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Using the technique of oerturbed angular correlations,
the rotation of the 4 + 366 keV 5 Sm level and the rotation

1526d level was observed. These nucleil
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of the 2 + 344 keV
were the daughter nuclel of Zu, présent in the europium =
gadoliniumn and euroviumn - holmiur alloys which were
commercially obtained (europium concentration was about 1
in both alloys). Anomolously low fields were obtained for
152
Gd in gadolinium and in the holmium which raised doubts
as to the nomogeneity of the alloys.

Samples of the alloys were analysed metallurgically.
After chemical treatment and microscopic examination the
presence of inclusions was detected. Electron microprobe
examinations indicated that the inclusions were europium.
The metallurgical analysis confirmed the doubts raised by

the nuclear experiments showing that the two methods can

be employed complenentarily for alloy analysis.
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CEZAPTER I

INTRCDUCTICH

The study of verturbations in angular correlations
has proven to be a usefulbtool in studying various aspects
of nuclear properties and the nuclear envirornment. =& direc-
tional correlation can be perturbed by the interaction be-
tween the nucleus and its environment durihg the time inter-
val between the formation and decay of the intermediate
states of a nuclear gamnma ray cascade. The nuclear megnetic
and electric moments interact with the local-magnetic rield
and the electric fileld gradient.

The technique of perturved angular correlations has
had its most frequent application in determining the magnetic
moments of excited nuclear states. BRecently the method has
found application as a probe of the nuclear environment. In
particular this may take the forrm of a study of ferromagnetic
broperties of the host or studies of electric field gradients
or other properties which influence the angular correlation.

Six of the rare earth metals; gadoliniuvnm, terbium,
dysprosiuvm, holmiun, erbtium and thuliwn; exhibit ferromagnetic
properties at.low_temperatures. The internsl fields at the
nvclei in ferromagnetic rare earth metals range from 0.3 to
9 megagauss. These values are within the range appropriate

for utilizing the technigue of perturbed anguler correlations.
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Gamma rays belonging to the sarme cascade of a given
nucleus exhibit a directional correlation, This correlation
can be perturved by the effect of the intersctions between
the nuvcleus and its environment; while the nucleus is in
the excited intexmediatzs level of the cescade, ThesSe inter-
actions between a nucleus gnd its environment czuse the
nucleus to precess, analogous to the case of a force acting
uoon a gyroscope, and in the exneriment the vrecession of
the nucleus while in the intermediate level 1s observed in-
directly., 1In this chavter a non-rizorous develoonment of

directional correlations and verturbed angular correlations

will be followed by a descrintion of rare eavrth maznetisn,

The discussion of angular correlation theory and

4 9,

perturbed anzular correlation theory below, follows the

theory as develorned by R.H. Steffen and H. Frauenieldsw
(1965).

In general the angle between the nuclear sSpin axis
the direction of emlssion of a particle by a radiocactive

b )

nucleus determines the vrobability of that emission., AsS

the nuclei usually have a raniom orientation the angular

distribution becones isotrepic. Fowever, a non-randon
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array of nuclel can be achigved by a strong magnetic field,
electric field gradient or choosinz nucleil whose spins lie
in a preferred direction. The last case can be achieved if
a nucleus decays by successive emission of two radiations
Ry and Rz. The observation of Rl in a fixed direction se-
lects a non-random subset of possible nuclear orientations
from the random array. Thus R2 may have g definite direc-
tional correlation with respect to Rl‘

Consider the emission of gamma ray Xi between pure

nuclear states Ii’ m.

; and I,m where )/1 is characterized by

the angular momentum gquantum number Ly and magnetic quantun

nember Ml. In order to conserve angular momentum Tj =1 4 fl

{

and my = M + Ml‘

Each component m; - m between specific magnetic sub-
states possess a characteristic angular distribution FML (ﬁ)
with respect to the quantization axis, indevendent of Ii and I.
This directional distribution is found by calculating the en-
ergy flow (Poynting vector) as a function of angle for the
multipole radiations involved. As the various ¥ components
of the gamma rays are usually not resolved one sees the dis-
tribution FLl (¢), where Fp (f) ¢ éim P(m; ) G(mym) FL1M1 (¢)
'P(mi) is the relative population of sublevel my; and G(mim)
is the probability of the transition my -» m.

ives G(myem) ¢ < IleﬂllIiml > 2.
As the distribution W(8) for the [}, -/, cascade

must be independent of the choice of the z direction, this



allows a simplification by choosing El’ the direction of pro-

pagation of );, parallel to the z direction. A rhoton can

only have an angular momentum component of ¥ h along its dir-

ection of motion when it propagates in a definite direction.
Thus if one assumes an equal population of levels

and d/ (12J2 joins pure nuclear+states In and Ifm then

£

T + -1 T v 2*"1;2
W(e)ex niz"m <Inn, - 11,7, > P ()< Tpmelpip | IndT 37 (0),

This summation is incoherent as the result of the selection
+

rule H =m —m= - 1.

The above development suffers from three shortcomings:
it is not rigorous, contains tedious sums over unobserved quan-
tum numbers and applies only to the'directional correlation of
two pure gamma rays emitted by free and unpolarized nuclei.

In typical cases the initial radiation can be of mixed multi-
pole character and only the statistical vopulation of the
intermediate and final states have been determined. Also the
nuclel are not free and unpolarized but are subject to en-
vironmental effects which introduce perturbations. These
perturbations can change the relative populations of the sub-
states of the intermediate level between the time of decay in-
to and out of the intermediate level, This statistical en-
semble of nuclei can be handled by emvloying the density
matrix formalism,

The eigenfunctions of the radiation emitted in a
direction ¥ with a spin o-can be denoted as < ko | Lii TTY

corresponding to the eigenvalues L,M, TT of the operators



for angular momentum, the z component of angular momentum and
parity respectively.

Making use of the density distribution 57(E1)’ which
describes the end product of the first transition, as well as,
representing the rearrangement of the intermediate state while
exvosed to an extranuclear perturtation, one obtains for the

transition Ii -+ I

<H1 Ie(E1>ITH'> = 51 Z ' <f¥1l}“1131> <mi\ ell F‘::> (m'\yl\ mi '> -)%.

mimi

Q(El) is the density distribution of the intermediate level,
81 represents the sum over unobserved radiation properties,
and‘}+1 is the overator inducing the transition.

