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ABRSTRACT

The anisotropy of ganma radiation emitted by 1“2Pr pucled
in polycrystalline praseodymium was meazured in applied fields
up to 41.7 ke and temperatures down co 12 mK, The ohserved
anfsotreples were fltted to 8 model in which an appropriate
powder average was taken of the electronic moments measured by
Lebech and Rainford by neucron diffraction from a siegle c¢crystal
of praseodymiun in applied fields. The ¥an Vleck moments
calculated from the e¢rystal fleld eigenfunctiens and energy
splittings of Bleaney dc not provide a large encugh internai
field co cause the observed anlsotroples,

In order to explain the large crientation observed, the
first-forbidden beta decay of “2Pr must be assumed to be almost
pure Ferml with zero units of angular momentum uvsually carrled

away by the beta-neuwtrino pair.

DISTRIBUTICH OF THLS DOUUMENT 13 UNLU-{I'FW
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CHAPTER I
INTRODUCTION

Becently many lovestigacions have been made of praseodymium
metal to sttempt to ascertain lcs magnetic structure and to
understand the lnteractions which are reaponsible for it. The
magnetic structure of the heavy rare earth metals, fer which the
exchange interactions are much larger than the aplittings of the
crystal field energy levels, are fairly well-known.! For the
light rare earth metals, especlally Pr and Hd, the crystal field
splittings and the exchange energies are gpproximately equal, and
theoretical predictions have oot been eatirely satlafactory in
explaining experimental results. As an example measurements of
the nuclear specific heat capacity of Pr metal?:? ¢o pot agree at
all with Bleaney's calculations based on the crystal fleld levels.“

A Further Interesting aspect of Pr metal 1s that among the
lanthanide elements with incomplete 4f shellsz, it is the oaly one
whose specific heat capacity and bulk susceptibllity do net
indfcate the onset of ordering at low temperatures. Whereas most
rare eartha have ) type anomalies in their specific heat, Pr has
only a broad maximm at 35 K. This maxioum has been assoclaced with
the population of the crystal field energy levels and has successfully
been fitted using the crystal field levels given by Bleaney,“*3
The curve of inverse susceptibility as a function of remperature

extrapolates to a positive T intercept indicating possible ferro-

magnetic interactions, but the susceptibility becomes temperature




independent at low temperatures in 2 manner similar te thac of a
Van Vleck paranngnet.E This behavior as & Van Vleck parsmagnet

at low remperatur=s can ha contrasted to rhe observation by
neutron diffraction on polycrystalline Pr of lipes corresponding
to antiferromagnetic order with a Neéel temperature of 25 K.? Even
the neutron diffraction data is not conclusive. BRecent neutren
diffraction studies on single crydatal Pr have failed to show
antiferromagnetic ordering.?*®

Huclear orientation srudias offer a method of measuring the

effeccive magnetic field experienced by the nuclei. We hoped that
b;m;easuriéé tée‘;;iesénglnn of '“2Fr in Pr mecal we could learn
more about the interacrions and energy eplittings. The
orfentarion of the !'“?Pr nuclei and, therefore, the internal field
can be caleuwlated by measuring the angular distribution of the y
radiation emitted by the !Y2Pr nuclei.

In thiz thesis we will describe the orientatlon predicted by

varloue models of the magnatic seructure of Pr and compare them

to our experimental data.




CHAPTER II

THEQRY

Magnetie Structure of Prasecdymlum

Analysis of w=ray diffraction work on prassodymium has
indicated chat its equilibrium erystalline structure at room
temperaturs is double-hexagenal close packed (dhep).!®sll 1In the
dhep scructure afngle close packed layers of lons are stacked along
the ¢ axies in an ABAC sequence rather than the ARA sequence of
hexagonal cloae packed (hep) ot ABC of face=centered cubie (fec)
structuras,. The dhep struecure fs shovm in Figure 1. The tatio
of experimeantally datermined lattice constants, cfa = 1,61 for
praseodynium, is very close to the 1deal rartioc for clese packing
of apheres, 1.633. Assuming the ildeal close packing ratic, each
ion has 1% nearest neighbors one lattice constant “a" distant -- 6
in its own layer and 3 each 1in the layers above and below. The
ions in the A layer have nearest neighbors arranged the same as in
a fec lattice while the ions in B or C layers have nearest
nelghbors arranged the same as in an hep lactice, Tha 6 second
neareat neighbors which are ¥Z a distant are also arranged in fec
agd hep positions relative to the fona in the A and B or ¢ layers
rerpectively. The arrangement of the second nearest neighbors in
fce and hep posiclons 1s easily juscified if one notes that a
second nearest neighbor 1is always in an adjacent layer. Third

nearest neiphbors and beyond do not necessarily match the feoc and




Figure 1. The double-hexagonal close packed

structure.




