between Gamma Rays Emitted in

Cascade

The probability of emission of a gamma ray from a nucleus depends
on the angle between the emission direction and the nuclear spin axis.
Generally, in a radioactive sample the nuclear spins are randomly
oriented leading to an isotropic emission pattern for gamma rays. How-
ever, the observation of the direction of emission of the first gamma
ray of a gamma-gamma cascade selects an ensemble of nuclei whose spins
have a preferied orientation in space relative to the observed propa-
gation direction. If one then measures the emission direction of the
second member of the cascade, it will in general show an anisotropic
distribution about the'direétion of emission of the first.

An idealized gamma-gamma cascade is depicted in Fig. 1, where
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Figure 1

Ideal gamma-gamma cascade. The symbols are defined in the text.



Ii’ I, and I_ are the spins of the initial, intermediate, and final

i
state, respectively. The two gamma rays, \21 and Yoo have multi-
polarities (Ll’ Ll') and (LZ,LZ’). The notation (L,L') indicates a
possibly mixed multipole transition: for instance, for a mixed M1 + E2
(or E1 + M2) transition, L and L' would be equal to 1 and 2, respec-
tively. If Yq and Y, are detected by counters separated by the angle 0

in the geometry shown in Fig. 2, then the probability distribution for

the observation of Y, at the angle O relative to \3l is given by
max
W(0) o 1 + :E: AkkPk(cos 8) . (L)
k=2

(even)

The Pk(cos g) ' are Legendre polynomials and the coefficients Akk

depend on the spins of the nuclear states, Ii’ I, and I_, and the
&

multipolarities of the two gamma radiatioms, (Ll, Ll') and(Lz, LZ').

It turns out that the Akk can be written in the factored form(72

where Ak(yl) and Ak(yz) each depend on the properties of only one of the

transitions of the cascade. For a mixed multipole transition, Ak(y)

(7

has the explicit form"'j

1
Fk(LlLl 1 IiI)

2
T N 1
I,I) + 28(y)F, (1L 'T.T) + 8 (y)F, (I 'L
vy = - 2
1+ 293 (yl)

(8)

where the F, are tabulated coefficients and the mixing amplitude ®

k

is defined as the ratio of the reduced transition matrix elements for

(7).

the two multipoles 3
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Figure 2

Geometrical arrangement of the source, detector, and magnetic field

in a perturbed angular correlation experiment.



8(vy) = (x||L, "= T /(T [Ty L) - (4)

A similar expression holds for Ak(yz). Thus, the measurement of Akk
can determine the size and sign of a mixing amplitude.

In practice, radiation detectors subtend a finite solid angle.
Therefore, the detection of Y, and Y, indicates that the angle between
emission directions falls in a range of angles centered about 0.

Also the detection efficiency for gamma-ray pairs within this range of
angles is not uniform, because the efficiency of each detector depends
on the path length traversed by the radiation in the active detector

2
volume. The replacement of A in Eq. (1) by leQk Akk is needed to

kk
1 2 : 2

account for these effects, where Qk and Qk are correction factors

for the smearing of the angular correlation in the detector accepting

Y and Yys respectively. 1In the following, the Qk's will not be

written explicitly but are understood to be present in all experi-

mentally measured angular correlation coefficients. The index k of

the sum in Eq. (1) must satisfy the inequality

s 1 1 g
0 < k < Min (ZI,Ll + L1 5 L2 + L2 ) (5a)
for mixed multipole radiation and
0 < k < Min (21, 2L1,2L2) (5b)

for pure multipole radiation. In all measurements reported here,

k is not greater than 4.
max



IT.3 DPerturbation of the Angular Correlation by a Static Magnetic
Inﬁeraction
The presence of an electromagnetic field at the nucleus, while it
is in the intermediate state with spin I, will cause transitions among
the (2I + 1) magnetic substates corresponding to different projections
of the spin on the chosen direction of the quantization axis. 1In
other words, the preferred direction of orientation of the spin vector
in the intermediate state is altered, thereby changing the angular
correlation. The application of a static magnetic field causes a
precession of the nuclear spin about the applied field direction with

the Larmour frequency
w = - gpNﬁ/&i, (6)

in which H is the applied magnetic field, g is the nuclear g-factor

of the intermediate state,and p  is the nuclear magneton. If H is

N
perpendicular to the plane of the detectors (cf. Fig. 2) and Y, is

emitted after the nucleus has been in the intermediate state for a

time 't', then the angular correlation pattern will be of the form,

max

W(6,H,t) oc 1 + j;j APkPk(COS(G - wt)). )

L
k=2
(even)
In the measurements described in the following chapters, the
lifetime T of the intermediate state is considerably shorter than the
electronic resolving time of the apparatus. Thus, the observed cor-

relation pattern will be that of Eq. (7), integrated over the inter-

mediate state lifetime. The result of the integration uppears as



5 10 =

k
. i b cos(NO - NAG)
vf e T wW(e,H,t) dt = W(O,H) < 1 + :24 -

/ 2
0 N=2 1+ (Nwr)

(even) (8)

2

A=

where b, = (3A22/4 + 5A44/16)/(1 + A22/4 + 9A44/64),

It

by

The coincidence counting rates in the experiment are proportional to

(35A44/64)/(l + A22/4 = 9A44/64), and tan (NAG) = Nwr.

the quantity W(6,H). 1In practice, the magnetic field direction is

reversed periodically and the quantity

max

NwaNsin(NG)
ST e
N=2 + (Nwr)
7 - 1 .
() = W(6,H) - W(O,-H) _ (evei) ) (9)
W(8,H) + W(6,-H) ‘Efx chos(NG)
PR il
2
oo
=2 1 + (Nwr)
(even)

which is independent of the normalization of the function W(6,H), is
determined. The g-factor of the intermediate state is then deduced,
using Eqs. (6) and (9), from a knowledge of e(0), H, T and experi-
mentally measured values of A22 and A44. This method of g-factor
measurement is known as the '"integral reversed field method of the
perturbed angular correlation technique”(9>.

The quantity wr is referred to as the spin rotation angle, since
it represents the mean angle of precessioﬁ of the nuclear spin while in

the intermediate state. At present, a value for wr of 0.01 rad. is

about the smallest one can measure with reasonable accuracy. For a



=9
g-factor of ~ 0.4 and a mean life of T =~ 10 “sec., Eq. (6) indicates a
nagnetic field of H ~ 5 kG may be sufficient to produce a measurable wr.
— 3 2 182W . :
This is the case for the measurement in described in Chapter IV.
169 = L7k
In the measurements on Tm and Tm (cf. Chapter V), the shortest
; ; ] ! 81 . ..
lifetimes T are approximately 8 x 10 sec. For these a field of at
least 60 kG is needed. A laboratory magnet which produces such a
large field is not necessary since the rare earth thulium atom is
paramagnetic and enhances the applied field by a factor of five at
. ; 106 e
the nucleus. Finally, in the measurement on Pd where a lifetime
=12 .
T~ 4 x 10 sec. applies, no laboratory magnet can produce the large
field (=~ 500 kG) needed, nor is the palladium atom strongly para-
magnetic. 1In this case, advantage will be taken of the large internal
hyper£fine field at the site of a Pd nucleus in a ferromagnetic lattice.
Since e(8) is the experimentally measured quantity, the size of the
coefficients A . must of course be large enough to permit the measure-

kk

ment of the spin rotation.

I1.4 Perturbation of the Angular Correlation by Fluctuating Electric

or Magnetic Fields

In addition to fields applied by the experimenter, the nuclei under
study experience magnetic fields and electric field gradients arising
from their chemical environment. These fields fluctuate in time with
the thermal vibrations in a solid or molecular collisions in a liquid.
The fluctuations of the fields' magnitudes and directions are, in most
cases, random in time. The effect of these time-dependent interactions

on an angular correlation has been treated by Abragam and Pound(10>. To



& A9 4

characterize the randomness of the fluctuations, they define a 'cor-
relation function”+ G(T) as the ensemble average of the product

(£(t)f (t - T)), where £(t) is some scalar random function of time. The
function G(T) indicates the degree to thch the value of 'f' at time

't' can be predicted from a knowledge of 'f' at the earlier time 't - T'.
Abragam and Pound<1o>assume that the form G(T) = G(O).exp(-T/TC)

applies to the case of a liquid source. The constant T.? SO defined,

is known as the correlation time and represents the time after which
f(t) has significantly changed its value. When taking the time-depend-
ent perturbing fields into account, they find that Eqs. (1) and (7)

are modified to

k
max

# ot
W(6,t) £ 1 + :ZJ exp(—xkt) Akk Pk(cos 6) (10)
k=2
(even)
and

k
max

W(6,H,t) o< 1 + ZE: exp(-xkt) Akk Pk(cos(G - wt)),

k=2 (11)
(even)

respectively. The exponential character of the attenuation factors has

(1L

been predicted by Dillenburg and Maris for an interaction random in

space and time, regardless of the nature, strength, or frequency of the
interaction. The constant A, is proportional to the correlation time

k
e _ . (12)
T Specifically, for an electric interaction

+ This term is not related to the term "angular correlation'.



- 13 -

. IR
a =< I+ DL+ 3) (99> {Q—Y> [1 - (2T + 1)W(I2KI,II)],

k 40 (2I - 1)I 1) 5,2
(12
and for a magnetic interaction(lz>
27 guVH. 5 “ ,
By ™ —3—6 I(I + 1) (%) [1 - (21 + 1)W(I1kI,II)]. (13)

The undefined quantities are the electric quadrupole moment of the
intermediate state, Q, the g-factor of that state, g, the electric

2 2
field gradient and magnetic field at the nucleus, o0 V/dz  and H oo

(13)

respectively, and the Racah coefficients, W.
The total time integrated correlation functions corresponding to

Eqs. (10) and (11) are

=

max
S w—

N
W) o< 1 + ). Gy 1
k=2
(even)

Pk(cos 0) (14)

and, the complex but manageable expression for k = 4,
max

1 r 3 cos(26 - 2&922) L
W(O,H) & 1 +—=A_G ﬁ\1+ 211/2J

-+

(15)
[ 20 cos(20 - 26,,) 35 cos (40 - 449, ,)

1
¥ 5k Hag¥e {0 2,1/2 T AT
40 ] J

[1+ (2wrG [1 + (mmcm)

. J = NWT = 1 1+ .
respectively, where tan(BAQNk) hwnGkk and Gkk 1 kkT)

106 :
In the measurement to be described on Pd, the palladium atom

is assumed to be located in a regular lattice site of cubic Fe metal.



= Tl =

12

The extremely short intermediate state lifetime, T =~ 4 x 10~ BeC 4

and the absence of an electric quadrupole interaction in a cubic sym-

metry indicate the product A, T is very small and the integral attenua-

k

tion coefficients Gkk are approximately unity. On the other hand, the

18 169 71 :
ZW, Tm, and Tm measurements were carried out with liquid
sources. The size of the attenuation of an angular correlation in

18 : : :
ZW in the chemical environment used here, has been measured b
> ) ¥

Korner et alﬁl4). No such data are available for the case of thulium.

In thulium the lifetimes of the nuclear levels are relatively long
-10 . : . .
(=5 x 10 sec), and the paramagnetic atomic structure of thulium

permits a strong time-dependent magnetic interaction. Thus, for a

<11, {15

correlation time Te of =~ 10 sec. in a liquid source, the quantity

XkT could be appreciable. 1In Chapter V a measurement of the attenua-

tion factor G22 is described which uses the fact that T, is roughly

proportional to.the wviscosity of the liquid source. This assumption is

(16)

based on the studies of Debye on the properties of liquids made
up of polar molecules and of Bloembergen et al§17) on NMR measurements
of spin-lattice and spin-spin relaxation times in liquids. The

studies show that, to a good approximation, the correlation time T

is proportional to the ratio of viscosity to temperature.
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III. MEASUREMENT OF THE MAGNETIC MOMENT OF THE SECOND EXCITED I = 2+

TWO-PHONON VIBRATIONAL STATE IN lO6Pd

IITI.1 Introduction - Vibrational Models

1
The excited states of the even-even nucleus O6Pd are populated
in the decay of 1O6Ru according to the partial decay scheme shown in
3 (18)'

Fig. As is the case with most medium weight even-even nuclei,

+ L+
, 2

. . 7 > . 7
a first excited I = 2 .state is observed followed by an I = 0 P
+ : ; e ; :
4 triplet of levels at approximately twice the excitation energy of
the first excited state. This general level structure is predicted by
* C * = 1 3 (19)20) 2
the harmonic vibrational model for a spherical nucleus , which
describes the first excited state as one quantum of vibrational energy
: 7 -+ ’ :
fiw built on the I" = 0 spherical ground state. The correct spin and
parity are obtained if the angular dependence of the vibratory mode 1is
represented by the second order spherical harmonics sz(GQ) (i.e., a
quadrupole vibration). Two non-interacting vibrational quanta or
" " c * 4= 9 i + + +
phonons' form a degenerate triplet of states with I =0, 2, 4 at
an energy 2hw. This semi-classical approach treats the nucleus as a
fluid-type mass. The motions of many individual nucleons are assumed
to be correlated in a coherent fashion so as to produce a collective
mass flow which resembles harmonic shape oscillations. The inertial and
restoring force parameters, introduced in a .phenomenological way, must
be determined from experiment.
In addition to level energies, this macroscopic vibrational model
yields predictions concerning electromagnetic transition rates between

vibrational levels. Specifically, the collective quadrupole vibrational

nature of the states leads to greatly enhanced electric quadrupole (E2)
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7 =T .
transition rates, from the second I" = 2° state to the first and from
3 i T
the first I" = 2 state to the ground state, over those expected for
transitions involving a single nucleon. The ratio R of these rates

defined as

is predicted to be R = 2. However, an electric quadrupole transition
. + ; '
from the second excited 2 state to the ground state, which entails the
destruction of two phonons, is forbidden, as is the one-phonon magnetic
P

dipole (M1) transition from the second to the first 2 state. From
Table 1, which lists experimental values of the pertinent reduced

500 e - o 106
transition probabilities, it is seen that the properties of Pd are
approximately those predicted for a spherical vibrational nucleus. In
this scheme, the g-factor of a vibrational level (regardless of the
number of phonons) is ~ Z/A, since the angular momentum of the nuclear
fluid is carried by all nucleons and the magnetic moment is produced
only by the orbital motion of the protons (neglecting intrinsic spin).
The g-factors would be exactly Z/A if the nucleus were a uniformly
charged liquid drop.