Thus
— = ' o . ’
g ]e(}:l,kz)lrnf > = 545, %v '<L.f\%/2|m> <m\?7€lm.l> X

mi:ﬂi

x oyl eilmi'> <m"?°/l\mi'> *x
X <mf’ %/2 112'> *-

If the states are selected so that the density matrix is di-

agonal then

Kn'lelndy =2 §.v .

m “nn
Thus
- - b
W(kl,gg = 31“2 mfmﬂ'mf' <mf‘?¥é|m )-(mlj#liml e
< [ ] I }'/ t & ] % (
x <n 1hni> (QJﬂﬂJ: > (1)
but

< mani) - (oM ITyn



anl since 74 , the transition onerator 1is invariant under ro-
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t ? %
x CTHD TTy N> x Cepq(ly Ig) %

. 3 { k - —
% Sy Toallplz ) Yoy (lp +ky)

-
!

I 1T k . e .
where g % is a Wigner 6-3 symbol .
i

1-1 Ll ' L
The rotation T, =¥, carries the coordinate system of the
second rediation into that of the first.
As the correlation function nust be independeat of the
angle of rotation about the directions of propogation ’t} :‘(é

,
. Xk .
= 0. Thus the representations D become Legendre polynomlals,

Therefore
W(E. % b4 '
J(kbuz) = W(8) = & even AkkPk(cose)
' LA LI ' 1‘
where
1 _ [ Z , L’1 ot I1I 'k _
A 1{(-_:1..41 IlI) = LlLl (-—1) \/ko(Ll.L.cl ) LJL1 :Ll X
' ' 3
x LINZTH I > <Iley T 1igd
and
' -1 S LZN::— e I I k).
M eligly TeT) = 2 1) oo (11, ) gL?LZ’IP x

x LINpTT, 110 " <IHLZ'TT2'|| Iy .

is now assumed

A perturbation,

to act from the

cond emission, )?w

1 is emnloyed,

evolving to different states [n.2> .

described by the Hamiltonlan K,
time of the first emission, )/, until the se-

The form of W(El,ﬁz) civen in equation

The interaction I results in states lma>

The perturbed correla-
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tion can then bte sxzoressed as
W(l’l 2*’) Z < mfl % /\(t)hn b (r:a\ )all In > x
x{m L%/ Nt Y, ¥ (ma'ljilim >

where /\ (t) is the evolution overator andi

N )y = E > < omg | A8 [y

similarly for AN (t)Ina'> .

As A(t) satisfies the Schrodengser Houation

.t \
A(t) = exp '(_.% 5 Lo(t') at )
1o

for a time devpendent K.

A (t)

il

i
XD — = K t
i

if K is time independent.

Thexrefore
Wik, Tt — r o ' me % il
J(lxlkzt) o ﬁ%ﬁa' < le\ £q )‘La > <'ﬂb ‘ e (A2>I .;-.D> X

My % <mb‘/\ (t)\mj> <m‘b'\ /\(t)\?‘a'> i

Employing definitions of AL’ expressions for the

density matrix and swerical harmonics,

1
. Nq 7
U(k]kzt) = 4, o ‘/7( 1 ) A1, (2) Gq,l]-z (t) [(21:14' 1 ) (2”&2} 1 \]
- 1;‘12 -

v (8,0) ¢ (8pfy)
1'1 }:2

S3ee Figure II1-1 for angle definitions

where

N4 N > 2L +m
172 + M, 4+ m
Gk1k2 (t) = m, Iy, (-) N °

wi

[(2}\.1 -+ 1) (21{2 -+ 1)] b



Fig, II-1., Angular coordinates of the vpropogation
direction El and k,. Z corresponds to the direction

of the external field..
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I I X I I k2
x ( , 1) — ) x
I'Ila "ma .!."»11 A L THEDp x 2

e RGN IVAWCHN L2 St AR m > "
In the case of static interactions
i
<2"lb|A (t)\rﬂ_a) = g (n\:sz> [exn  -( = 7.t ] {n \*ﬂ

If the symmetry axls of the interaction is chosen varallel

to 2z

-(i/7) =, g g
<mb INE) I = e ( o nua,, ’

There 1s intrinsically a finite time resolution of

coincidence circulits which are employed in cascade angular

correlation measurements, Only the perturbation factos

G;lu (t) depend on the time t, therelfore the time integrated
r1e2
pefturbaulon coefficients can be defined as

-“1“2 (T) =
1

£(t - T) is the time resvonse fuznction of the system,

m 2
L 15

t is time of accentance of the second radiation, and
the delsy of that channel. L is the mean 1life of the inter-

nediate state,

If the resolving time of the circuit is much longer

than T '
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o L .
.k K.k
-,.14\. = 1(2
o
The Hamwiltcnian describing the interaction between
the nuclear uagcnetic woment v of the irnternediate state and
the magnetic field I which is parallel to the axis is X = .
Hre ‘“
= -3 ¥, Thus the energy elgenvalues are I = p—
g L hus T nergy elgenvalues ar - )'I
=AW
where w is the Lanor fraquency.
- “m o+ 1T Ep -
- - ( pon ) = P .
This interactior results in a vrecession of the nu-

&

field direction at

1

-

2l correlation pat

tively rotates the direction

vhere t is the time elansed between the emissi
and the seccnd mamna ray. Then the nattern is
time devendent forn.
] Ww(e,d,t S o Pk (cos 9 - t)
in the cazse of an intersction between
field gredient and the electrical gquadrupole m
A z by 17 (_1)q D (2) 7
aq

Yhere 7

i and V
a a

are the tensor operators
clear

dient.

tern by w €,

onn cf tre

the

given by

an

of the nu-

electrosta

frequency W whlch effec-

K

t

gquadrupole moment and the classical external field gra-

A

oy
=

firsst



The interaction matyix is:

ol .

[o,
e
0]

conventional definition of the gquadrupole noment

. 1 2
is: e = Iy \[;T<IIITO( )III> .

If the field is axially symmetric the interaction

»

conmes

1 . (2)
L\,q = J_’;' TT .LO \/-ZZ .

Then the elements of the interaction matrix are

diagonal. Therefore the quadrupole interaction matrix

-

elenent can e shown to bte

A - p— (.\), ] .
noglm 1 Li(21-1) P
e & Vyp
The guadrunole freguency isw = - ————
1 ! quene’ q LT(21-1)%

are doubly degenerate, unless m = o, so that the guadrupole
rotations are insensitive to the direction of the magnetic
field. Thus wher a nmagnetic field is the main perturbing
interaction, the quadrupcle effects reduce the anisotropy
of the angular distributior. This 1s true in the cases
discussed Teloi. ,fasbu}3 >> w q this leads to a smeoring
’
out of the effects of the gquadruvole interaction and the
electrical and maznetic interactions can then be treated

individually.