and hep clasaifications, bur their contributions to the crystal
fleld shouild be small and will be neglected. For crystal field
calculations we have two inequivalent sites —- ane with a
hexagonal environment and oné with a cubic envirenment.

Neutron diffraction data on polycrystalline praseodymium by
Cable et al. Indicate the exlstence of antiferromsgnetic ordering
below 25 K.’ By comparing the reSulrs with work done on single
cryascal nendymi.un.l2 the neighboring element on the periodic
charc, they tentatively supgpgest that praseodyvmivm has a magnetic
structure with adjacent layers or every other layer aligned anti=-
parallel! bur with a sinusofidal modulation of the moments in any of
the three equivalent El {100) directiens in the reciprocal lattice,
The magnitude of tha modulation wave vector is 0.13 hl and the
maxinum moment is 0.7 up per ion 1f g1l the moments participate ot

1,0 p_ per ion if only the moments on the cubic or haxagonal sltes

B
align. The saturation momeat for Prit of 3.2 Uy per ion apparently
daes not develop on the antlferromagnetic sites.

Racent measuyrements of low temperature proparties of Fr have
been successfully explained uging Che magnetic structure Inferred
from the neutron diffraction work on polycryatalline samples.
Experimants on the nuzlear specific heat of Pr in the temperature
range 0,02 to 0.4 K by Holmstrim et al. have indicatad strong
support of a sinuscidally modulated antiferromagnetic ordering of
the moments on half the sites.? Their value for the maximum

soment, 0.95 pgy, is in very ctlose agreement with the wvalue from

neutron diffraction, Nagasawa and Supawara conclude from
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resistivity, magnetoresiatance, and magnetic susceptibility studies
of Pr and its dilute alleys that there i1s no magnetic moment on the
cublc site at law btemperatures and a sinusoidal arrangement of
woments on the hexagonal sites.l3

Single cryscal praseodymium has recently become available,
and neutron studies have been atarted. Johansson et al. report
no evidence of magnetic ordering in single crystal Pr ac 4.2 K.B\
The lack of antiferromagnetic erdering in single crystal Pr and
its occurence inm polycryscalline Pr has been confirmed by Lebech
and Rainford.? Johansson et al. attribute the anciferromagnetic
ardering in polyerystalline Pr to the modffication of the crystal
Field splittings by atrains allowing the exchange Interaction co
dominate and csuse spontanecus crdering. If che exchange and
crystal field interactlons are so closely balanced as to allow
antiferromagnetic ardering in a polycrystalline asampla and not in
a slagle crystal, we can expect that modifying the crystal field
splittings by applving an external field te a polyerystalline
sample may also destroy the antiferromagneric order.

Johansson et al, found that an applied field in the Ez or
(110} direction resulted in a large induced moment on hoth sites.
They were able to separate the contributions from the moments
on each site and found &t 4.2 K and 46 ke a moment of 1,8 Mg
per ion on the hexagonal site and 0.9 W per lon on the cubic

alce. The torsl moment at 4.2 K ghowed definite curvature above

10 ke indicating approach to saturation.
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Lebech and Raieford alsc found a large induced moment on both
the hexagonal and cubic sites for applied fields in the (110}
direction. Due to a lack of change ipn the intensities of
reflactions in the (100) and {104} directions whose structure
factors contain the combination {Zuc-uh], they conclude that the
moment on the hexagonal site Is twice the moment on the cubie
site. Using their data togéther with the magnetizatlon data of
Johanason et al. they derive the induced moments on the hexagonal
and cubic sites as functicens of the applied field in both the
(001} and {110) directiona. Figure 2 shows their results.