A microscopic model of vibrational nuclei has also been

21,22
(21,22) which describes the excitations as coherent super-

developed
positions of many two-particle states. Short-range pairing forces and
long-range quadrupole-quadrupole forces between nucleons were added to

a nuclear shell mode1(23’24>

Hamiltonian, and approximate solutions were
s PP
obtained. This model, which we can call the "harmonic approximation',

has the various names: Sawada's approximation, random phase approxi-

mation, method of approximate second quanti:zation, method of linearized



w 18 @

Table 1
. 5 e 106
Transition Probabilities for Pd
. : (a) Single Particleﬂ
Quantity Exp. Value Units
-49 2 4
BeE2; 27 0™y 129 % 0 e )
v+ 49 2
B(E2; 27 L 20) 1,30 5 10 Ve e bty
' -50 2 4
B(E2; 27 L 0T) 0.29 x 10 s e 1
+! + .
BES 2 22) _R| 1.00 £ 0.37
+! + -4 2
BMM1l; 20 —2) < 1.7 x 10~ (om)

a) P.H. Stelson and F.K. McGowan, Phys. Rev. 110 (1958) 489;
and 121 (1961) 209.



- 19 =

equations of motion, and Dyson's new Tamm-Dancoff method. The inertial
and restoring force parameters of the macroscopic model are replaced
here by interaction force comnstants, some of which can be determined
independently in measurements on nuclear reactions and scattering or

(25,26,27,48)7 el

from odd-even mass differences. The model predicts
faix success, the energies and transition probabilities for collective
vibrational states. But, because of the "harmonic approximation'
S s =} .

method used, the E2 transition from the second 2 to the ground state

gt & - + ‘
and the M1 transition from the second 2 to the first 2 state are
forbidden, and the two-phonon triplet of states is expected to be
degenerate. Also, since the model represents the elemental vibrational
excitation as a true boson composed of many particle pairs, each

+ 1 + s :

coupled to angular momentum 2 , the two-phonon (boson) state is expected

(28)

to have the same g-factor as the one-phonon level. Lombard has

predicted the value of g = 0.53 for 1O6Pd which is close to the macro-

scopic model prediction of g ~ Z/A = 0.44.

106,,.(29,1)

Experimental evidence on properties of as well as’

many other medium weight vibrational nuclei have shown the g-factors of
: + ;
the first 2 states to be approximately equal to but usually somewhat
(30) y ’ e ;

less than Z/A . However, in these same nuclei the forbidden E2

and M1 transitions mentioned above are found to be hindered but usually
present, and the ratio of the reduced transition probabilities R is
found to deviate significantly from the value R = 2 predicted by the

(31)

models . Also, the two-phonon triplet is not found to be degenerate.

(32)

Especially damaging is the recent evidence that the one-phonon

states of some Cd, Te, Sn, Ba, and other isotopes possess static
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quadrupole deformations, which contradicts the picture of simple har-
monic motion about spherical equilibrium. Two approaches to the re-
solution of these discrepancies have been employed. 1In the first,the
macroscopic model is used, and an anharmonicity is assumed to exist,
without regard for its physical origin, which causes the mixing of the
one- and two-phonon states(33). This technique successfully accounts
for values of the ratio R, the static quadrupole moments, the non-zero
values of B(E2:2' - 0), and the spiitting of the two-phonon triplet, but
again requires B(M1:2' 5 2) to be zero. The M1 rate is forced to zero
since, if the M1 transition is forbidden between the pure states,
the M1 transition amplitude between the mixed states is proportional to
the difference in magnetic moments of the pure states and this must be
zero in the case of a hydrodynamical fluid model where all g-factors
are equal.

The second, microscopic, approach to the problem is quite complex.
It goes beyond the '"harmonic approximation" by including phonon-phonon
interaction terms in the Hamiltonian and also accounts for exchange
terms and the Pauli exclusion principle for the particles forming a

(34)

phonon . The structure of the basic phonon resulting from these

calculations is now altered so that not only are the electric quadrupole
properties accounted for but the magnetic moments of the one- and two-

phonon states may now diffef, allowing a finite value of B(M1:2' - 2)
(35) (36)

to exist .  Yamamura et al. have pointed out that the inclusion

"harmonic approximation'

of the above-mentioned corrections to the
method have so severe an effect on the predicted structure of the two-

phonon state that the concept of a two-phonon excitation may begin to
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break down. The data in Table 1 indicate the presence of anharmonic

. 106 . - 3 e
effects in the nucleus Pd. An experimental test of the equality of
the one- and two-phonon state magnetic moments should indicate whether
the two-phonon state has large components of particle configurations
unrelated to a vibrational mode or whether it can be considered a true

vibrational state.

III.2 Experimental Procedure and Apparatus

a. The Gamma-Gamma Cascade

+
Figure 3 shows a gamna-gamma cascade through the ITr = 2 two-
10

phonon state at 1128 keV in 6Pd appropriate for the measurement of the
g-factor. The gamma-ray energies are 873 keV and 1128 keV in the

+ + + , cficd
cascade 0 (E2)2 (E2)0 . The expected angular correlation coefficients
corresponding to this spin sequence are the largest known (theoreti-

cally A,, = 0.357 and A,, = 1.143). Because of inconsistencies in the

44
(37)

regarding the existence and placement of some gamma

22

literature
transitions in the 1O6Pd level scheme, we undertook a preliminary
measurement using a Ge(Li) semiconductor detector with high energy
resolution. The Ge(Li) detector spectrum was stored in a 4096 channel
pulse height analyzer. A portion of the resulting spectrum is shown in
Fig. 4. It is evident that the only gamma transitions of substantial
intensity in the energy region of interest are the 873 keV, 1050 keV
and 1128 keV transifions. It is known that the 1050 keV transition

does not populate a spin O+ state(37’18>. Therefore, the measurement

2 5 s . : el At e -
of angular correlation coefficients consistent with a 0 - 2 - 0 spin
sequence, to be reported in Section III.3, indicates that the 1050 keV

and 873 keV transitions are not in coincidence and that no interfering
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cascades are present in the current measurement.
: ) ; . " =1
The lifetime of the intermediate state is so short (t = 3.5 x 10
(31,38) ; : . ’
sec. ) that a very large magnetic field is needed to obtain an
observable spin rotation angle. To produce this field, use is made of
the large internal hyperfine field at the site of a Pd nucleus in an
Fe lattice. This technique of obtaining large fields is described in
Ref. (39) and in references cited there. The hyperfine fields at
impurity sites in an Fe lattice have been found to vary with tempera-
ture in approximately the same way that the bulk magnetization of the
; . (40) oo ’ T i
host lattice wvaries . This indicates that a sizeable contribution
to the observed hyperfine fields arises from conduction electrons
polarized through exchange interactions with the 3d electrons of the
Fe atom. The size of the hyperfine field is also known to vary from
one impurity element to another and in fact changes sign in some regions

(40)

of the periodic table This effect indicates atomic core electron

polarization also contributes to the observed fields. Although quanti--
tative theoretical calculations of these fields based on the phenomena
of conduction electron and core electron polarization have not proven
accurate, the available empirical values of the field strengths from
Mossbauer effect, nuclear magnetic resonance, nuclear orientation, and
perturbed angular correlation measurements may be used in the deter-
mination of nuclear moments. In particular, the field at Pd in Fe has

(42)

been measured to be Hin = - 594 % 12 kG using the spin echo

E

technique of NMR at liquid helium temperature. This total internal field,

H is composed of the large hyperfine field mentioned above as well

int’

as the so-called Lorentz field which arises from the bulk magnetization
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of the material and the field produced by nearby atoms which may possess
an induced dipole moment. The small external aligning field and the
demagnetization factor accounting for sample shape can usually be

neglected.

b. Source Preparation and the Magnet

The parent radioactivity used in the measurement was 1O6Ru ob-
tained from Oak Ridge National Laboratory in the form of ruthenium tri-
chloride in HCl solution. The solution was neutralized, and the
ruthenium hydroxide precipitate was collected and placed on an Fe dish
of high purity (99.99 pércent). The dish was placed on a flux-
concentrating silver boat in the coil of a 5 kW induction furnace and
heated in a hydrogen atmosphere to reduce the hydroxide to ruthenium
metal. The hydrogen was then replaced by argon gas, and the temperature
raised to melt the Fe dish. Ruthenium metal is soluble in Fe<42) and
dissolved with the loss of only 10 percent of the initial radiocactivity.
The high specific activity of the Ru sample allowed the preparation
of a source with sufficient activity for the measurement (= 3 x 106
decay/sec) while maintaining a dilute solution of Ru in Fe (0.0l atomic
percent Ru). The Ru-Fe alloy ingot was then placed in a hardened
steel drill bushing and coined between two hardened drill blanks into
the shape of a right circular cylinder of 7/32 in. diameter and
approximately 1/4 in. length. The external aligning magnetic field
was supplied by a small cylindrically symmetric electromagnet having

a "toroidal H" geometry in which the coined source was used to complete

the continuous flux return path. This magnet design minimizes external
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fringing fields in the region of the radiation detectors. To further

reduce the stray fields, a compensation coil, which carried an ad-

justable fraction of the magnet current, was wound on the magnet body.

In this way, the stray field due to the magnet was reduced to less than
-4 . . : ; ,

5 % 10 G in the region of the detectors. Diagrams of the melting

apparatus and magnet are given in Figs. 5 and 6.

c. Detectors and Electronic Apparatus

The gamma rays were detected by two identical 3 x 3 in. NaI(T1)
scintillation crystal spectrometers including ten-stage photomultiplier
tubes. The multipliers were wrapped in several layers of netic and co-
netic foils to minimize the influence of the small stray magnetic fields
on multiplier gain, and lead collimators prevented the detection of
scattered radiation by the crystals. A diagram of the photomultiplier
assembly is given in Fig. 7.

Pulses from the detectors were analyzed by a slow-fast coincidence

(43)

, a schematic block diagram of which is presented

counting apparatus
in Fig. 8. The photomultiplier anode pulses were split into low and
high frequency components. A low level discriminator accepting the

high frequency component was gated on only when the low frequency signal,
whose amplitude is roughly proportional to the energy of the incident
gamma ray, exceeded a threshold determined by a second discriminator.
Thus, pulses corresponding to the intense 512 keV and 621 keV transi-
tions were rejected by the fast electronics without creating excessive
electronic dead time. The two low level discriminator signals, one

corresponding to each detector, jointly operated a time-to-amplitude

converter (TAC), whose output pulse height is proportional to the time
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Cross~-section of NaI(T1l) scintillation crystal spectrometer used in

the measurement on 106Pd.
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between the arrival of the two input signals. The photomultiplier
dynode pulses, after suitable amplification and amplitude discrimina-
tion by a single-channel analyzer, were accepted by a slow (time
constants of the order of 10_65ec.) coincidence circuit. In addition to
pulses from the single-channel analyzers, the coincidence circuit
accepted a logic pulse from the TAC which indicated the successful
processing of a fast pulse pair. The time spectrum provided by the
TAC was stored in subsections of a 400-channel pulse height analyzer,
which was gated on by the slow coincidence circuit according to the
direction of aligning magnetic field or the angle between the two
detectors. As can be seen from Fig. 8, each detector supplied pulses
to two single-channel analyzers allowing both the 873 keV and 1128 keV
gamma rays to be accepted in each detector channel. This technique
doubled the rate of data collection and served to eliminate systematic
errors arising from small errors in the positioning of the detectors.
The NaI(Tl) scintillation spectrum as well as the settings of the
single-channel analyzers is shown in Fig. 9, and a typical time-to-

amplitude spectrum is given in Fig. 10.

III.3 Results

Coincidence counting rates were measured for several values of
the angle between detectors to determine the angular correlation coef-
ficients for the geometry used. The experimental values of the
function W(8) of Eq. (1) are plotted in Fig. 11, where the result of a
least-squares fit to the data is also shown. The fitted vaiues of the

correlation coefficients were found to be A22 = 0.262 £ 0.007 and
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Gamma-ray scintillation spectrum of Pd as observed by the detector
assembly shown in Fig. 7. The settings of the single-channel analy-
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Figure 11
Plot of the experimentally measured coincidence counting rate for four
angles between detectors and the theoretical function fitted to the

data. The size of the plotted points is greater than the statistical

error.
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A44 = 0.618 = 0.008. The finite solid angle subtended by the detectors
and small angle scattering of the gamma rays in the source and magnet
material account for the difference between the observed and theoretical
values of these coefficients. To measure the quantity ¢ defined in

Eq. (9), the angle between the detectors was fixed at either 150° or
210O where [el is expected to be a maximum. During each experimental
run, lasting one day, the magnetic field direction was reversed every
three minutes. To check the effect of stray fields on the photo-
multiplier gain, the singles counting rates from the four single-
channel analyzers were monitored and found to be independent of magnetic
field direction to better than 0.0l percent.