2. lleasurement of the Rotation

For arnalytical convenilence the expression
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W(8,3,t) = % 35, cos 2n{8- wu)
will be used, which is equivalent to the form of W(8,d,t)
developed in an above section.
In the actual experiments the resolving time of the

1 LVl A s -
apparatus was much longser than the mean 1life "¢ of the inter-

mediate state so that the time integratel correlation was

observed,
Therefore
] 1 L _t/r _
W(8,Z,00 ) = T S‘e T W(e,n,t) 4t .
0

-Hereafter W(6,H s (8, 7,® )

The above equation for '(9,%) may be readily integrated to

2n
give W(8,H) = X (cos 2n84+2nwT sin 28) .

> 14+(2n wT)2

The angular coxrelation vattern is obtained with no

t
magnetic field nresent. An angle € 1is then chosen so that
au
ase

measure the colncidence rates, The coincidence rates are

ig near 2 maxinmun and also where it is convenient to

- ! o - -~ p
then méasured at the angle 8 in a magnetic field with the
direction of the field successively "un" and "down". The

o)
experimentally determined quantity is 7

‘ gt Ty o ow(e'. -m
where 2 ”(e"“) "(e" )
w(e',=) + u(e', -3)

2

B
zn = 2n w’c sin 2n6’
1+(2n TY” ‘

z
n

> *2;4.’\ ~ cos 2nd'
n 1+(2nwl )=
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If wT <<1 then g

'8

{

£ H
)ii

R [1 dw(e)] Ja (2
2~ d(9) 49 5" H

Thus the rotation devends on the g-value of the intermedlate
state, the field ¥ acting upon the nucleus and the mean life
T of the intermediate level.

3, Effective Field at the ucleus

The effective magnetic field acting at a nucleus may

be considered to consist of a number of terums

h34 - E 1,
“eff = “mac * “hyp

where &

Hoac 1s the macroscopic field acting throughout the
e § L=ty

i
“hyo

T

crystal and is the field acting on the nucleus through

the hyperfine interaction.

Hmac consists of several terms. IT includes the ex-

ternal magnetic field, the Lorentz field and the demagneti-
zihg field, Emac is usually much less than the neasured ef-
fective field.

The is due to the Fermi contact interaction and

Ty
the interaction of the nucleus with the magnetic dipole mo-
ments of the electrons on the same atom, For the Ferml con-
tact interaction if no unpaired s-electrons exist but the
outer s-electrons vpossess a net spin, then the core electrons
can be nolarized by the svin of the outer electrons to »ro-

duce a net spin density at the nucleus., The remainder of

H, consists of the dipole - dipole interaction between



nuclear and electron sﬁins, the interaction between the nu-
cleus and the unquenched part of the orbital moment; and the
cross terms between the divole - dipole interadtion ard spin-
orbit coupling.

In the rare earth metals the dominant effects are
caused by the orbital angular momentum of the unfilled Uf
shell, ard to a lesser extent, the spin exchange polarization
of core and conduction electrons. In most rare earths the
orvital angular momenturn 1s almost completely unquenched
and produces e field of several negagauss. Dxceptlions to
this are gadolinium and ecuropiwn, which have a half filled
Lt electron shell and the fields are smaller, 340 and 267
KXilogauvuss respectively.

Cnly the comoponent of the rotation of the nucleus
in the plane of the detectors is observed. Since the de-
tectors are in a olane perperndicular to the apolied magnetic
field in these exveriments the observed rotation is per-
perndicular to the external field. Therefore, the average
relative orientation of the nuclear nmagnetic moments with
respect to the external field is observed via the sign and

size of =

obse The observed magnetic field (i.e. I in

H = I Ther ; S 8
I lepf COS 8 where 6 represent

equation 2) is gziven b T,
quat ) is 00S

et

}_J
o
3

the average ang

(ol

etween the nuclear magnetic moments and
the external field director.

L, Rare Tarth Ferromarnetisn

In the following paragraphs the properties of the
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rare earth metals that are relevant for the experiments will
be discussed., A brief summary of the crystallography and
nagnetic propexties will be vresented first. Hext a dis-
cussion of the origins and size of the magnetic field at the
nucleug will be presented. In these exvperiments the aniso-
Ttropy energy vlays a large role. The effects of the aniso-
tropy energy on the rare earth metals will alsc bte discussed,

In general the rare earth elements are characterized
by one to fourtsen electrons in the Lf shell, while the
valence electrons are usually the three electrons in the 54
and 6s orbitals. The rave earth metals usually crystallise
into a hexagonalvclose-packed structure with ratio of c¢ axis
to a axis in the range 1.57 to 1.59.' Yotable exceptiocns are
europium and ytterbium which have boly ceﬁtred cubic struc-
ture and face centred cubic structures resvpectively.

Vany of the rare earth metals are ferronmagnetic be-
low some temperature T, and are antiferromagnetic above Lo
Only gadolinium has no antiferromagnetic phase with the Curie
temperature for gadolinium being 29OOK. "he rest of the
rare earths have a deformed screw structure. The aﬂisotropy
enerzy 7Tor the rare earth metals arises mainly from the
electrostatic interaction btetween the multipole moments
posseszz2d by the U electrons and the crystalline field opro-
duced by the surrounding charge distributions. This aniso-
tropy energy produces the transition from the antiferromag-

netic vhase to a simple ferromacgnet with moments in the
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hexagonal plane.,
The form of the anisotrovy energy apvronriate for
hexagonal symmetry is given by

H = D2, (cos8) + T P, (cos®) + T Fg (coso)

+ G s1n%0 cosbéd
where Py (cos®) is the Legendre polynomial of degree n and 9
and 7 are the polar and azmithual angles of the magnetic mo-
ment J. D,E,F and G are anisotropy constants which determine
the preferred direction of the ordered moment with respect
to the crystal axes,

In the rare earth metals the magnetization is thought
to be mainly due to the Lf electrons. However, unlike the
case of the 34 transition elements the'hf}wave functions are
localized in the vicinity of the nucleus., The Uf wavelunc-
tions of neighbouring atoms have negligible overlap, thus it
would be vresumed that an indirect interaction between Uf
electrons would be dominant and hence the cause of magnetic
ordering.

It is Dbellieved that the indirect exchange interacticn
between Uf electrons via the conduction electrons is the
Rudderman-¥Kittel-Kasuya-Yosida Interaction (Koehler 1965).