An addicional complicarion to the magnetic structure of Pr
is the possible admixture of regloos of the high teoperature fcc
phase, Bucher et al. quench cooled Fr from above its transfor-
mation point of about 800 9 and were able to retain the fec
phase at room temperature and belaw. 14 They“measured a ferromagnetic
Curle temperature of 0.7 K and suggest that the presence of regions
of ferromagnetic fcc Pr could explain the small specific heat
anomaly at 3.2 K,2 anomatoualy high hyperfine specific heat,2s!%
and too large magnetic susceptibilities"*3*®+1% found by other
workers, Fortunately our samples were folls and since cold
working was found to convert the fec to the stable dhep phase,lh

it is doubtful that any fec phase could have remained 1o our

samples,
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Figure 2. Induced monments on hexagonal and cubic sites of Pr
for applied fields 1in the by (H|C) and b4 (H||C) directions.
Graph taken from peutron diffraction work by Lebach and
Rainford. ®




Crystal field

Praseodyaiwm nectal, like wost of the lanthanide metals, iz
usually described ms tri-positive loma in a sea of conduction
elaectrons. The ground state of the Pr3+ ion hae two 4f electrons
to which Hund's rules assign the state BHH. J is a good quantum
number for these electrons buried falirly deeply ia the ion, and
the crystal field causes a Stark splitting of the ZJ+l = 9
electronic levela. Bleaney has calculated the energy levels and
acatee for both cublc and hexagonal fields." The cublc field
splics the electronic levels into a sipglet ground state, a
doublet, and two triplets. The hexagonal fleld aplita chem into
a singlet ground state, two other singlets, and three doublets.
The energy splittings were fit to the specific heat daca of
Parkinson EE.ELJ]? A slightly better fit to thls data has been
made by Wallace et al. including the effect of a magnetic field
on the elgenfunctions,® Bleaney's eigenfunctions and both sets of
energy splittings are given in Table 1. We have corrected what we
believe was a cypographical error in Bleaney's work by changing
|:2> in the states for the cubic sites ko |$2>. Without this change
the atates are not orthogonal. Grover alsc makes the same change

in the first triplet state for a cublc field in Pr,l®

Hyperfine Fleld

The interaction becween a nucleya and the spin and corbitcal
angular somenta of the alectrons often can be represented as the

nuclear magnetic poment interacting with a hyperfine field.

Thisz field is the magnetic field seen by the nucleus arising from
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the angular momentum of all the electrons. We will enly discuss
hare the dgcails which apply to prasesodymium metal. For a
conplace digeussion of hyperfine interactions the reader is |
referred to the review article by Freeman and Watson,!?

The hyperfine field in macallic Pr can have contribucions
both from the bound electrons in the Prit ion and from che con-
dyction eleectrons, The orbital angular momentum of the two &4f
elecrrons i not gquenched as it I3 for 3d and 4d transicion lons.
Therefors it c¢omtributes a major portion of the hyperfine field.
This eomtribution to the hyperfine field, iﬁr o has bean estimated

by Koodo for Prit to be:

# = 85 ¥ xoe 1t-1
oth

where J is the angular momentum of the electronic atate in units

of h.

The 4f electrons can also polarize the core & alectrons which
in turn can interact with the pnclel via the Fermi contact incer-
action. The core polarization contribucion, ﬁcp' has bean

estimated by Wataon and Freeman to be:
Hﬂp = ~90 (g,~1) J kos I1-2

for any rare-earth ion.?} Here {;J—l} is the projection of the

spin angular momentum [4 along J. The gyromaguetic ratlo, gJ, far

pe3t g 4/5;: therefore, the core polarization term is much emaller

thap the orbital term.
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The third contribution to the hyperfine field is dua to tha
Fermt coatgct fnteraceion with the conductiot &leckrons which asra
palarized by s-f axchange with the &4f electrons on the Pr3t ions,
For the rare earths typical contact terms in the hyperfine field
are of the ordar of a Eew humdred kDe.22 This tern includes both
cora polarization and conduction electron contributions. The
conduction alectron contribution to the hyperfine field of ¢d3t
1a about L00 k0e.?3 If we assume the conduction electyon term for
Prit 15 of the same order, we can neglect it in conparison to the
orbital term which for a free Pr?* ion s 3.4 M0e, For all of the
rare egrths the electrons which contribute to the magaeric
properties are buried quite deeply in the &f shell. The dominance
of the spin and orbital terms in the hyperfine field togather with
the protected nature of the 4f alectrona in the rare earths result
in electron wave functions and intéraction parsmeters in the rare
#aTth metals which are very similar to those for fras ions in
their salte.