Twenty-seven such runs were performed, each accumulating 7 x 104
coincidence counts, and the weighted average of the results yielded
f150%) = = e(210%) = (0.566 % 0.074) = 10°2. The statistical
consistency of the data was excellent, as indicated by the normalized
chi-square of 0.98. As a control experiment,the effect in the random
background of the time spectrum was also calculated and was found to be
= (-0.49 £ 1.36) x 10_3, consistent with a null result. The

€
random

spin rotation angle wr, determined from e,A22, and A44 by means of

Eq. (9), was wr = (3.63 = 0.47) x 107 pad.

The lifetime of the 1128 keV level has been deduced from Coulomb

(31)

]

excitation experiments by Stelson and McGowan to be T (5:1 £ 1.9
~-12 38
x 10 sec. and by Gangrksii et al.< ) to be T = (3.32

I+

0.51) x 10712

-12
sec. We adopt the weighted average of T = (3.46 * 0.49) x 10 sec.

The measurement of the internal hyperfine field at Pd in Fe of Hi =

nt
(41)

-594 * 12 kG by Kontani and Itoh was conducted at the temperature
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of liquid helium, whereas our measurements were performed at room
temperature. To correct for the difference in temperature, we use the

{
results of Johansson et.al.<+4)

, who found that the field at Pd in Fe
shows essentially the same temperature dependence as the bulk magneti-
zation of the Fe lattice. From their data we find the appropriate
field for room temperature is Hint = =573 + 20 kG. Finally, using the
adopted value of T and Hint and our measured value of wr, we find from
. 106 .
Eq. (6) that the g-factor of the 1128 keV state in Pd is &y1 = 0:370
 0.071.

Fields at impurity sites in an Fe lattice may be a function of the
history of the sample and the impurity concentration. In our case, we
can neglect possible concentration effects in our extremely dilute
alloy; however, to check the effect of the mechanical stresses present
; ’ ; 3 . +
in the source, we measured the spin rotation of the first 2 state at

. 106 . ; ; i 5 ;
512 keV in Pd in the experimental configuration described above.
-2
This control experiment gave a value of wr = (1.73 = 0.02) x 10 = rad.
in excellent agreement with the earlier result of wr = (1.76 = 0.03)
~2 . (29) :
% 10 rad. obtained by Auerbach et al. . Thus it appears that the
field in our source is the same as that found in previous investigations.

-12
- sec.(Bl)

Assuming a lifetime of 7 = (17.3 £ 1.1) x 10 for this state

and the previously quoted value of H'n" we find g, = 0.365 & 0.028.
int

In addition, the ratio of the moments of the one- and two-phonon states

is now found to be g

§y1/85 = 1.01 £ 0.20, a value independent of the

assumed strength of the internal hyperfine field.



III.4 Conclusion

The results indicate that the g-factor of the second excited
7 o . 106 . : ;
I = 2 state in Pd is slightly less than Z/A and is equal to the

. : + R -

g-factor of the first excited 2 state, within reasonable limits of
error. This agrees with the predictions of the macroscopic model
described in Section III.l1 for both the pure harmonic assumption and
the modified version which allows the mixing of one- and two-phonon
states through anharmonic terms. The result is also consistent with
the microscopic 'harmonic approximation' model. From the equality of
the g-factors and the very small, if not zero, value of B(M1:2' - 2)
(cf. Table 1), we can conclude that, although the microscopic model
extended to include corrections to the "harmonic approximation' is
needed to account for the Fermi statistics of a system of nucleons,

) : . . 7 o ;
the detailed particle configuration of the two-phonon I = 2 state is
not altered by these corrections to the extent predicted by Yamamura

(36) : ; A c
et al. . Unfortunately, no quantitative predictions of the second

i : . . : )
excited 2 level moment based on this microscopic model are available

for comparison.
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IV MEASUREMENT OF THE MAGNETIC MOMENT OF AN Iﬁ = 2 TWO-QUASIPARTICLE
STATE IN 182W

IV.1 Introduction - Rotational Model and Strong Coupling

Nuclei with mass numbers in the range 150 < A < 190 have long

been known to possess static quadrupole shape deformations and to dis-

(45,19)

(19)

play energy level schemes corresponding to rotational excitations
The phenomenological rotational model developed by Bohr and Mottelson
accounts very well for observed properties of rotational bands. Indi-
vidual nucleon orbits in the deformed potential have been computed by

(46) (&47)

Nilsson and Rassey Upon each intrinsic configuration of

particle orbits is built a rotational band whose energies (with one

exception described in Chapter V) follow the I(I + 1) spacing rule for
ot 182w . ) :

a rigid rotator. The deformed nucleus , whose partial level scheme

12 (18)

is shown in Fig. , displays a well-formed rotational band built

T -+
on the I" = 0 ground state. Above 1 MeV, the energy levels become
quite dense and consist of rotational bands built on vibrational and
. . . T -
particle excitations of the deformed core. The I = 2 level at 1289

(48)

as the lowest state of a "K = 2" ro-

(49)

keV has been identified
tational band. 1Its intrinsic structure assignment of

p5/2+[402] p9/2_[514} has been confirmed by comparison of the 1289 keV
M2 transition rate With those between corresponding single particle

(50)

states in neighboring odd-mass nuclei The quantum number K is the
projection of the total angular momentum on the symmetry axis of the

rotationally symmetric nucleus and is a good quantum number in the

rotational model. The designations p5/2+[402] and p9/2_[514] indicate
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+
that two-proton quasiparticles have been excited from the even-even
. ’ 3 . (46) ’ + -
core into the single particle Nilsson orbits [402]5/2  and [514]9/2 p

respectively. The first orbit has angular momentum projection Ql = 5/2

on the nuclear symmetry axis, and the second has QZ = 9/2. The value of

K

-0 2 is thus obtained for the rotational band. A band with

I
O

2 1

K = Ql + Qz = 7 has not been positively identified, but may occur at

a higher excitation energy than the K = 2 band. A state at 1961 keV
with IJr =7 is a likely candidate.

Only two parameters, and gy» 8Te needed to describe the

B
magnetic properties of a K = 2 rotational band. The quantity gR is
the rotational or collective g-factor of the core as a whole, and &y
is the contribution of the intrinsic particle structure. In order to
investigate the way in which the two excited protons couple to the

even core and to each other, an experimental determination of 8¢ is

" oryle 02

desirable. In particular, the "strong-coupling , which
neglects particle-particle interactions and assumes each particle to be
independently coupled to the deformed core, can be tested.

(48)

Grigor'ev et al. have deduced magnetic dipole transition rates
among the first three levels of the K = 2 rotational band from a

measured lifetime and internal conversion and gamma-ray transition

intensities. In doing so, the intrinsic electric quadrupole moment Zfor

+ In accounting for the effect of the short-range pairing force be-
tween like particles in nuclei, it was found that, in order to retain
the simple Nilsson orbital picture, a new mathematical construct called
a quasiparticle had to be introduced (®°1) . For our purposes the dif-
ference between particle and quasiparticle is not important.



w A =

the K = 2 band was assumed to be the same as that of the ground state

K = 0 band. From the deduced M1 transition rates within the band,

which in the rotational model are given by<2o’19)
3 g . 2 2 2
«T W N = e ¢ -
B(Ml.Iih —>Ifk) i K (IilioilfK) (2 gR) nm
(172
the value of &g ~ gR was determined. Thus a measurement of the
magnetic moment of a state in the band, which can be expressed as(19>
K2
= + - 18
By .gRI (8 - 8) T 171 ° (18)
will allow the direct determination of 8" We therefore undertook the

; T - )
measurement of the magnetic moment of the I = 2 band head using the

general technique described in Chapter II.

IV.2 Experimental Procedure and Apparatus

a. The Gamma-Gamma Cascade and the Magnet

From the level scheme of Fig. 12, it is seen that two gamma-
gamma cascades through the 1289 keV 1" = 27 level can be used: namely,
the 264 - 1289 keV cascade with the spin sequence 4-(E2)2-(M2)O+ and
the 264 - 1189 keV cascade with the spin sequence 4-(E2)2—(E1)2+ are
appropriate. The measured halflife of the 2" level of Tl/2 = (1.00 =

0.05) x 1677 sap 207

is large enough for a measurable spin rotation
to be produced using an external magnetic field. A water cooled
electromagnet was fabricated which supplies a field greater than 30 kG

in a 1 mm pole gap. A diagram of the magnet assembly is given in

Fig. 13. The iron magnet body, which serves as a flux return path, was
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designed to minimize external fringing fields. A current of approxi-
mately 30 amperes was drawn from the secondary coils of a direct
current generator, and field reversal was accomplished by reversing the
small current in the prima;y coils. In this way, the problem of arc
suppression, which arises when the current through an inductive load

is abruptly changed, was avoided.

b. Source Preparation and Detectors

2
Radioactive e Ta(T = 115 days) was produced by thermal neutron

1/2
181 : :

capture on Ta at the Materials Testing Reactor of the Idaho Nuclear

Corporation. The source material was allowed to decay until the

double neutron capture product l83Ta (T 5 days) could not be

1/2 =
detected. The Ta metal was then dissolved in hydrofluoric acid and
sealed in a thin-walled (0.004 in.) polyethylene sack which was placed
in the pole gap of the magnet. A 4 x 4 in. NaI(Tl) scintillation
crystal coupled to a magnetically shielded CBS 7819 photomultiplier tube
was used to detect the high-energy gamma rays. The 264 keV gamma ray,
on the other hand, cannot be resolved by a NaI(Tl) detector to the
exclusion of other interfering gamma transitions. Therefore to detect
the 264 keV radiation, a Ge(Li) semiconductor detector operating at
liquid nitrogen temperature was used. A schematic diagram of the
detectors is given in Fig. 1l4.

¢. Electronics

The electronic slow-fast coincidence counting system used was
similar to that described in the previous chapter with two exceptions.

Namely, both gamma rays could not be accepted symmetrically in both

detectors since the NaI(T1l) detector could not resolve the 264 keV
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used in the

2
W experiment.
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radiation, and no single-channel analyzer was needed in the slow

NaI(T1) chanvel. The energy selection for the NaI(Tl) spectrum was
provided by a fast integral discriminator. Figure 15 shows a block
diagram of the electronic apparatus, and Figs. 16a and 16b display the
spectra in each detector and the spectral regioné selected by the
electronics. The signal from the time-to-amplitude converter was

stored in subsections of the 400-channel pulse height analyzer according
to the angle between detectors or the magnetic field direction as
described in the previous chapter. A typical time spectrum is shown in
Fig. 17. The best time resolution of a system containing a Ge(Li)
detector is somewhat worse than that possible with two NaI(T1)

detectors (cf. Fig. 10). This is due, in part, to the greater sensi-
tivity of the shape of the leading edge of pulses from the Ge(Li) system
to the electronic noise. The large size of the NaI(Tl) crystal employed
and the integral energy discrimination also contributed to the width of

the prompt coincidence peaks shown in Fig. 17.

IV.3 Results

Based on tabulated values of theoretical angular correlation

(54)

coefficients for all cascades accepted by the electronics, it is

expected that the coefficient A44 for the cascades used is at least an

order of magnitude smaller than A_ . and can be neglected. Therefore the

22
ratio W(@)/W(9OO) (cf. Eq. (1)) was measured for several values of 9,

and for each measurement, the coefficient A,, was computed. The weighted

22

average of all measurements was A,, = 0.0265 = 0.0022, uncorrected for

22

the finite solid angle subtended by the detectors. The results of an
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(14)

angular correlation measurement by Korner et al. have shown that

the attenuation of A22 due to fluctuating fields is small compared to
our statistical errors. The correction for this effect can therefore
be neglected. The small value of A22 is not only due to the finite
solid angle effect, but is also due in large part to dilution of the
correlation by gamma cascades other than the two previously mentioned.
From Figs. 12 and 16a, one sees that the 1222 keV and 1122 keV radiations
are accepted with the 1289 keV and 1189 keV gammas in the NaI(T1)
detector. These are in coincidence with the 264 keV gamma ray through
an undetected intense 67 keV (El) transition. Although these competing
cascades serve to dilute the measured angular correlation, they do not
interfere with the spin rotation measurement since they pass through
the state of interest and undergo the same precession as the direct
cascade. The fact that the competing cascades also pass through the
1" = 2+ state at 1222 keV does not influence the measurement because the
lifetime of that 2+ level is too short (3 x lO_lzsec.) to contribute
a measurable precession.
The measurement of the field effect ¢ (cf. Eq. (9)) was performed

in six two-day runs, each collecting 5 x 105 coincidence counts. The

2

weighted average of the results was 6(1350) = (-0.435 = 0.092) x 10 “.