It is long range and oscillatory in space. The interaction
between the Uf electrons on different rare earth ions are
believed to interact by the double scattering of an electron

between an occupied state in the Fermi surface into any avail-

able state, The spin on one atom may be regarded as setting



ve a spin polarization in the conduction electrons. IEecause
the Fermi distribution restricts the'wave vector of the elec-
trons wnich carry the polarization, this polarization tends
to have én oscillatory component. The polarization couples
to the spins of other atoms to vroduce an effective excnange
with a long range nature.

Some of the rare earths possess an easy and hard dir-
ection for magnetization. ELecause of the largé anisotropy
energy it is virtually impossible to magnetically saturate
the sample along the ¢ axis with the exterrnal Tields employed.
Thus 1t must be assuned that Heff is perpendicular to ¢ and
that the magnetization seen will te due to the projection of
the moments on the directions of the applied field. Then
integrating over all orientations of the basallplane and the
possible directions of easy nagnetization in the basal plané
3
I

we obtain ! =

Nt i easy direction.
netal J
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CHAPTER III

EXPERIMENTAL APPARATUS

In the following sections the equipment employed 1in
the experiments is briefly outlined. GHMentlioned first are
the cryostats and magnets along with the necessary magnetic
shielding. Wext the functional details of the data collec-
tion and storage system, as well as, how the experiments are
automatically controlled, are given. In the final section
- the angular correlation table is described. The basic ap-
paratus essential to the experiment is a magnet, scintilla-
tion detectors coupled to photomultiplier tubes, a system
for pulse analysis, and a2 means of detérmining the angle be-
tween detectors.,

1, Cryostats and Magnets

A superconducting magnet is susvended inside a pair
of glass dewars by thin wall stainless steel tubes which gain
rigidity from brass plates pervendicular to their length as
shown in Figure I1I-1, Roth dewars are silvered on their
inner vacuum jacket surfaces to minimize radiation heating.
The outer dewar is filled with liquid nitrogen while the
inner dewar holds about three litres of liquid heliumn.

The helium part of this system was made leakproof via
O-ring seals and hermetically sealed electrical feed-through
connectors in order to prevent ailr from contaminating the

heliumnm,

20



t13
(3

ig. III-1. Superconducting magnet dewar setup.
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The superconducting magnet was custom made by Oxford
Instrument Company Limited. It featﬁres a split coll arrange-
ment, with two 300 wedge coll spacers, to permit clear passage
of raiiation over a large range of angles in the horizontal
plane, A maximum field of 16.7 kG. is vroduced which cor-
responds to a magnet current of 19 amps. The magnet is pro-
tected via two diodes in parallel with the magnet, The
source is supported in a stainless steel tube which is mounted
onn the lower aluminum pedestal (see Figure III-1),

The experiments performed at liquid nitrogen tempera-
tures were done in a silvered glass dewar in which the iron
magnet was supported on styrofoam. In order to reduce the
evaporation rate of liquid nitrogen the dewar had a styrofoam
stopper inserted, These experiments were performed on the
angular correlation table which is described below.

The iron magnet consists of two coils of 1000 turns
each of 20 gauge enamelled copper wire mounted on copper
formers. These formers are separated from each other in the
mild steel yoke which surrounds the coils to act as a magnetic
return path. This yoke has a 1" diameter hole cut out one
side and a 13" high slit of angular length 150O to allow the
gamma rays an unobstructed path to the detectors. The pole
tips are made of 1" diameter mild steel tapering to 1/8"
diameter with a variable gap distance., This magnet produces
2,0 kXG. at 1.5 amp with a gap of 0.3 cmn.

The stray magnetic field is reduced via a 30 turn



23

bucking coil carrying a wvariable fraction of the magnet cur-
rent, |

Both magnets were powered by a Harrison Laboratories
624 6A vower supvly. The supply was operated in a manner to
provide constant current through the magnets. In both cases
the power supply is overated in a voltage limited constant
current mode., TFor the superconducting magnet experiments a
resistor chain is placed in series to provide.an adequate
voltage drop for stabilization during operation.

2, Magnet Shielding

Since the output from photomultipliers is very sen-
sitive to stray magnetic fields it becomes necessary to em-
rloy magnetic shielding for these tubes. Two different
types of photomultiplier shields were employed. For the
noveable detectors employed in the angular correlation meaQ
surements and for the experiments in the presence of a mag-
netic field at liquid nitrogen temperatures the shielding
consisted of a soft iron tube with Conetic AA inner cylinder
as shown in Figure I1I1I-2, this allowed a‘smaller angulaxr
separation between these moveable detectors at a given
souxrce to detector distance than the other magnetic shield-
ing. For the fixed detector in all cases and the moveable
detectors for the superconducting magnet experiments the
shields were constructed as shown in Figﬁre III-3. Sheets
of Netic and Conetic AA, high vermeability steel from

Perfection Mica Corporation, were formed into three con-



Fig., III-2. Magnetic shielding for the moveable

detectors,

Pig, III-3. liagnetic shield for detectors during

Superconiucting magnet exvperiments.
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centric cylinders sevarated by aluminum spacers. A Netic
cap was fitted over the end of the shield/faoing the field
and placed in contact only with the outer (Netic) cylinder

These latter shields were found to be insufficient
shielding for the photomultipliers from the stray magnetic
fields due to the super conducting magnet and a subsequent
shield was designed surrounding the entire cryostat systenm
with a Netic inner cyiinder and a Conetic AA, outer cylinder
insulated from each other, which then reduced the magnetic
field from about 100 milligauss to about 2 milligauss at
the photocathode of the photomultiplier tubes,

3. Data Collecting System

The detectors employed in these experiments are
2" x 2" JaI(T1l) crystals integrally mounted on RCA 64324
photomultivliers. These provide high detection efficiency
and a linear response with gamma ray energy. Pulses from
the photomultiplier are passed through an Ortec 113 preamp-
lifier and are then amplified and reshaped into bipolar pulses
by the Ortec UUOA amplifier. These bipolar pulses are then
fed into a Canberra 1436 timing single channel ahalyser (TscA),
where the timing information is derived from the crossover
point of the bipolar pulse and the energy information is de-
rived from the pulse peak height. The Canberra 1436 produces
two pulses, a "fast" and a "slow" pulse, which are generated,
when the energy restrictions established by the window width

and baseline controls are met, after the bipolar input signal
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crosses the zero voltage level., Both "fast™ and "slow" pulses
carry timing information and can be aelayed. The "fast"
pulses, are then fed into a coincidence network as shown in
Figure III-lt, and the output of this coincidence network is
then led to the inputs of the digiplexer. The "slow" pulses
from the Canberra 1436's are led directly to the singles in-
put of_the digiplexer. As long term stability can be a
problem in the experiments Cosnic 101, Speotréstat poOwWer
suprlies are employed as they stablilize on an energy peak
in the svectrum and thus can compensate for any overall change
in gain due to the photomultiplier, preamplifier and/or amp-
lifier., This effectively eliminates all sources of gain in-
stability orior to the TSCA's.,

The data is fed into the programmer (Figure III-5).
The vrogrammer via the digiplexer controls whether singles'
or coincidence counts are stored in the scalers, It can ef-
fectively interchange coincidence input 1 with 2 and coinci-
dence input 3 with 4. The interchange of the inputs is ar-
ranged to correspond to the reversal of the external magnetic
field direction. The coincidence inoputs are chosen so that
the interchanged inputs are equivalent for the external fiéld
in opposite directions.

For example 1if ); is detected by TSCA's 1A and 2B
and )g is detected by TSCA's 12 and 2A where ); and };
are successive ganmnma rays in the decay cascade, then rota-

tion observed by coincidence rate 1A -~ 2A with field direc-



Fig. III-%, Block schematic of data collection

system excluding programmer,
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Fig. III-5. Block schematic of programmer. The
digiplexer innuts are the same as those shown in

Fig, III-h,
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tion "up" is the equivalent of the coincidence rate 1B - 2B
with the field direction "down". This allows an ovtimization
of the number of detectors employed as well as providing a
check on systematic errors. ;

The main control (see Figure III-U), is basically a
timer circuit giving out pulses at times predetermined by
the experimenter to control the counting period corresponding
to a given field direction, length of storage time between
readouts and how often chance coincidence rates are taken,
For taking chance rates a delay of 500 n.s, is electronically
switched into the "fast" output of TSCA's 1A and 1B. The
main control also works as a switching circuit by determining
which peripheral control is to be employed; that is the iron
magnet control (I.l1.) control, Superconduéting magnet (S.C.M.)
control, or the angular correlation (A.C.) control. The
former two controls determine the direction of the external
magnetic field as weli as the switching of the field direc-
tion. The A.C. control determines the angle at which the
moveable detectors aré positioned as well as moving these
detectors to other angles, |

L, The Angular Correlation Table

The table (Figure III-6 and Figure III-7) has a
raised mounting bar for the fixed detector which enables
either a NaI(T1l) with magnetic shielding or a Ge(Li) de-
tector with adaptors to be emvloyed., There are two mount-

ing bars which are moveable., One of these is connected to



Fig., IIXI-6, Schematic side view of Angular Correlation
table, Detector 2 is shovin mounted on the moveable arm

and the source 1s on the moveable stage and pedestal.

Fig., III-7. Schematic top view of the Angular Correlation
table. The bar connecting the two moveable arms and the

contact hcoles for the relay rod are shown.
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a motor which automatically changes the detector angle, the
other mounting bar is free moving and its position relative
to the motor driven mounting bar can be fixed via a connect-
ing bar which has separations gradvated in 10O increments
from 40° to 150°, Both of these mobile arms are designed to
swing about the centre., The mobtor driven arm's position can
be chosen arvitrarily to within %o. During an angular cor-
relation expveriment the arm is motor driven to any one of
the 5 holes positioned every 223° between 90° and 180° with
respect to the fixed detector. The arm is stopped by a relay
actuated rod drovping into the desired contact hole,

The source is mounted on a thin lucite rod above a
moveable stage., This stage is controlled by two micrometer
drives operating at 90° to each other and at 450 angles from
the longitudinal axis of the fixed detector. This facilitates
centring of the source to within a 17 count rate variation

over the angles subtended by the moveable detectors,



CHAPTER IV

EXPERINENTAL

The experiments make use of the time integral method
of perturbed angular correlations. In the experiments des-

cribed helow qu? is small so that it is convenient to use:

R _ W(e,8) - u(e, -¥)
2 W(6,8) - (e, -H)
as a measure of the rotation.

The experiment consists of first measuring the direc-
tional correlation for the desired cascade. This enables the
best angle between the detectors to be chosen (usually when
%g is a maximum). In practice the angular correlation is
measured autonaticelly using the equipment described in
Chapter III.

At the "bvest” angle the coincidence rates are mea-
sured with the field "up" and the field "down". Thus ob-
taining-R. In practice the external field direction switch-
ing is done automatically and the coincidence counts are
switched simultaneously from one scaler to another by the
programmer decscribvbed in the above chapter.

The experiments performed were the measurement of

152Gd and the

the rotation of the 344 keV, 2+ state in
366 xev, L+ state in 1528m, while in the presence of a

magnetic field. The decaying nuclel were present in alloys

32
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of europium with gadolinium and holmium. The measurements
involving the gadolinium and holmium alloys were perforned
at 770 K and 4.2° X respectively.

In the sections below the results from the experiments
are listed. The nmethod of sample preparation and evalution
which include chemical treatment, optical microscope and
electron microprobe studies are also described. The results
of the perturted angular correlation expceriments and the
sanple evaluvation are discussed.

1. Spectrum and Decay

The gamna spectrum of 152Eu (12.4 years) is some-

shat complex and 152

152

Eu decays into two different daughter

niclei -
152

Sm by positron decay or electron capture and
Gd by beta decay. The basic decay scheme for the 12.4

year half 1life 1523u is shown in Figure IV-1. The full

152Eu ganne, spectrum obtained with a Lkal(Tl) detector is
shown in Figure IV-2 with the position of the prominent or
important peaks labelled by thelr energy. In the gamnma
spectrum there 1s a noticeable asymmetry of the 779 keV
peak, ‘This asynmetry is the result of the presence of thé

150

724 keV gamma ray from the decay of 2u which has a half
life of 16 years. The 724 keV gamma ray has no contribution
in the coincidence spectrum as it is not part of the 779 -
34l keV cascade.

The coincidence spectra (Figure IV-3 and Figure IV-

L) are obtained by taking the energy spectrum from one

detector in coincidence with the output of an energy window



152

Fig. IV-1. The decay scheme of Bu (12 year half life),

The intensities of the gamma rays shown are

122 kev 60 3
2k 5 8 %
3 26 %
367 0.5
h11 2 7
ik, 5
779 15 7
869 hoog
965 16 %
1006 1 3
1116 13 %
1213 1 7
12h9 0.5%
1298 1.773
1408 22 %

1455 0,147
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2
Fig, IV-2. Spectrum of 15 Eu (12 years half 1life)

obtained with NaI(Tl) detector.
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on another detector's energy, spectrun. The colincidence
spectra are denoted by the sane letter used to label the

152

energy wWindow on the complete Bu spectrumr. In both
Figure IV-3 and Figure IV-4 the 1523u spectrum has the last
100 channels and first 20 channels deleted resulting in a

152

different appearance from the Bu spectrum in Figure 1IV-2.