Using Fq. (9) and the experimental values of ¢ and A a spin rotation

227
angle of wr = -0.116 * 0.026 rad. was found. The magnetic field strength
was measured using a "flip coil" composed of five turns of copper wire
which was alternately inserted and withdrawn from the pole gap of the

magnet. The induced current was measured with a ballistic galvano-

meter and compared with results from a standard magnetic field. In
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this way, the field was found to be Hext = 32.5 = 0.3 kG. With this
9

value of Hext and the measured lifetime of T = (1.44 = 0.07) x 10

ec.(53), Eq. (6) yields a value for the g-factor of the 1" = 27 level

S
of g = 0.52 £ 0.12 corresponding to a magnetic moment of p = 1.04 *

0.24 nm.

IV.4 Conclusion

In order to compare the experimental value of M, with the pre-

o : . . (52)

diction of the strong-coupling approximation , we must calculate the
value of 8y in the strong-coupling limit and assume a value of &
appropriate for the deformed nuclear core. The details of our calcula-
tion of gy are given in Appendix A. Recent values of Nilsson wave-

: . ; ; : (55)
function amplitudes and single particle magnetic parameters for
the proton orbits in question were obtained for a deformation parameter
derived from the observed ground state rotational band intrinsic

(56)

quadrupole moment of QO = 6.57 £ 0.06 barn The values of &y

computed from the relation (cf. App. A, Eq. (94))

(19)

were = 0.906, assuming the free nucleon value of the proton spin g-
g1< J o p p o

. ; £1 £ ;
factor, and &y = 0.953, if gir = 0.6 gsree is assumed to account for
+
spin polarization effects (59>. The even-even core of 182w, when two

+ A systematic study of the magnetic moments of states in rotational

bands of odd mass -uclei (57) has shown that the Nilsson model can
successfully predict these moments only if g§** = 0.6g5'®® is assumed

for the nucleon spin g-factor. This apparent quenching of the nucleon
spin is produced by a residual spin-spin interaction between the
valence nucleon and the nucleons in the deformed core(58),
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protons are excited into unpaired single particle states, is that of
. 180 . r L
the ground state of Hf. We can assume the value of 8y appropriate

to our problem is &g = 0.34 £ 0.03 which is the experimentally measured

18OHf (60)-

value for This assumption is justified by the fact that

(61)

nuclear model calculations of collective gR—factors have shown that

the addition of a proton in an outer orbital of 180Hf does not materially

change the predicted value of &g Insertion of the above values of &y
By

and = into Eq. (18) yields predicted values of Hy- = 1.44 nm for g, =

free free
g and p,. = 1.50 nm for g = 0.6 ¢ . Our measurement of
s 2 S ©s

B, = 1.04 = 0.24 nm is considerably smaller than the strong-coupling

limit prediction.

If we utilize the reported value of
(48)

&g - gRI = 0.50 £ 0.11 by

Grigor'ev et al. and our value of p,_, the parameters g, and &g

2 °K

can be deduced separately without recourse to specific measurements

in other nuclei or to theoretical calculations. Values of &g = 0. 18 =&
0.14 and &g = 0.86 = 0.14 are obtained, in this way, from Eq. (18)

assuming the sign of (gK - gR) to be positive or negative, respectively.
Only the smaller value of 8x is in reasonable agreement with the

(61)

systematic trends of gR values in this region of nuclei. We

therefore adopt a positive sign for (gK - gR) and re-order Eq. (18) to
L

read
i r K’
= = o - (1 = —— 2
g =TT -8 |1 T (20)
from which we arrive at a value of g, = 0.69 £ 0.13. Again our value

°K

is considerably smaller than that predicted in the strong-coupling

Limdt..
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One explanation for the observed discrepancy is the breakdown
of the strong-coupling scheme because of a residual proton-proton
interaction which cannot be neglected. The only other available measure-
ment of a two-quasiparticle state magnetic moment in an even-even de-

P
formed nucleus was performed in 172Yb(02)

where good agreement was found
with the strong-coupling prediction. This, to some extent, supports

. ’ : : . 182w :
our hypothesis of a residual interaction in because the residual
interaction is expected to become less significant relative to coupling
52 5
( >and

with a deformed core as the deformation of the core increases

E
the deformation of 172Yb is considerably greater than that of *82W.+

+ The deformation parameter B, defined by R = RO (1 + BYZO(Q,w)}, which

specifies the spheroidal shape of the nuclear surface, is related to the

2 ;
intrinsic electric quadrupole moment by Qooc ZRO B, where RO is the mean
: 62,56
nuclear radius. From known values of the quadrupole moments( g ),

find that BE-T2Yh) /B L 00 = 1.3.
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6
V. MEASUREMENTS ON THE GROUND STATE ROTATIONAL BANDS OF : 9Tm AND 171Tm

V.1 Introduction

The highly deformed nuclei, 169Tm and 171Tm, exhibit well--formed
K = 1/2 ground state rotational bands built on the [411] 1/2 Nilsson
orbital. The spectroscopic properties of these bands have been pre-
viously studied by many workers. In this chapter,we report measure-

7T

+ 7 +
ments of the magnetic moments of the I 7/2 and 1" = 5/2 band

’ T . & i s i
members in each nucleus, the E2/M1 mixing amplitude of the 5/2 _53/2_r
o . 169 i : o ;
transition in Tm, and some relative gamma-ray intensities in the

171

decay of Er. As can be seen from the partial level schemes of
109Tm and l71Tm given in Figs. 18 and 19(18>, respectively, the
spacing of the few lowest energy levels does not follow the I(I + 1)

rule for a rigid rotator. This behavior is characteristic of a K = 1/2

rotational band. It arises from the fact that the Hamiltonian in the

2
unified+ model description may be written as( o
2 2
o 22 2 %
= + = - «== (L § +7I1j 21
B=g #5501 -5 @I +14), @D
where Hintr is essentially the Nilsson Hamiltonian and f;is_the total

angular momentum with a z-component in the nuclear body fixed frame of

I The I, and j, are the total and intrinsic angular momentum raising

0"
and lowering operators, respectively. & is the effective moment of
inertia of the deformed nucleus. The I(I + 1) spacing rule arises from

the second term in Eq. (21). The third term represents a coupling

energy between the collective rotational motion and the intrinsic

+ The term unified model is commonly used to refer jointly to the
rotational model and Nilsson model.
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nuclear motion, usually referred to as the Coriolis interaction energy.
To lowest order, it gives rise to couplings between rotational bands
with AK = * 1 and is normally treated in first order perturbation
theory.

The symmetrized eigenfunctions of this Hamiltonian, neglecting
_y : (20)
the Coriolis term, are given by

Y 19 rFr=—v= _ I+K . I
Ve = 5o A C2L + 1) (DM,K X + (-1 Dy Xy, (22)

in which D;K are the well-known rotation matrices and the XK are the

eigenstates of Hintr' Now it is evident that the AK = * 1 Coriolis

interaction will couple the two terms in Eq. (22) if K = 1/2. 1In
other words, the Coriolis term in Eq. (21) has non-zero diagonal matrix

elements for a K = 1/2 band and thus changes the simple I(I + 1) energy

spacing rule to<20)

2

Eioral = Biner T 2a 1@ + 1) +a(-1)

L+1/200 L 9/09].  (23)

The parameter 'a', defined by the intrinsic matrix element,

a = = (X oli 1% /505 (24)

is the famous energy decoupling factor for K = 1/2 bands. It is this

unique level spacing feature which accounts for the very small differ-
) 7 =+ S .

ence in energy of the I" = 5/2 and 7/2 states in these bands (cf.

Figs. 18 and 19). This in turn has been the major obstacle to accurate

measurements of the magnetic moments of those states using the methods

of Chapter II. Our use of a high resolution Ge(Li) semiconductor

detector has overcome this obstacle and permitted the accurate deter-
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169Tm and the 7/2+

i ;
mination of the 5/2' and 7/2  level moments in
I 21 ) i
level moment in Tm and the first measurement of the 5/2 level
s LA
moment in Lfit.
The magnetic properties of a K= 1/2 band are also unique in

that, in addition to the two parameters &y and 8y discussed in the pre-

vious chapter, a third parameter b, is required in the rotational model

0
description of the band. A presentation of the relevant rotational
model formulas and of the determination of the model parameters from

the measurements reported here and from results of other investigations

is deferred to Chapter VI.

V.2 Source Preparation, Magnet, and Electronics

The radioactive source used for measurements on 169Tm was 169Yb
which decays by electron capture with a half-life of 32 days. It was

produced by thermal neutron capture on natural ytterbium oxide which

1
contains 0.14% l68Yb. The sample was allowed to age until the 75Yb

(TI/Z ~ 4 days), which is also produced in the natural oxide, had

133 1
decayed. The source used for measurements on Tm was 71Er which

decays by B~ emission with a half-life of 7.5 hours. Several sources

171E

were needed because of the short half-life of r. Each one was

prepared by thermal neutron capture on erbium oxide enriched to 969%
170 . . ) . .
Er. Short irradiation times of 12 hours were used to minimize the

production of 172Er (Tl/Z ~ 40 hours) by double neutron capture. In

1 1
both the case of 69Yb and 71Er, the radioactive oxides were dissolved

in hydrochloric acid and sealed in a thin-walled polyethylene sack as

182
in the previous case of . W. The high field electromagnet used was
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also the same as that described in the previous chapter.

In the majority of the measurements to be described, a 3 x 3 in.

, ; . 106
NaI(T1l) crystal spectrometer, identical to those used for Pd (ef.
Fig. 7), and a 2.2 cm dia. x 0.5 cm deep Ge(Li) semiconductor de-
. . 182 .

tector, identical to that used for W (cf. Fig. 14), were used to
detect the cascading gamma rays.

For the most part the electronic instrumentation was similar to

. 182w : 2 . .

that employed in the experiment. Figures 20 and 21 show block
diagrams of the electronics for two different configurations. In the
first (Fig. 20), the time-to-amplitude spectrum is stored in the pulse
height aﬁalyzer as was the case in the previous chapters, and in the
second (Fig. 21), the Ge(Li) spectrum is stored. Since some aspects
of the electronics and detector arrangement varied from one case to

another, the details of the experimental configurations are described

in the sections pertaining to the individual measurements.

V.3 Measurements in 169Tm

=
a. Measurement of the Magnetic Moment of the 138.9 keV Ijt = 7J/2"

State in 169Tm.

The gamma-gamma cascade used was the 177-130 keV cascade with
. £ - i ; . : :
spin sequence 7/2 (M1 + E2) 7/2 (E2) 3/2 which is shown in Fig. 18.
+

The g-factor of the 7/2 intermediate state was measured by two methods.
In method I, the 177 keV photopeak of the NaI(Tl) scintillation spectrum
was selected in a single-channel analyzer as shown in Fig. 22. A
second single-channel analyzer selected those pulses from the time-to-

amplitude converter which corresponded to a fast coincidence. A
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portion of the Ge(Li) spectrum from 90 to 280 keV was stored in sub-
sections of the 400-channel pulse height analyzer in coincidence with
the outputs of the single-channel analyzers. The experimental
arrangement is that depicted in Fig. 21. Corrections for random
coincidences were determined by comparing the 177 keV and 198 keV
photopeak intensities in the Ge(Li) coincidence spectra with the cor-’
responding intensities in a Ge(Li) spectrum measured without coincidence
requirements.

Intensities were extracted from a least-squares fit of the experi-
mental coincidence spectrum to a multi-parameter function describing
the Ge(Li) line profile on a sloping background. A typical fitted
spectrum is shown in Fig. 23. Coincidence spectra were collected for
several angles between detectors with no magnetic field and at a fixed
angle of 135° when the magnetic field direction was periodically re-
versed. The 130 keV coincidence photopeak intensity, after random
subtraction, was used in Eq. (1l4) to compute the angular correlation
coefficients aﬁd in Eq. (15) to find the observed spin rotation angle.
The results are listed in Table 2a.

In method II, all conditions were essentially identical to those
in method I except that the time-to-amplitude spectrum was stored in
the pulse height analyzer in coincidence with the outputs of the
single-channel analyzer for the NaI(Tl) spectrum and a second single-
channel analyzer accepting the 130 keV photopeak in the Ge(Li) spec-
trum. The arrangement is that shown in Fig. 20. It can be seen from
Table 2a that the results of the two methods are in excellent agree-

ment.
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Table 2
A . 169
Results of Magnetic Moment Measurements in Tm
2a: The ITE = 7/2+ State
. ]
Quantity Method I Method II Xelghteo
verage ’
Ay (2) 0.229 % 0.003 | 0.208 * 0.004
Ay (2) 0.045 = 0.006 | 0.022 = 0.00&
e(135%) (%) 4.258 + 0.098 | 3.706 = 0.136
wr(rad.) ®) -0.134 * 0.007 | -0.133 * 0.006 | -0.133 * 0.004
10 oot |
pT(10 " nm-sec) ; 6.00 = 0.24 |
1 (nm) 1.33 + 0.07 E
2b: The P o 5/2+ State
[
Quantity Method I Method II Weighted {
Average i
Ay, (2) 0.293 + 0.004 | 0.222 = 0.009 ?
|
Ay () -0.020 = 0.006 | 0.009 % 0.010 }
|
e(135°%) (%) 0.857 * 0.096 | -0.72 £ 0.16 |
wr(107%rad.) -2.17 * 0.24 |-2.25 £ 0.60 | -2.18 % 0.22
- !
rT(10 llnm-sec) 7.02 £ 0.7L |
|
1 (nm) 0.79 = 0.08
|

(a) Experimental values not corrected for attenuation or geometrical

effects.