The prominence of the 779 keV peak and the 344 keV
peak in the coincidence spectra A and & (Figure IV-3)
indicate that there is little interference due to other
cascades during the angular correlation and perturbed
angular correlation measurcuents. In Figure IV-4 the
868 keV peak is weak in the coincidence spectrum C but the
24l keV peak is very prominently displayed in the coinci-
dence spectrum D. Thus the only possible interference in
this cascade can be effectively removed by the T3Cun's,
Therefore, no interference is expeofed in the measurement
of the directional and perturbed directional correlation.
2. Sources

Alloys‘of europiun as low concentration impurities
(1 - 2%) in gadolinium, holmium, dysprosium and terbiumn
were obtained from Research Chemicals Incorporated. These
alloys were produced in induction furnaces under several
atmospheres pressure of argon and rapldly cooled so they
- resembled castings. The sources were then prevnared by
cutting a 3 mm. by 1 mm. size sample from each alloy and

then activated by neutron capture in the licliaster reactor.
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Fig., 1IV-3. Coincidence spectra 5 G4 side. The

152
5 Zu spectrun.

windows A and B are marked on the
The spectra labelled A x 10 and 2 x 10 are the
spvectra in coincidence with the windows labelled

A and B respectively with the counts per channel

multiplied by 10,
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‘Sm side. The

1523u svectrum.

Fig. IV-4. Coincidence spectra
windows C and D are indicated on a
The spectra labelled C x 10 and D x 20 are the spectra

coincidence with windows C and D respeotivély multiplied

by 10 and 20 respectively.
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The sources were allowed to decay for a month or more so that

152

only the 12.4 year half life Eu waé prominent in the gamna
spectrum.

3. Neasurerent of the Unperturbed angular Correlation

Feasurement of the directional correlation of wvoth

152 152Gd

the 866 - 244 eV Sm cascade and the 779 = 344 keV
cascade were nade using the windows indicated in Figure 1V-3
and Figure IV-4., This directional correlation was perforned
using the automated angular correlation table, employing the
two moveable detectors mounted at 900 to each other and the
coincldence rates were measured every 22-?,5O from 900 to 180o
with respect to the fixed detector.

The coincidence rates were corrected for variations
in singles rates (i.e. changes in source to detector distances)
for variations in the chance rate and for decay. This data
was then least squares fitted to give the coefficients bn
in the expansion

Ww(e) = b, + b, cos28 + bu cosle

2

normalizing to bo = 1.

For the

1528m 868 ~ 244 %eV cascade

W(e) = 1.000 - (0.2096 .0043) cos26

'+

+ (0.0317 .0046) cosls

FPor the
152Gd 779 - 344 keV cascade
+
W(e) = 1.000 - (0.0458 - .0031) cos28

+ (6.0057 ¥ .0033) cosis



The quoted errors are probable errors from the least squares
fit. The angular distributions obbtained are given in Figure
IV-5 and Figure IV-6.

The theoretical values for b2 and b4 are calculated

using the equations

3 [ 4 5 ~ [}
2 - 1 . ' 6 . '
1 + E A22 + 674' h44
and 2_—?: A '
G T
b, =
Ll’ + ; Ll 9 " [}
1 Ttz T tun

Where AZ? and Auu' are the theoretical coefficients of the

Legendre polynomials of the directional distribution corrected
for solid angle via factors QZ and Q (Yates).

Aon' = Qp App

By’ = Qy by

wnere

=
|

2p = 2p(1) 4,(2)

and

Apy A (1) AL”(Z)

Ay (1) and Ak(Z) depend only on the spins and multipolarities

of the first and second transition of the cascade respectively.

If the first transition proceeds fron 11' to I with a nixture
]

~of multipolarities L, and Ly =1L, +1 (mixing ratio é})

we get for Ak(l)
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Fig, IV~5., Angular correlation function for =

using the windows A and B of fig., IV-3.
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Pig. IV-6. Angular correlation function fox Eu

using the windows C and D of Fig. IV-l,
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. Fy (II1 LlLl) + 2 th (II1 LlLl )+ 1 rk( I Ly Ly
A (1) = .
k 2 .
1+ 48
1
. )
and similarly for the second transition I ~* 12 and LZ mnixed
1
with L, = L2 + 1 (nixing ratlo é{z) for Ak(Z)
' g ' ' J2 U
. 2) e (112 LZLZ) + 2 'ZFk (112 L2L2 ) -+ > bx (II2 LZ
X - 2
1+ '{2
The Fk's are tabulated functions (Ferentz and Rosenweig).

152

For the sm 869 - 24l Y- ¥ cascade using the

sequence 3+(1,2) 4+(2) 2+ where = 6 (iganjar et al 1968),

one obtains

b2 = ~0.162

b4 = 0.0258

b2 theoretical is noticeably smaller than b, experimental

2
+
==0,2096 ~ 0.0043. This discrepancy could be removed if §

was slightly smaller as the A22 values are very sensitive to

S (tor &= 5, b, = .35).

For the 779 - 344 ¥~ Y cascade in 152Gd ueing the

sequence 3-(1) 2+(2) 0+ the theoretical value of by 1S

-0.071 (dasir et al, 1967) which gives b2 = 0.0486 which

agrees within statistics with the experimental value

+
b, = 0.0458 - 0.0031. The observed value for b, would be

expected to be slightly lower than the theoretical one due
to scattering from the magnetic shielding increasing the
effective solid angle. There is disagreement between b

L
theoretical = 0 and byexp = 0.0057 % 0.0033, but this
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variation i1s acceptabvle beling within two statistical

deviations.
L, Yeasurement of the Rotations
The rotation of the 366 keV level of 1525n alloyed

into G4 was measured once at liguid nitrogen temperatures
using the iron magnet and the liguid nitrcgen dewar.