(b) Corrected for attenuation of the angular correlation according to
Sec. V.3b,
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The configuration of the atomic electrons of thulium is such
T . . 4 ) -
that the Tm ion has a non-zero atomic magnetic dipole moment, which
arises from the resultant spin and orbital angular momentum of a
partially filled 4f electronic subshell. It is the alignment of this
atomic moment in an external magnetic field which accounts for the
bulk paramagnetic susceptibility of thulium compounds in the solid
state. The incomplete 4f subshell also produces a large magnetic field
at the site of the thulium nucleus. The hyperfine interaction of the
nuclear moment with this field is well-known from optical spectra.
69

In a short time (see below) after the decay of : Yb in the

liquid solutions of YbCl the chemical environment of the thulium

3)

daughter is that of TmCl The trivalent state of the thulium ion

3
in chloride solution is the only known valence state at standard

conditions of temperature and pressure. In liquid, the direction of the

large field at the nucleus fluctuates randomly in time, in the absence

of an external field, with a rate corresponding to the effective

collision frequency in the liquid. The collision frequency is in-
versely proportional to the correlation time . (defined in Sec. II.4)

or, alternatively, to the electronic relaxation time for paramagnetic

ions in liquid. This time is 167 e 17

(63)

temperature . When Te << 7 (the intermediate state lifetime), as

sec. or shorter at room

is the case for the measurements reported here, the time average of
the hyperfine field over the lifetime of the intermediate state is
zero.

In the presence of an externally applied field, the degeneracy

of the magnetic substatesof the 4f subshell is removed (Zeeman effect),



with the substate corresponding to alignment of the hyperfine and
external fields being lowest in energy. For this case, the time
average of the component of the hyperfine field along the direction of
the external field is non-zero. The size of this additional effective
field has been computed as a function of temperature by Gunther and

(63)

Lindgren for the Tm3+ ion under the assumption that the ion is
in thermal equilibrium with its environment. The assumption of
thermal equilibrium during the intermediate state lifetime is wvalid
in our case since it is achieved in times of the order of T and

L << 7. Thus the value of the paramagnetic enhancement factor 8,

defined by H B Hext’ calculated in ref. (63) is applicable to

eff
3+, . -
the Tm ion in the liquid source at room temperature.
The effect of preceding decays, such as the electron capture
169 . ; ;
decay of Yb, can drastically alter the charge state of the thulium
ion. The capture of a K-electron, for example, results in the spon-
taneous shake-off of outer electrons followed by the emission of
several x-rays and Auger electrons as the electron vacancy propagates
to the outer electronic shells. The electromagnetic lifetime of a
y : 2 . & il
vacancy in an inner shell is of the order of 10 sec., whereas

& <63). The optical

that for an outer optical level is about 10—88e
levels, however, decay much more rapidly through emission of Auger
electrons and through induced de~-excitation by collisions in times
of the order of TC; It is assumed, of course, that in the Iliquid
there are a sufficient number of electrons available from nearby ions

to £ill the wvacancies in the thulium ion. It can be seen from

16
Fig. 18 that after the 9Yb decay, the thulium nucleus remains in



- 64c -

the long-lived 316 keV state for 10—7 to lO~6 sec., which is more
than enough time for the electronic configuration to return to its
ground state. The above considerations indicate that a value of 8
taken from ref. (63) is applicable to the present experimentT For the

: 1 .
measurements in Tm presented below, the above arguments also apply.

3+
+ The value of B computed for Tm  in ref. (63) is particularly

accurate (~ 2%) since it does not depend on the numerical
evaluation of an atomic radial matrix element.
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The value of u7/2 77/2 was computed, using Eq. (6), from the
measured value of H = (32.57 £ 0.30) kG for the external magnetic

field, G,, = 0.956 * 0.012 for the angular correlation attentuation

22

factor (cf. Sec. V.3b), and a paramagnetic enhancement factor for

(63)

Tm at 35°C of B = 4.98 The temperature of 35°C in the pole gap

of the electromagnet was measured using a 0.0l in. diameter glass
bead thermistor enclosed in a polyethylene sack and inserted in the
pole gap in place of the radioactive source. The measured resistance
of the thermistor was then compared with a resistance versus tempera-
ture calibration curve determined with the aid of a temperature con-
trolled bath to be described in the following section. The mean life
+ +

of the 7/2 state has been measured to be T = 0.464 = 0.020 ns by
(64) (65)

2

Sundstrom et al. T = 0.420 £ 0.101 ns by Blaugrund , and

66
T = 0.417 £ 0.035 ns by McAdams et al.( >. If we adopt the weighted

average T = 0.452 £ 0.018 ns, this yields a magnetic moment for the

7/2+ state of p7/2 = 1.33 £ 0.07 nm. This value is in good agreement

(67)

with that of Bowman et al. who reported u = 1.31 £ 0.18 nm.

i

b. Attenuation of the Angular Correlation through the 138.9 keV

State
The angular correlation coefficients for the 7/2+(177 keV) 7/2+
(130 keV) 3/2+ cascade were measured as a function of temperature.
The source used was an HC1 solution of YbCl3 sealed in a glass capsule.
The source was immersed in a mineral oil bath in a thin-walled glass
o

dewar where the temperature was maintained with an accuracy of = 0.2 °C

by a mercury column thermostat in conjunction with resistive heating

4+ The unit ns stands for 1 x 10~2 seconds.



elements. Figure 24 shows the dewar and temperature regulating
assembly. Gamma rays were detected in the two 3 x 3 in. NaI(T1)
scintillation spectrometers and processed with the electronic
apparatus used in the measurement on 1O6Pd (cf. Figs. 7 and 8). The
geometrical configuration of the apparatus was not changed throughout
the measurement. The single-channel analyzers selected the low energy
portion of the 177-198 keV doublet and high energy portion of the
110-118-130 keV triplet with NaI(Tl) spectrum as shown in Fig. 22.

The angular correlation was measured at temperatures of 3OOC,
6OOC, and 9OOC. It is expected that, over this range of temperatures
and for small attenuations, the attenuation of the angular'correlation
coefficients is proportional to the viscosity of the solute<15>.

In Fig. 25, we plot the experimentally determined value of G22A22 as
a function of the wviscosity of water at the above temperatures. No
correction for geometrical effects has been made. A straight line was

fitted to the data and G22(3506) was determined to be G22(3SOC) = 0.956

+ 0.012. The statistical accuracy in the determination of A did not

L4
permit G44 to be experimentally determined. G44 can, however, be
deduced from the value of G22 if an assumption is made concerning the

form of the perturbing interaction and use is made of Egqs. (12) and
(13). The corrections to the experimental values of wr, however, were
found to be insensitive to the nature of the assumed interaction (pure

4
electric or pure magnetic). The appropriate value of G,, for the 7/2

22
. 171 . +
state in Tm was determined from the above value for the 7/2 state
. 169 ) . . . ) )
in Tm by scaling according to the ratio of the lifetimes of the two

states. Effects of attenuation were neglected in measurements on the
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J +
shorter lived Iﬁ = 5/2 states.

. 7 . +
c. Measurement of the Magnetic Moment of the 118.2 keV I~ = 5/2

.16
State in Tm

In this measurement, the 198-110 keV gamma-gamma cascade (cf. Fig.
18) with spin sequence 7/2+(M1 + E2) 5/2+(Ml + E2) 3/2+ was used and,
as in the case of the 138.9 keV state, two methods were employed to
measure the g-factor of the 5/2+ intermediate state. Method I was
similar to method I for the 138.9 keV state in that the Ge(Li)
coincidence spectrum was stored in coincidence with the output of a
single-channel analyzer which selected the prompt coincidence region
of the time-to-amplitude spectrum. The single-channel analyzer for
the NaI(Tl) spectrum was set to accept the 198 keV line as shown in
Fig. 22. Angular correlation coefficients and the spin rotation angle
were determined from the photopeak intensity of the 110 keV line in the
Ge(Li) coincidence spectrum, using Egqs. (6) and (9). The results are
listed in Table 2b.

It is evident from Fig. 22 that the window selecting the 198 keV
NaI(T1l) photopeak also accepts a small number of pulses from the 177
keV transition. We estimated the effects of this interfering cascade
to be small; however, as an experimental check, the spin rotation was
measured by a second method (II). The time-to-amplitude spectrum was
stored in the multiéhannel pulse height analyzer in coincidence with
single-channel analyzers selecting the 198 keV photopeak in the Ge(Li)
spectrum and the 110-118 keV photopeaks in the NaI(Tl) spectrum asl
shown in Fig. 22. The results of this measurement are also summarized

in Table 2b.



o T =

ks
The mean life of the 5/2 state has been measured to be

T = 0.0895 = 0.0040 ns by Blaugrund et al.(68)

and T = 0.0909 *

(66) : . ’ ;
0.0101 ns by McAdams et al. . Adopting the weighted average
T = 0.0897 + 0.0037 ns and neglecting attentuation of this angular
correlation, our quoted value of wr, with the aid of Eq. (6), yields a
magnetic moment of us/é = 0.79 £ 0.08 nm. This value is in fair

(67)

agreement with that of Bowman et al.

1 (69)

who found u5/2 = 061 & 0.12

nm, and Manning and Rogers value of p5/2 = 0.50 £ 0.15 nm.

d. Measurement of the E2/M1 Mixing Amplitude of the 109.8 keV
169

Transition in Tm

Apparatus identical to that employed above was used to measure
the angular correlation coefficient A-22 for the 198-110 keV cascade with
spin sequence 7/2+(M1 + E2) 5/2+(M1 + E2) 3/2+. The electromagnet was
removed to reduce the effects of scatteriné, and the single-channel
analyzer settings and mode of data collection and analysis were the
same as in method I described in the previous section. 1In ordef to
extract a mixing amplitude, the e#perimental angular correlation
coefficient must be corrected for the finite solid angle subtended by

the detectors. The geometrical correction factors, discussed in

Section II.2, were computed for the geometry used, following a method

(70) 2

1
prescribed by Frauenfelder and Steffen The result was Q2Q2 =

0.846. After applying this correction, the measured value of A, , was

22
+ =t - ) i . .

found to be A29(7/2 —5/2 5 3/2) = 0.347 £ 0.006. The coincidence

photopeak intensity of the 118 keV line in the Ge(Li) spectrum was also

extracted from the data in order to dec..rmine the correlation coef-

ficient for the 198-118 keV cascade with spin sequence 7/2+(M1 + E2)



S -

s/2T(@E2) 1/27. The result was A22(7/2+ 5727 L 1/2%) =-0.295 + 0.016
after applying the geometrical correction.

From Eq. (2), it is seen that the above coefficients can be
written as Ay, (7/27 5 5/27 5 3/2%) = A (198 keV) *A, (110 keV) and
A22(7/2+ 52 14T = A,(198 keV)-A (118 keV). Thus, the unknown
A2(198 keV)‘factor is absent in the ratio of the two experimental
values. 1In addition, A2(118 keV) for a pure E2 multipole transition
can be found in tables of FK coefficients (c¢f. Sec. IT.2). The
value of A2(110 keV), determined in this way, was found to be
A2(110 keV) = 0.628 = O.Q4l. Figure 26 shows a graphical display of
Eq. (3) from which the value of 3(E2/M1) = - 0.15 = 0.02 is seen to
correspond to the value of Az(llO keV) quoted above. This value is in
excellent agreement with previous measurements(7l). The second root
of Eq. (3) shown in Fig. 26 was rejected on the ground that it is

totally inconsistent with results of measurements on internal con-

version electron subshell intensity ratios for the 110 keV transition.

} i
V.4 Measurements in 71Tm

a. Measurement of the Magnetic Moment of the 129.1 keV I]T = 7/2+

O 7
State in Tm

The detectors and electronic apparatus used for this measurement
were the same as those described above. Only the arrangement displayed
in Fig. 21 was employed. In the present case, the 296-124 keV gamma-
gamma cascade with spin sequence 7/2~(E1) 7/2+(E2) 3/2+J which is shown
in Fig. 19, was used. The single-channel analyzer accepting the

NaI(T1l) spectrum selected the composite 296-308 keV photopeak as
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shown in Fig. 27. No interference from the 308 keV transition 1is seen
since it is not in coincidence with the 124 keV transition. The
Ge (Li) coincidence spectrum was stored in the multichannel analyzer,
and random corrections were determined from the intensities of the
296 keV and 308 keV photopeaks as previously described. A typical
fitted Ge(Li) coincidence spectrum is shown in Fig. 28. The fitted
values of the 124 keV photopeak intensities in the Ge(Li) coincidence
spectrum were used, with Eqs. (14) and (15), to evaluate the angular
correlation coefficients and spin rotation angle listed in Table 3a.
During the measurement of the angular correlation function and
the mean spin rotation angle, the experimental configuration was
periodically switched between two states; that is, either the angle
between the detectors or the magnetic field direction was changed every
three minutes throughout any giveﬁ run. This was also the case in all
previously described measurements. The coincidence counting rate, in
this case, however, decayed exponentially (neglecting dead time effects
in the electronics which were found to be small) with the 7.5 hour half-
life of the parent activity. For such a short half-life, the change in
source strength from one three-minute period to the next cannot be
neglected. In Appendix B, the effect of the decay on the accumulated
coincidence counts is demonstrated, and the necessary correction
factors are computed. These corrections, for the present measurement,
never effected more than a ten percent change in an experimental value.

The lifetime of the 129.1 keV 7/2+ state has been measured by
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Table 3
; ‘ . Al
Results of Magnetic Moment Measurements in Tm
3a: The I = 7/2+ State
Quantity Value
(a) 1
A22 0151 # 0.005
(b) i
A44 0.004 = 0.009
€(140.5°) (% 3,04 + 0.19
wrrad.) ~0.168 = 0.015
-10
ur (10 " “nm-sec) 7.56 £ 0.67
1 (nm) Tebld = 0:14
3b: The 1% = 5/2+ State
| Weighted
T 3 | weig
Quantity Set 1 Set II ! Anrage
- (&) 0.070 + 0.006 | 0.066 = 0.007
(b)
A44 0 0
(135 (%) -0.285 * 0.160 | =0.17 = 0.09
dﬁ(lO—zrad.) -2.,77 £ 1.57 -1.75 £ 0.9 -2.02 £ 0.80
11
(10 " nm-sec) 6:5 & 2.6
‘ r(nm) 0.8l £ 0.37
(a) Experimental value not corrected for attentuation or geometrical

effects.

A

(b) Ay

(c)

See. V.3b.

is expected to be zero.

Corrected for attenuation of the angular correlation according to




e

e 2
Sundstrom et al.<7 ) to be 7 = 0.523 = 0.022 ns.+ With this value of
T, the previously quoted values of H and B, and an attentuation

coefficient G22 = 0.949 + 0.013, the value of wr from Table 3a yields

a magnetic moment of Hy/o = 1.44 = 0.14 nm. This is in disagreement

with a previous measurement of u7/2 = 0.94 £ 0.18 nom which was per-

formed without the aid of a Ge(Li) detector by Agarwal et al.(74>.

aile
b. Measurement of the Macnetic Moment of the 116.7 keV T & 5/2°

State in l71Tm

The 308 keV photopeak in the NaI(Tl) spectrum cannot be selected
in a single-channel analyzer without a large interfering contribution
from the 296 keV transition. Therefore, in order to perform this
measurement, the 308 keV gamma ray was selected in the Ge(Li) channel
where the detection efficiency for that energy is quite small. 1In
addition, with a single-channel analyzer selecting the low energy
side of the composite 112-117-124 keV photopeak in the NaI(T1l) spectrum,
as shown in Fig. 27, two cascades through thé 5/2+ state are observed:
these are the 308-117 keV cascade with spin sequence 7/2 (E1) 5/2+(E2)
1/2+ and the 308-112 keV cascade with spin sequence 7/2 (E1) 5/2+
M1 + E2) 3/2+, both of which are shown in Fig. 19. The anisotropy
of the composite angular correlation was found to be small and of the
order of 10 percent. Data were collected by storing the time spectrum

' 169

+ ;
as in method II for the 5/2 state in Tm. The strong sources used in

this measurement necessitated the inclusion of time-dependent electronic

(73)

+ A measurement of T by Leming has not been included because of its

preliminary nature.
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dead time effects in the correction for source decay. That is to say,
the fraction of the time during which the electronics were busy and
could analyze no new pulses from the detectors decreased as the source
decayed. Approximate corrections for this effect were derived from
the observed time dependence of singles counting rates, which were
monitored throughout each run. The results of this initial measure-
ment are listed in Table 3b (set No. 1).

In an attempt to improve the accuracy of the measurement, the
experiments were repeated with two modifications. First, the 3 x 3 in.
NaI(T1l) detector was replaced by a 1/4'x 1.5 in. NaI(Tl) crystal
coupled to a 5 in. Lucite light guide. A diagram of this gssembly
is shown in Fig. 29. This change resulted in a decrease of the total
counting rate in the NaI(T1l) channel without decreasing the detection
efficiency for the low energy gamma-ray group. In this way, the effect
of electronic dead time was reduced. The light guide was necessary to
remove the photomultiplier tube from regions of high fringing field.

A typical NaI(Tl) scintillation spectrum obtained with this assembly

is given in Fig. 30. Secondly, a new configuration switching pattern
was employed. Whereas previously the magnetic field direction or

angle between detectors was changed at equal time intervals as shown in
Fig. 31 (pattern A), a new pattern (pattern B in Fig. 31) was used.

It is shown in Appendix B that the use of pattern B compensates for

the effect of time-dependent dead times as well as source decay up to
terms of order (Tc/Tsource>2' The results of this second measurement
are also displayed in Tab.ec 3b (set no. 2).

From the weighted average of the two measurements and the life-



% 79 =

\\Pb SHIELD

|

v i,g:”I‘;"‘T"T"I"’:"?‘Z""T""f“i;";{ A
0 ~ PAN B CRYSTAL
sl il 1 ENCAPSULATION
: \g\ i” I||
/ Tz XI5 NaI(Th
g 1 CRYSTAL

[/

0

s

1%

LUCITE LIGHT |IL,
GUIDE

SN

SALUMINUM FOIL

T~OPAQUE TAPE

L

N

2000 T P . R O O A, O R, O O Y U, O O VR, D T, O, O, U, O W O L U, T W O,

A
%
s
4 Y ’
56AVP VFSMAGNETIC SHIELDING

PHOTOMULTIPLIER g
TUBE j
U

[[™~BRASS JACKET
. ’
7] V]
s L
V] g
L |
g
’ g
v %
B %
] %
Figure 29

Cross-section of % x 1 % in. NaI(T1l) scintillation crystal spectro-
=
meter and Lucite light guide used in the measurement of the %— level

171

moment in Tm.



COUNTS (10%)

Gamma-ray scintillation spectrum of

20

ro

- 80 -

Y
NGl

e} § 11
> v 5 e ] p -

7 1N
b by

shown in Fig. 29.

>
©
I >
= (¢o)
G O
- . M
| . I
= @O
(5}
\L ~
i i } |
20 40 50 &80

LY AARPATE T

CHANNEL

Figure 30

The single-channel analyzer setting is shown.

171 :
Tm observed in the detector



//\

= To k-

) Field Up

(B) configuration switching patterns used in

al (A> and lmpro.ved



- B2 =~

time of Ts/0" 0.080 £ 0.019 ns measured by Sundstrom et a1.<72),

we
. . . o+ .
find the magnetic moment of the 5/2 state to be u5/2 = 0.81 £ 0.37 nn.

¢. Measurement of Branching Ratios from the 129.1 keV I =7/2

7 ; 171
and 116.7 keV Ilr = 5/2T States in 7LTm

These measurements were performed using a 5 cm2 area x 1 cm deep
Ge(Li) detector having an energy resolution of 1.8 keV at 100 keV.
The low energy portion of the measured spectrum is shown in Fig. 32.
Photopeak intensities were determined by a multi-parameter least-

squares fit to the experimental spectrum. The intensity and energy

(75)

calibrations and fitting procedures are described by Varnell
Experimentally measured intensities are given in Table 4. ‘The crossover-

to-cascade gamma intensity ratio A = Iy<117 keV)/IV(112 keV) for

512
the 5/2+ state at 116.7 keV is taken directly from the table as

Xs/z = 0.115 = 0.005. To extract the branching ratio information

concerning the 7/2+ state at 129.1 keV, we use the experimental value
of Iy(296 keV)/Iy(124 keV) = 3.00 = 0.13 from the table and total
conversion coefficients of aT(296;E1) = 0.0196 and Q&(124;E2) = 1.379
interpolated from Ref. (76). Under the assumption that all beta and
gamma-ray feeding of the 129.1 keV level other than through the 296 keV

transition amounts to 2 percent of the 296 keV total transition

(18)

intensity , we obtain a total intensity crossover-to-cascade ratio

fon the 7/8° utebte of I,(129.1 keV) /I (12.4 keV) = 3.22 % 0.58. These
(a7)

measurements disagree with recent values of Megli et al. but are

(78)

in good agreement with those of Geiger et al.
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Table 4

Relative Gamma-Ray Intensities for the Five Most

_ .. S
Intense Transitions in T

Energy (keV) | Intensity a)
111.6 341.8
116.7 39.2
124.0 152.9
295.6 459.
308.2 1000.

a) Intensities are accurate

to better than 3%



VI. ANALYSIS OF THE PROPERTIES OF THE GROUND STATE ROTATIONAL BANDS IN

1.
169Tm AND le

VIi.1l Introduction

In this chapter, the results of the measurements presented in
the previous chapter in conjunction with other recent data will be used

to determine the electromagnetic parameters of the rotational model for

the K = 1/2 bands of l69Tm and 171Tm. The values of the parameters will
then be used to determine some single particle matrix elements in the
description of the intrinsic structure of the ground states of the two
thulium nuclei.

The magnetic moment of an odd-mass nucleus contains a. contribution
from the collective motion of the nucleus and one from the orbital
motion and intrinsic moment of the unpaired odd nucleon. The intrinsic
moment of a free nucleon is related to its intrinsic spin by the nu-

£r - £
cleon spin gs—factor; gq €€ = 5.58 for a proton and Osree = - 3.83

o

Q

for a neutron. Measurements of nuclear magnetic moments have shown,
however, that use of the free nucleon value of the spin g-factor to
compute the contribution of the unpaired nucleon spin to the magnetic

; . . e eff
moment is not appropriate. The semi-empirical value of &g ~ 0.6

free . + LT

has been found to reproduce measured moments fairly well :

For the case of most deformed odd-mass nuclei, the magnetic
moment is specified by Eq. (18), where‘gR accounts for the collective
rotational motion of the deformed nucleus and & represents the contri-
bution of the odd nucleon. Under the usual assumption of independent

quasiparticles occupying single particle Nilsson orbits, the parameter

gK is given by



gl =g K+ (g, -5 (VS)IV), (25)

where &, and 8 are the orbital and spin g-factors of the odd nucleon
and <V|SO\V> is the expectation value of the spin component along the
nuclear symmetry axis when the odd nucleon is in the single particle

state [V>. Thus, the introduction of an effective g, factor in place

free
of 8 in Eq. (25) is actually a phenomenological means of accounting

(79)

for a renormalization of the spin matrix element (V\SOiV>. Mottelson
, . (80) . . C
and Nilsson and Prior have suggested that the renormalization is
caused by a spin-dependent residual interaction between the odd nucleon
and the nucleons in the even-even core. The interaction tends to
align spins of like nucleons antiparallel and those of uniike nucleons
parallel to the odd nucleon spin. Since the sign of the neutron and
proton magnetic moments are opposite, this polarization of core

nucleons always tends to reduce (quench) the spin contribution of the

odd nucleon to the nuclear magnetic moment. Microscopic model cal-

81
culations of this effect carried out by Bochnacki and Ogaza( ) have
.Cf £
reproduced the semi-empirical value of gzL ~ 0.6 g;ree.

For the special case of a K = 1/2 rotational band, Eq. (18) for
(20)

the magnetic moment must be modified to read

I+ 1/2

(1 + (-1 (21 + 1)b0}, (26)

where the additional "magnetic decoupling' paramcter bO is defined by

the relation

O -
(g = 80y = = (g, - gga+ (g - gP(V[s,[V). (2D



-~ B7 =

0 . : -
In this formula, gy 1s the collective gR—factor of the coreT, 8, is

the raising operator for the spin angular momentum, (Vk is the single

particle state with spin projection K = 1/2, and 1V) is the symmetric

(82)

state with K = - 1/2. Bochnacki and Ogaza have pointed out tHat the
effect of spin polarization on the matrix elements of the transverse
spin component S+ is not the same as the effect on those of SO. In
other words, the value of 8 needed in Eq. (27) to account for the
renormalization of (ViS+I5> is different from the g, value needed in

(82,83)

Eq. (25). Their calculation of the two gs-faCtorS for thulium

nuclei agreed with those derived from experimentally determined values

> 8 Y and b

of gy &pr & 0’

8y’ but the experimental values were not altogether

R
accurate.
In the following sections, least-squares fits to determine the

values of and b, are described, and accurate values of the two

o

Sgs Ep’ 0

gs-factors characterizing "longitudinal' and "transverse' spin
"polarization are found. Also determined, is the value of a correction
term to the rotational model expressions for electric quadrupole transi-

tion rates, which has, for the most part, been ignored in previous

investigations.