152Gd 344 keV level was

Similarly the rotation of the
neasured ﬁwice using the samwe setup. The sanple was tested
for nmagnetic saturation using standard techniques in which
a signal is produced wnhose amplitude is oproportional to the
nagnetization. The signal amplitude curve 1s shown in.
Figure IV-7 was obtained. The magnet was operated at 1.25

amps well beyond the knee of the saturation curve. These

runs produced the following results:

Isotope -Eéi- w'c in radians
i -
1525, <1.3 x 10 <2.h x 1077
15204 2.21 £ 0.6 x 1077 2.36 ¥ 0.51 % 1072

Subsequently an experiment was performed on 152Eu,
in the evropium - holmium alloy, at h.2o i{e Since the
sanple employed was extremely small no maghetic saturation
tests were performed. The magnet was operated at 15 anps
corresponding to a field of 13.2 kilogauss which was
assumed to be sufficient for magnhetic saturation of holmium.
The detectors were positioned 10 cm. from the source at

1350 wlth respect to the "fixed" detector. The following



TS

"ig. IV-7. iagnetic saturation curve for europium -

gadolinium alloy.
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results were obtained

Isotope -g- wT in radiens
1525 <1.6 x 1077 <3.6 x 107°
-4 -2
15264 9.46 T 4,82 x 10 1.03 ¥ 0.54 x 10
An experiment to determine the g~factor of the 2+
level in 152Gd had been performed previously using both the

779 - 3LL eV cascade and the 1298 - 344 keV cascade for
152Gd in G4 by Zamora et al (1969). Zamora obtained a value

for 2wT of 0.074 T 0.0067 for the 779 - 34L keV cascade

-+

Wwith the source maintained at 85° XK and H = -320 ¥ 15 xoe.

eff
Thus there is a rnoticeable discrepancy in the wvalue of ou??

152Gd in

obtained by Zamora and the results obtained for
Gd in the results recorded above.

5. Etching of Samples

As a result of the discrepancy between the rotation
obtained by Zamora et al, for the 344 level of Gd in G4 and
the experimental results recorded above it was decided to
reinvestigate the homogeneity of the alloys. Prior to the
experiments being performed the samples had been scanned
with the electron microprobe and appeared homogeneous.

The initisl polishing of the alloys was done in
water using spccessively finer grain emery paper in four

steps from 220 to 600. Each polishing took about five
| minutes. None of the alloys showed signs of corrosion
under the 800 power microscope after polishing on the

emery paper and a mnethanol wash.



The samples were then polished for three minutes on
25 micron alunina powder polishing boards with a kerosive
medium. The samples were then washed with methanol.

The samples were then polished on low speed wheels
with a microcloth impregnated with a 6 micron diamond paste
using a kerosene media. After another methanol wash the
sample was polished with a 1 micron diamond paste again
using a kerosene media. Each of these polishing steps took
five to ten minutes. The sample was washed after this final
polishing with netharnol and air dried. As there were no
scratches otservable this polishing appeared sufficient for
observation purposes. However, some people make use of
finer abrasives such as 0.3 nicron alumina or 0.25 nicron
diamond.

Zefore etching began on any sample microscopic®
exanination was performed at 800 power to examine the
effects of polishing.

The samples were etched by a 104 nital solution
(i.e. 103 solutions of nitric acid in ethyl alcohol), for
a period of about ten minutes after which the surface was
flooded with methanol to remove any remaining nital and
gquench the etch., Nital appeared satisfactory for these
investigations although some prefer to make use of a non
agqueous phosphoric acid etchant for rare earth alloy
systems (Spedding and Daane, 1961).

The initial europium (1%) in gadolinium alloy was
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observed under an 800 power microscope to have a grain size
of about 3 microns by 10 microns. Thére were small areas
(inclusions) less than 0.8 microns in size present throughout
the sample as shown in Figure IV-7. The grains all possess

a rectangular shape and the -long axis of the rectangles is
roughly parallel to the long axes of the nelghbouring grains.
If this tendency of grain shape towards alignment is indice~
ative of the crystal axes then the samples_would not consist
of randomnly oriented grains.

Part of the europium (1%) in gadolinium alloy was
annealled at 1050O C for 48 hours in a vacuum. After etch-
ing it showed a grain size of approximately 2 mm. and the
ineclusiong had grown to azbout 10 microns in sigze.

Both of these samples were re-examined using the
electron microprobe and the results are shown in Figure 1V-9
and Figure IV-10. Easically the electron microprobe focuses
an.electron beam, approximately 1 micron in diameter onto
the sample under investigation, thereby producing the X-ray
spectra characteristic of the elements corstituting the
sample. Via crystal diffraction techniques the X-rays
correspornding to an arvitrery wavelength are allowed to
impinge upor the NalI(Tl) detector, which produces a signal
whose amplitude is proportional to the number of X-rays
striking it. The diffracting crystal can be oriented so

that the X X-rays of only the desired element reach the

detectors. In this manner the variation of concentration



Fig. IV-8, Typical etched alloy samnle,
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of an element over a region can be observed. In the actual
eapparatus there are two sets of detectors and crystals en-

abling the X-rays of two different elements to be observed

gimultaneously.

The beanr of electrons from the microprobe was moved
across the sample until it was aimed on the inclusion and
then was moved off the inclusion and across the sanmple to
where there were ro visible inclusions. The amplitudes of
the signals were simultaneously recorded using a chart
recorder. Figures IV-9 and Figufe IV-10 represent the
smoothed signal output. In Figure 1V-9 the signal for
europium grew to about 10 times the strength for the back-
ground when 1t was placed on the inclusion wnile the signal
for gadolinium decreased by about 104%. Since the electron
orobe spot is about twice as large as the inclusion and
there are problems in aiming the bprobe accurately, all that
can be determined 1s that the inclusion is an area of very
"high eurovium concentration.

The electron microprobe results for the annealled
sample showed that the inclusions in it were virtually all
europiun with little or no gadolinium present.

Upon etching, the remainder of the europlum - rare
earth alloys: holwmium, dysprosium, and terbium; appeared
similar to the unannealled sanple of europium in gadoliniun.

The only variations amongst the samples were in the size of

the grains and the size of the larger inclusions present,



Fig., IV~-9, ©Electron probe results for a sample

of the europiuvm - gadolinium alloy.

Fig, IV-10, Electron probe results for the annealled

Sample of the europium - gadolinium a2lloy.



INTENSITY

ot oo e e e D o wm e W ™ =

- e o oen w e

EUROPIUM

T/

INTENSITY

TIME

— - —

Lo _EUROPIUM

TIME

50



but both grain and inclusion sigze variations were within a

factor of two.

6. Discussion

An experimental value of g = + 0.32 ¥ 0.06 was

obtained by famora et al (196G) for the 344 keV level in
152Gd which agrees withln experimental error with the

calculations of Greiner (g = 0.36) and the quasi particle

model estimates (g = 0.299) Laranger et al (1968). Thus

zanora's value of g = 0.32 will be assuned for the calcula-

tion of Heff acting on 152Gd in Gd and in Ho. Our experi-

mental results for Gd in Gd give ¥ _.. = - 204 ¥ 40 xce.

based on T = 7.6 ) 1.3 x 10—11880. where tne only error
is assumed to be statistical.