VI.2 Determination of Rotational Model Parameters

a. Rotational Model Formulas

The relevant electromagnetic properties of a K = 1/2 rotational

+ The parameter gp represents the collective rotational g-factor for
the entire nucleus including the odd nucleon, whereas is conven-
tionally taken to represent the collective rotational factor for only
the even-even nuclear core.

o

5]
SR
O -
S
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band as in 169Tm and 171Tm are described by the following
2
relations(84’ 0>:
(g, - &)
_ K °R ank # 118
By ™ Gt T D [1+ (-1) (21 + 1)bo] (26)
) B 2 21 + I+ 3/2 2
(28)
o 15 (97 19021 4 3 & it 1/2[2 2
BERT2 5 D =5 e % Lt D 3 4/Q]
(29)
. Rt 21 + 1 I 1/2
B(E2;I + 1 - I) 7567 T(I + DI T D) Q [1 + (-1) (I +1)-

/% a/Qyl™. (30)

The quantities g and q are parameters in the rotational

K’ gRJ bO’ QoJ
description. The parameter QO is the intrinsic electric quadrupole

1

moment, and q is formally present as an "electric decoupling' term

and is retained here for completeness. All experimentally measured
electromagnetic properties of the K = 1/2 band can be written in terms
of these parameters with the aid of the above relations and, in some

(76)

instances, with tabulated values of internal conversion coefficients

(18)

and level energies

b. Least-Squares Fitting Procedure

The parameteré of the rotational model were determined by least-
squares fits to statistically independent experimental data. For
example, the measurement of the magnetic moment of a state by the per-

turbed angular correlation technique actually measures the quantity wuT,
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the product of moment and lifetime. Rather than use the value of u in

(85,86)

the least-squares fit , the error in which has been increased
through the uncertainty in the mean life 7 and is statistically cor-

related with the error in 7, we use the experimental quantity urv. A

+ 16
typical expression computed for the 7/2 state in 09Tm appears as

w2 1 & . P + 138,660
By 9T772 = C 5 by + 35 by + 5 by)/{(4.012 x 107x + 133.6t)

[1+ (52.7 + 0.1354 t/x)/(1 + 3.330 x 10'5t/r>] + 2.538 x 1o7v}.
(31)
In the above, abbreviations bl = 8o b2 = 8 " 8ps b3 = (gK - gR)bO,
2 7 2 2, - 2 2
r=(g, -g)(1+b), t =Q (L +—1—) andv=0q (1-—"-)
K R 0 0 5 Q 0 J6 Q
0 0
(18)

have been used, and the values of the appropriate transition energies

(76)

and theoretical conversion coeifficients have been inserted
explicitly. This unique procedure takes full advantage of the accuracy
of all experimental values.

In order to fit data to expressions of such complexity in which
the parameters enter non-linearly, a modified version of a fitting
program found on the IBM SHARE LIBRARY (No. 3094) was used. The
algorithm followed by this program has been described by its author,
D.W. Marquardt<87).

Data used in the fits represent weighted averages of recent
experimental values. In those cases where individual measurements

appear inconsistent, the adopted errors have been aritificially in-

creased to obtain statistical consistency.



¢+ Results of the Fit for Tm

The electromagnetic properties and their adopted experimental
values are given in columns i-3 of Table 5. As will be discussed
later, the value of the parameter q in relations (29) and (30) above
may be expected to be zero. Therefore, the first fit (Fit I) to the
experimental data was performed with ¢ constrained to equal zero.

The results, listed in column &4 of Table 5, show fair agreement with
experiment, but a value of 3.0 for the normalized chi-square indicates
that the assumed theoretical expressions are not sufficient to re-
produce the data within current experimental precision. A second fit
(Fit II), the results of which are given in column 5 of the table,

was therefore performed in which the parameter q was allowed to wvary.
In this second fit, the value of normalized chi-square decreased to a
more acceptable value of 1.8.

It is evident from the.resulting values of the parameters for
Fit. I and Fit II, shown in column 7 of Table 5, that the magnetic

parameters g g

&g and bo are not sensitive to the value of q, whereas

K

the intrinsic quadrupole moment QO is significantly larger when q is

8y and bO

(85,86)

allowed to vary. The accuracy of the fitted values of 8y
has been substantially improved over that of previous analyses
In Fit II, a non-zero value for q is found (cf. Ref. 86). To check

the sensitivity of the fitted value of ¢ to the value of each datum,
fifteen fits to fourteen data points were performed, and q was found to
be insensitive to the omission of any single datum. Some possible

origins of a non-zero value of q are suggested in a later section.
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d. Results of the Fit for 171Tm

. . 171 .
Data on electromagnetic properties of Tm are less abundant and
. . P 169 ; — . -
less precise than those available for Tm. Table 6 displays the data
and results of fits performed as in the above case. The measured values

(88) (78)

of mixing ratios of Bocquet and of Geiger et al. are not in
agreement. TFits IA and ITA utilize the data of Bocquet, and IB and

IIB use those of Geiger et al. The two sets of mixing ratios allow
equally good fits, and more accurate data are needed to decide between
them. Nevertheless, the new value of the 7/2+ state magnetic moment
has permitted the first determination of a unique set of magnetic para-
meters with reasonable accuracy. It can also be seen in Table 6 that
the experimental data are not sufficiently precise in this case to
uniquely determine the value of q. Fit IIB does, however, yield a

. ) o 169
value of q whose sign is consistent with that found for “Tm.

VI.3 Interpretation of the Rotational Model Parameters in Terms of

Single Particle Matrix Elements

a. Transverse and Longitudinal Effective Spin g-Factors

for a K = 1/2 band can be
(20,82)
J

The magnetic parameters, and b

O)

related to single particle matrix elements in the following way

o
°K

eff i 1
= & = — 17 = — 42
&g T &y 7 2<gsz g (K= 3lSglx =3 ) S
. 0 eff 1 e 1 7
- = - > - 1 o - g K = = K = == Y 33
(3¢ - 8Py = - (g, - ggla+ (g -gpE=3[s |K=-5). (33)

Here, 1 is the orbital g-faector associated with the odd proton, Sy

=y =

is related to the rotational g-factor of the even core, zaud
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&=~ (K= 1/2[3

K = - 1/2) is the energy decoupling factor. If the

matrix elements of SO and S, are to be interpreted as single particle
i

matrix elements for the [411] 1/2 Nilsson orbital, then the nucleon

. eff eff
spin g-factors, g, and &, must replace the free nucleon value,
free £ =
g, , to account for effects of spin polarization on the even core

by the odd proton. We have extracted the values of the two spin
gs~factors in a manner identical to that used by Bochnacki and

2 16
(e ’83) for 9Tm and 171Tm, and the results are given in

Ogaza
Tables 5 and 6, respectively.
: . ef .
The procedure used in extracting the g values from relations
(32) and (33) above was as follows. The values of the single particle
matrix elements of the spin operator were computed using recent values

(55)

of Nilsson wavefunction amplitudes and a deformation derived from
the fitted value of QO. Following Bochnacki and Ogaza, corrections to
8y due to mixing of the [411] 1/2 band with K = 3/2 bands through the
Coriolis interaction were computed from the difference between the

. . 0
fitted values of &g and recent experimental values of &z for the

neighboring even-even nuclei. The adopted values of were

&R
168 89) __, . 170 (90)

gR( Er) = 0.331 £ 0010 Er) = 0.329 = 0.025 5

. . - 171, . .
respectively, for the analysis of Tm and Tm data. The experi-
mental values of the energy decoupling factors, a(169Tm) = - 0.7795 *
0.0006 and a(171Tm)'= - 0.864 = 0.001, were taken from Refs. (86) and
(91). The errors quoted in Tables 5 and 6 for the values of the
effective spin gs—factor were computed from the errors in the fitted

rotational parameters, taking into account the cross-correlations among

their errors.
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Bochnacki and Ogaza have predicted the values of the effective
spin Gs-factors for Tm by considering the coherent part of the spin-

(=]

spin interaction of the odd proton with the nucleons in the even core.

Their results are<82’83)
£F, £ £
gz f/gsree = 0.713 and g‘:’ff/ tIee - 0.572.
J/ t

; 7 . 169 .
It is seen in Table 5 that our results in Tm, although confirming
the expected relative magnitude, disagree in both the transverse and

; ; ; ; : b IO i
longitudinal cases with the above numerical predictions. In Tm
(Table 6), the transverse values for all of the fits are in disagreement.
The longitudinal effective spin gs-factor disagrees with the prediction

only in the cases IB and IIB. Several approximations could account

for the observed disagreement with predicted values.

. ’ eff free
In the calculation of the experimental values of g and g 3

2 Vi
the Coriolis mixing of the [411] 1/2 band with other K = 1/2 bands,
which can renormalize &g and bo, was neglected. Secondly, in in-
terpreting the quantity gRO mentioned above as the rotational 8y"
factor of the neighboring even-even nucleus, the effects of blocking+
of the [411] 1/2 level in tﬁe odd Tm nuclei are neglected. And finally,
the use of the experimental values of the energy decoupling factor 'a’

rather than those computed from Nilsson wavefunctions is not clearly

justified, since the experimental values of 'a' for the [&411] 1/2

bands ig 167Tm, 169Tm, and l71Tm show a dependence on deformation

+ The term "blocking"” implies that the level in question may not be
occupied by particles from the even core. This restriction on the
states into which core nucleons may scatter alters the rotational motion
of the core.



= 99 =

opposite to that predicted by the Nilsson model. This anomalous

(5%)

behavior of 'a' has been successfully explained by Feifrlik , who

introduced an interaction between quasiparticles which renormalizes

the (K = 1/2|j |K = - 1/2) matrix element. Renormalization of spin
v

matrix elements due to this interaction was not taken into account

by Bochnacki and Ogaza(82):

There is available an alternate method of correcting 8y and b

0

for Coriolis mixing with K = 3/2 bands and other K = 1/2 bands. The
corrections may be calculated directly from Nilsson wavefunction

amplitudes, single particle energies, and factors which account for

(93)

the short-range pairing forces . Such a calculation was performed

. 169 eff : ; ]
for the case of Tm, and the B, factors redetermined. The values

found were

eff
g
s

£ Fi, P
/g T8¢ 2 0.477  and gz L/g ree

= 0.811,

s

E 2

which vary slightly from the results of Fit I, shown in Table 5.

Thus the observed discrepancies between the experimental values and

the predictions of Bochnacki and Ogaza must arise from the use of
experimental values for the decoupling parameter 'a' and the rotational

0 o . )
g-factor &p and not from the neglect of the Coriolis mixing with

other K = 1/2 bands.

b. Discussion of the Parameter g

(84)

Bohr and Mottelson have indicated that, in the evaluation of
electric quadrupole matrix elements in the rotational model Zormalism,

an extra term arises in the cases of K = 1/2 and K = 1 bands (see

expressions (29) and (30)). The quantity q appearing in these terms is
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formally defined as q = (K = 1/27} (E2,1)|K = - 1/2), wherefﬁkEZJu)
is the pth spherical tensor component of the electric quadrupole
operator defined with respect to the nuclear body fixed axes.
| (86)

Analysis performed by Dzhelepov and Dranitsyna indicated that ¢

may differ from zero, and the present fits have verified this, q

169Tm

being approximately three percent of QO in the case of
It can be shown, however, that although g is formally present in
the rotational model, the value of the matrix element,
(K = 1/2{97(E2,1) |[K = - 1/2), is identically zero. To prove this
result, only time reversal invariance, the Hermiticity of the E2
operator, and symmetries of vector addition coefficients need to be
invoked after expansion of the single particle wavefunction in a
spherical basis. The proof is given in Appendix C. The experimentally
determined value of q must therefore be attributed to admixtures of
other single particle configurations into the [411] 1/2 orbital. Two
types of admixtures can be suggested. The first is the ordinary
Coriolis mixing of the [411] 1/2 band with other K = 1/2 and K = 3/2
bands. Small admixtures of this type simply renormalize the magnetic

and b leaving relations (26) and (28) unchanged.

parameters 8gs 8po 0’

But, in the electric case several new spin-dependent terms enter, some
of whicﬁ contain spin-dependent phases. The expressions describing
B(E2) would, in this case, no longer be those of relations (29) and
(30) but would be similar in that small terms, whose signs alternate
"with I, are added to correct the value of QO.
Admixtures of a second type, which would leave relaticns (29) and

(30) unchanged and give a non-zero ¢, can arise from a mechanism dis-
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(94)

cussed by Soloviev and Vogel . They conclude that intrinsic

states of odd mass deformed nuclei, such as the [411] 1/2 state, may
: ; ; . : ; - +

contain sizable admixtures of a collective y-vibrational phonon

excitation. The departures from axial symmetry in the y-vibration

would lead to a non-zero value of the matrix element

2-

1 3 2 oy oy _-l_‘.
q = (411 5 + [4115, Q71 o [(E2, 1) [411-5 +[411 3, Q.71 | o).

2

1/&

The notation indicates that a y-vibrational phonon Q2 , coupled to a

N oW

particle in the state [411] 3/2 to give a net K = 1/2, is mixed into
the [411] 1/2 state. A prediction of the value of q on this basis
would prove useful in determining the physical origin of our £fitted

value, but no such prediction is available as yet.
VI.4 Conclusion

The rotational model parameters of the K = 1/2 ground state ro-
. 169 . . .
tational band in Tm have been precisely determined by means of a
least-squares fit to all recent experimental data including the
measurements reported here. Further, more accurate experimental data
may now be used to investigate deviations from the pure rotational
model such as the above-mentioned correction to the electric quadru-
pole moment. Although we have determined the rotational parameters of
. 17 . . AS—— 4
the K = 1/2 band of Tm with reasonable accuracy, significant

improvement could be realized through the use of more precise experi-

mental data. In particular, the measurement of the mixing ratios of

+ Deformed nuclei can suuport two types of vibrational modes. The B-
vibration is the same as that described in Chapter III except that the
equilibrium is deformed rather than spherical. The y-vibration entails
fluctuations away from the axially symmetric nuclear shape, and a y-
vibrational phonon, denoted Qy“, carries an angular momentum pro-
jection of 2 on the symmetry axis.
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the 5, 12, and 112 keV transitions may be improved, and a more
accurate measurement of the magnetic moment of the Ijr = 5/2+ state
may be possible through the use of the large internal hyperfine
magnetic fields at Tm in a ferromagnetic lattice. Finally, we have
confirmed the qualitative agreement with experiment of the predictions

of Bochnacki and Ogaza(82f83)

regarding spin polarization effects but
have found that a more reliable method of computing the renormalization

of single particle magnetic matrix elements from the experimental data

is needed.
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APPENDIX A

. . 82
Computation of 8y for the Two-Proton State in W in the Strong

Coupling Limit

The two protons occupy the [514]9/2  and [402]5/2+ Nilsson
orbitals, respectively. Let us denote the [514]19/2  level as state |1>
and the [402]5/2+ as state {2). The proton occupying state ‘1> (or |2))
carries total, orbital, and spin angular momentum 3?1), Z?l), and Ekl)
(or 3?2), 2?2), and E?Z)), respectively. The quantities are related
by

T = Z@) + 53 (i =1or 2. (14)
The total angular momentum of the nuclear state is given by

T=3() + (2 +X, (24)

_._9
where R is the angular momentum associated with the collective rotation
. . h—é
of the nucleus. For an axially symmetric nuclear shape, the vector R
is perpendicular to the nuclear symmetry axis (the 3-axis in the body-
fixed coordinate system), and the projection of total angular momentum
(called K in Chapter IV) is given by the algebraic sum of the projections
- -
of j(1) and j(2). 1In order to obtain the observed value of K= 2, we
= - 5/2.

must assume that j3(l)[l) = Q. = 9/2 and j (2)i2> = -0

1 -3 2
The state 12) is that obtained from the state \2) after reversal of
the signs of the projection of orbital and spin angular momentum on the

3-axis. In the strong-coupling approximation one assumes the total two

particle state wavefunction can be written as the simple product

[12) = [1)[2).



- 04 -

Now the magnetic moment of a state is defined by the relation

wp = (2 D@+ D) (38)

where the brackets ( ) indicate the expectation value in the state

= —
IlZ) with the projection M_ of I on the space-fixed z-axis equal to

I

; : = ’ =
its maximum value, I. The operator pop can be written, for our case,

as
=y = o 7 - '—"2 =
Bop = 85915(1) + 8, 4(1) + 5,,8(2) +g,,£(2) + gk

- =y — — T = . =2
8,151 + g, (1) - 8D + g, T2 + 5,72 - 52 +
) —
g (T - T -T@). - @
Inserting this expression into Eq. (3A) yields

s B i 1 %}gsl - gz1)<g?1)'i3 + (g, - gR><E?l)-f§ +

— e T iy
4 ® T = 2) -
(2, = 8pd BT} #+ {5, = BI{TET) (54)
5 ]
In order to further evaluate the above expression, we note that in
the diagonal matrix elements of Eifg(or EiTB only the 3313 (or j3I3)
terms contribute and that the product state llé) is an eigenstate of

2. ;
and I with eigenvalues ~ss K, and

the operators j3(l), j3(2), I 17 03

3

I(I + 1), respectively. Accounting for this, Eq. (5A) becomes

e L o —. 4+ (o - o K - - o
pI = I -+ 1 {(Dsl gﬂl)K<s3(1>> 5 (Dzl DR>C1K 5 (gsz g

2)K<s3(2)>
3

- (g, - g0 K + g I(T + 1)} 5

=

/

b

(64)
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where now the notation <83(i)> signifies the single particle
expectation value (i!s3(i)}i>.

By defining the quantities gp and g as

1 2
(s5(1))
g, = (gsi - gzi) ~ + 8 ,; for i = 1,2, (74)
i o1
Eq. (6A) is simplified to
_ _K _ _ _ L
B =507 [Ql(gﬂl gp) Qz(gQZ go)] + gl
2 B, T8y,
= - + . -
il I gl *+ gl 1552
The second line above is found after setting Ql < QZ equal to X.

Comparison of Eq. (8A) with Eq. (18) in the text shows that the

quantity gK, for the two-particle state, is given by

Kg, = 0.8, - 0,8 . (94)

The quantities,gQ and &, have been tabulated by Nilsson<53>
1 “2

for various values of the nuclear deformation parameter. The deforma-

tion parameter, ¢, is related to the intrinsic electric quadrupole

5
moment, QO’ by(9 )
b, 52 L
QO = B Z J.\O G(l = 5 (':) 5 (].OA)
. . . -13 (1/3 :
where Z is the atomic number and RO = 1.2 x 10 A cm (A = atomic
. . ) 2 (56)
mass) is the approximate nuclear radius. Stokstad and Persson have

deduced the value QO = 6.57 * 0.06 b for the intrinsic quadrupole
82 s ]
moment of the ground state K = 0 rotational band in W. If we assign

the same value to the K = 2 band considered above, then Eq. (10A)
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,

yields a deformation parameter of € = 0.216. By interpolation from

(55)

the tables of Nilsson , we find, for this deformation, the values

|
0
|
192
»
(ee]

1.454 and ¢ 1.892 for g =
1 s .

0Q
)

and

o 1.233 and gQZ 1.457 for g, Q.6 &,

agQ
1l

These values, in conjunction with Eq. (9A), yield values for &y of

. _ afree - . _ o
&g = 0.906 for g, = & and 8y 0.953 for 8y 0.6 g

It is seen that the strong-coupling prediction of & is relatively
insensitive to the assumed value of g Thus, a comparison of the
predicted 8y value with experiment will test the strong-coupling rule

without great interference from effects of spin polarization.
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APPENDIX B

. 171 :
Calculation of Corrections for Source Decay in “Tm Measurements

1. Exponential Decay

When the effects of electronic dead time can be neglected, the
coincidence counting rate will decay exponentially in time with the
mean life T of the source. Let us assume that the experimental
configuration is periodically changed between state A and state B as
shown in Fig. B.la. The experiment is in a given state for a time
tC # td' before the configuration is changed. The time td is the
pause needed to change states, during which no data are collected.
The experiment continues for a total time Ntc (including pauses), and

the coincidence counts corresponding to states A and B are accumulated

separately. At any given time, the counting rate in state A (or B) is

given by 1/7 N e—t/ “t/v

e
) (or 1/7 NB e

). The ratio, NA/NB, is the
quantity to be measured.

The total counts collected in state A can be calculated as

mtc—td [N-l N—Zj

2 ( Vit =20t

N s = % T < =Znt /T

A -t/T P c d :ZJ c

= e— = N -
CA - ‘JF e dt hALl e ] e i

m=1 m-1)t n=0
Odd ( (&) (lB}

e SR
(o4

1 -e

Similarly, the total counts collected in state B is given by
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Figure B.la

Exponential decay of coincidence counting rate and normal switching

pattern.
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‘Figure B.2a

General decay of coincidence counting rate and improved switching

pattern.
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N-3 N-2
mt =T [—) ]
d 2 2
B N —t/T -t /T -(t b = o )/T Q;ﬁ -ZntC/T
¢, = 2 jg: dt = Ne i1 = & ] D e ,
m= ( 1)t n=0
c
even (3B)
which, for N even, reduces to
-Nt T
'tC/T —(tc - td)/T 1 - e \tc
C, = Nye [1-e | ] *-_-27:7;; (4B)

1 -e

Thus, we see immediately from Eqs. (2B) and (4B) that the quantity of
interest, NA/NB’ can be written in terms of the experimentally observed

total counts CA and CB as

N /N_=e g e, (5B)

tC/T
The factor, e , can be used to correct the data collected in

1
experiments on 71Tm, where its value is approximately 1.005.

2. Experimental Compensation for Time-Dependent Counting Rates

Figure B.1lb displays, in more detail, the alternate configuration
switching pattern mentioned in the text and shown in Fig. 31. This
pattern differs from the one described above only in that the experi-
mental states at the beginning and end of the experiment are the same
and the duration of the first and last time intervals is half that of
all the others. We show below that the use of this pattern compensates
for the effects of source decay through first order in TC/T. The
notation used in Fig. B.lb has the same meaning as that employed in

Fig. B.la with the exception that the time interval TC now refers to
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the repetition period of a complete cycle through both configurations A
and B. 1In the following,we do not restrict the calculation to the case
of exponential time-dependence of the coincidence counting rate. The
counting rate is assumed to follow the functions NAfﬁﬁ and NBf(t) in
states A and B, respectively. The only restrictions on £(t) is that it
be a monotonically decreasing function of time and that an exponential
approximation to f£(t) in any small timé interval have a time constant of
the order of T, the mean life of the source. These restrictions are
satisfied in practice, since £(t) originates from the source decay
directly and from time dependent electronic dead time which also arises
from source decay.

. The total coincidence counts can be expressed as

(T /E)T - At (wt1)T

N-1 g 12 d
r 1
CA = NA Z L £(t)dt + 1f(t) dt (6B)
m=O : =
mTC (m+3/2)1‘c+ 5 &
and " lt
N_1(m+3/ )TC- 55
CB = NB Z [ £(t) dt (7B)
(m+1/4)Tc+ 5 by

The function f£(t) can be expanded in a Taylor series about the midpoint

of each time interval T-C in the following form:

£(t) = f[(m +-§— )TC] + £f'[(m +

[N
o)

N[
F
E)
4
N |
A
H
"
i
S
=]
4
|
St
=)
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Inserting Eq. (8B), keeping terms through second order, into Eqs. (6B)
and (7B) and performing the indicated integration yields

N-1

ik 1 T 1
= i 3 == - A 2 .
€y = ¥, Zg: {%L(m + 5 )TC]( A kot 7 £ [ (m + - )TC]
m=0 ,
/7T3 th 'J.‘t2 t3'\
c _ ¢ d _ £ d _ d ) > (9B)
\ 48 8 4 6 /|
and
N-1
i _:L. l—_ = ILH l _]; -
G = W pl {f[(m S )TC]( A MER-BEL F [(m + > )TC]( =T, =)
m=0
(10B)

The above-mentioned restrictions on the function £(t) require that
2
f"/f ~ 1/77. Thus the ratio of the second to the first term in the
2
brackets of both Eq. (9B) and (10B) is of the order of (TC/T) . The

ratio NA/NB can then be written as
2
4 = T
NA/1\B cA/cB x (1 + o[<TC/.) D, (11B)

which confirms that a first order correction to the experimental rates

is not present when the switching pattern of Fig. B.lb is used.
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APPENDIX C

Demonstration that the Value of the Matrix Element,

(R = %[WZ(EZ,I) |K = - %), is Identically Zero

The intrinsic states of a particle in an axially symmetric
g ’ ; : " (46)
deformed potential, such as that used in the Nilsson model , can be
indexed by the two good quantum numbers,N and K. The number N desig-
nates the major oscillator shell in question and is related to the
energy eigenvalues of a harmonic oscillator Hamiltonian. The number
K is the projection of intrinsic angular momentum on the symmetry

axis of the potential well. Although the total intrinsic angular

_}
momentum, j, is not a constant of the motion, the state vectors can be

expanded in terms of eigenstates of 37as follows:(46>
|NK) = Z cj NiK) . (1¢)

]

The wavefunction, XK, in Eq. (22) in the text, is just the coordinate

representation of the state vector |NK). The symmetric wavefunction,

% in Eq. (22), is degenerate with XK and can be obtained from XK

B

. : = o . : 1
by a rotation of coordinates of 180 about an axis perpendicular to the

symmetry axis. For the appropriate choice of phase for the vectors

(96)

ENjK), it has been shown by Bohr and Mottelson that the state vector

corresponding to X g can be written as

Ky = Z Cj(—l)j N K[Nj-K)' (2¢)

i
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Using Eqs. (1C) and (2C), the matrix element in question appears

as

(NK |77 (E2, 1) | NK)

* it o+ i 14y .
Z ¢, ey (-1 Kwr|m (g2, 1) |83 ' &)

33!

Il

Z ijrcj'('l)j'ﬂ(-l)j'K(—i I _j1‘<><NjHT‘z(E2)HNj'>:
3,3

(3)
(97)

where the Wigner-Eckart theorem has been used to obtain the second

expression. We now note the symmetry relation,

02 3"\ i +2e5 (it 2 5
(-K 18 -K)- (-1 <—K 1 -K/ P) (4C?

for the vector addition coefficient (3-j symbol) and the relationm,

il mEn | vy = (3 T T e ey vy, 6o

for the reduced (double-bar) matrix element. Equation (5C) depends on
the Hermiticity of the %@(EZ) operator and reality of the reduced matrix

(97)

element which follows from time-reversal invariance . Inserting

Eqs. (4C) and (5C) in Eq. (3C) yields

(K| (E2,1) |FR) = Z cj’"cj,<-1>3j * j'(j' 2 J> (N3 GER) | |NG) -

-K 1 =K
3,3
(6¢C)
23 .
The phase (-1) J can be factored from the sum in the above expression
since j, for the case of an odd-mass nucleus, is always a half-odd

2 .
integer and (-1) 3o 2. Also, since the Cj coefficients are either

purely imaginary (for N odd) or purely real (for N even) numbers
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because of the choice of phase for the iNjK) vectors and parity

conservation, the identity

C,Cpi = ¢.C. (7¢)
holds. Thus, Eq. (6C) takes the form
. e % *, o F I 2 3 pestiln
(NK |72 (E2,1) |NK) = - CCyv(-1) \x 1 _K) (Ni'| | E2) | |NT).
3,3°
(8C)

One can now see that the sums in Eq. (8C) and (3C) are identical
since one can be obtained one from the other by the interchange of

the dummy indices, j and j'. Therefore, the desired result of
(NK|P2.(E2,1) [NK) = - (NK|7(E2,1) |NK) = O (9C)

is obtained.
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