This compares rather unfavourably with the expected value
o

B(77v) = £ v(c%%) - & -

. L M
g dem

+
= - 325 - 20 k0Ce
where 11 and Ms are the magnetizations of gadolinium at
o .. _. o ., s - . . A
77 K and 0 ¥ respectively. dgem 18 the demagnetizing

field and Hext is the external magnetic field.

The discrepancy can be explained if not all of the

152Gd nuclel contribute to the observed rotation. Since
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europiun is antiferromagnetic below 91 XK and the inclusions

appear to be completely eurovpium, the assunmption that Heff
= 0 for the nuclei in the inclusions is justified. Thus
s v + Y 1 s Iy
it would appear that 62 = 125 of the europium atoms are in

droper gadolinium lattice sites and the remainder are in
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the inclusions.

152

In the holmium alloy the field on the Gd nuclei

was measured to be Heff = - 89 * 5 KG. The exact meaning
of this measuvrement is not obtvious as the effective field
on gadolinium in holmium is not known and the relative
amount of europium in lattice sites is not known directly.
Assuming the field is the same as for Gd in Gd the amount
of europium in holmium lattice sites is (27 I 13)% of the
europium present. Since all the inclusions are less than
a picron in size a visual estimate of the amount of europium
in the inclusions becomes quite difficult. Added to this,
the amount of europium in the sanple is known only to a
factor of two and the concentration wmay vary from one region
of the sanple to énother.

In the case of 1528m in gadolinium at 7?0 x a

magnetic field H < 2,0 ¥G acts on the samarium nuclei.

eff
The valuve is arrived at by using the value

T =1.13 % .23 x 107 see.
for the 366 keV level and using g % 0.3 which is a conserva-
tive value. 3o effectively one could consider Hepp = O oOn
the samarium nucleus which night be expected as samarium is
antiferromagrnetic in this temperature region. rFor the 1528m

-

in the holnmium alloy ¥ is ss tY %C hoain H

¥y o Hgpp 1 le than 21 kCe. Again Horp

on a samariuvm nucleus is close to zero as might be expected.
The cause of the inclusions is puzzling. It is

known that differences in atomic size as well as differences



53

in electronegativity affect :he alloying of two elements.

The Darken - Gurney plots (Gschneider) Figure IV-11 and
Figure IV-12, illustrate these two criterion sinultaneously
by means of ellipses. The major axis represents a given
electronegativity difference and the minor axis represents

a set per cent size difference and the ellipse is centred

on the host element in the alloy. The small ellipse has

axes of I 0.2 electronegativity units and a ¥ 8 per cent

size difference in atomic radii. Elenents within the ellipse
are expected to form honmogeneous alloys with the host element.

. , + . . s .
The larger ellivse has a - 15 per cent atomic radil size

e
difference and a * 0.4 differerce in electronegativity units
and there is a limited solubility of eleuments 1in the region
between the larger and smeller ellipses. Elements outside
the larger ellipse have very limited or non-existant solu-
bility with the element the ellipse is centred on. As can
be.seen in Figure IV-11, europium is near the boundary of
the larger ellipnse. This might be the source of the inclu-
sions - a very limited solubility. However, a Lu (1%) in
Gd alloy was produced by the same method as thevother alloys
and upon etching it also showed the presence of inclusions
and as can e seen from rigure iV-11l, Lu is well within the
small ellinse %or Gd on the Darken - CGurney plot.

Thus the problen of inclusions might be a result of

the method of production of the alloys rather than any

alloying criterion.
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The results of Zamora et al, for 1525m at 130O s
prodvced an internal field in agreeﬁent with earlier work
by Murnick et al. Also, the value of the g-factor for the
344 keV level in 152Gd agrees with theory. Both of these
tests on Heff indicate that it is possible for europiun
to be alloyed into gadoliniunm and for substantially all

the europium to be at the gadoliniuvm lattice sites.



CHAPTER V

CONCLUSIONS

The importance of prover metallurgical analysis for
determining sample houogereity is demonstrated as the initial
electron probe results showed thelsample to be honogeneous.
The later analysis, after etching, confirmed ﬁhe doubts
raised by the perturbed angular correlation results as to
the sample being a true alloy since inclusions were present.
Also, the etched samples indicated that the crystallites
were not randomly oriented although the grain size neant
there would e altout 104 to 106 grains in & typical source
sanvle., This non-random orientation can be critical with
the rare earth metals due to the presence of the hard
direction of megnetization present in nost elements which
become ferromagnetic. Hence where a single crystal cannot
be obtgined 1t would te Tetter to transform the alloy
sample from a rod into a fine powder or shavings, so that
the source pvossesses the desired random orientation of the
crystallites. The problem of the non-random crystal
orientation in the holnmium alloy might be contrivuting to
the lowering of Heff as holmnium has a hard C axis for
magnetization.

In ceases where the g-factor of a nuclear level is

¥nown and the hyperfine magnetic field is also known for
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the alloy under investigation, the technique of perturbed
angular correlations can be enployed as a check of the per-
centage of the impurity wnich 1s in solid solution with the
host material. This can be valuable as the inclusions can
be present but not readily visibtle by metallurgical tech-
nigues as was the case for the europium (15) in gadoliniunm
alloyv. Also, the nmethod can provide a quantitative analysils
of the smount of inmpurity not in solution. Again, referring
to the europiun - gadolinium alloy the results indicated
that 40 T 10,5 of the eurooium was in the inclusions.

The results, both metallurgicel ac well as nuclear

investigations indicate that there is a great difficulty in

alloying snmall (1 - 27%) amounts of an impurity rare earth

ct

into a rare earth nmaterial. Since the sources - all

R

108
five (Iuv - Gd, ®u - Gd, BEu - Ho, Zu - Tb, and #u - Dy) -
were comnercially ovtalined from the same firm and showed
the same problems with inclusions, the fault probably lies
in the method of production employed.

‘Since Heff acting on a samariun nucleus, wWnere no
averaging over orientations occurs, is approximately 3,000
Wilozauss fromn spvecific heat data an estimate of the number

of aligned samarium nuclei can he made. In the case of the

gadolinium host less than 0.057% of the samarium nuclel were

‘d
[T

ion.

T

irec

o,

aligred along trhe external magrnetic fie
Similarly in the case of the holmium less than 0.15% of the
samarivn nuclel were aligrned with respect to the external

field.
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