Both orbital and core polarization terms are proportional to
<¥> — the caleulation of vhich using the cryacal fisld energy
levels and elgenfunctione together with perturbation theory is
particularly simple for an experiment dome at low temperature,

The first sxelted alsctronic energy levels are 26 K and 3 K aboye
the ground state for the hexagonal and cubic sites regpecrively;
therefor=, only the ground state will be pepulated at ligquid
helium temperatures. The expectation value of J in either singlet

ground state is zerc in the abseneq of an applied magnecic field
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48 can be eanily verified fiom the eigenfunctions in Table 1. The
interaction of an external field with the electron moments can be
treated as a perturbatien te the erystal field lavela, Tha
perturbed ground state in an applied £41eld has an admixture of

the first exeited state and <J» is no longar zerc. AS a pertur-
bacion Hamiltonian we rake the intersetion of the magnatic dipole

noment of the “Hs state with an external field Ho=
¥ = - gJuBI-H 11-3

where Ve 18 the Bohr magneton, Expanding the dot product in terms
of angular somentum ralsing and lovering operaters and eimilar

combinations of the %X and y compopents of Hﬁ we have

# o-gu BT + i +wohy2; 11-4
J B z2 z

Using firet order perturbation thaui? to find a new ground state,
we can calculate the expectation value of ! in the new ground

state for bath cubic and hexagonal sites, For the cuble Eite we

find that
(40/3) gJuBanac

£Ja, = = II-5
¢ L = (20/3)(gjugH /8 )2

The anergy splitting to the first exeited state hag been written

-

4 For the cubie site J i anti-parallel to H, irrespective of

c
the direction of the principal axes of the crystal. Therefore, we

may take the z axis as the direction of the applied field and

<J» = <J,>.. In the hexagonal site only the z component of J has



Elgenstate Energy {1n K) Energy (in E)

Bleaney* Blaaney" Wallace3
CUBIC SITES
triplet lﬁ 27| 24> ¢ [£1> - |#2» 246 246
IS# +3# 1754 -3> + ¢10 2?|ﬂ>
doublet T72T | 24> 3 VGJIT| 21> + JIE/ZT| 42> 150 154
ceiplet |:#r 7 1*1> - f7718|32> 87 90
j ; Z+3 + /172]-3

alnglet 10727 |+3> ~ /1027 (=3 - /T]27 0> 0 o

HEZAGONAL SITES

doublet | £4> + 0,58z 72> 122 122
ginglet |9 118 114
doublet | £1» 106 105
doublet |£2> = D.58z| %4> 63 63
singlet A72|+3> + /1]2]-3> 23 26
singlet A7Z)+3 - /A72]|-3» 0 0

Table 1, Energy levels and eigenfunctinns for Pedt fon in cubic and hexagonal
fields. {2z = +0,22 % 0.02)*

£l
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A non-zero expectation value; therafore, the z axis muast be selected

a8 the ¢ axis of the crystal:

18 gyughy/ay,
1= (g ugh /4, )2

<Jrpy = < 1I-6
Only H,, the component of the applied field along the crystalline
axis, contributea to <J*y, 8¢ <J>yi3 the same as <J >, for this

cage.

Since the orbital and core polarization terms are proportional
to <J,», they can be combined. For reasons given abova, che
proportionality should be the pame for Pr metal as for a free prH

ion, B8legney gives the hyperfine interaction for a free Pr¥t ion

in the form of the hyperfine Hamiltomian,
# == aclFom 11~7

where a 1s the hyperfine constant and mp 1s the magnetic quantum
numsbar of the nucleus.” Hia value for & is 1093 z 10 MHz,

The Hamfltonian for a nuclear dipole moment in an interpal

field Hy,, along the z axls can be written

H o=y e I1-8

Here 81 iz the nuclear gyromagnetlc ratio and 'y is the nuclear

magneton. Combining equations II-7 and II-8 we get
Wy = ack >/ grug 11-%

Using Bleaney's value for the hyperfine constant and approprisate
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values for gy and py equacion I1-9 beccopmes

Hyge @ 833 <Jg> kOe I1-10

which 1s in very close agresment with Kopndo's theoretical value
given in II-l. Using our calculated values for <J > we can
calculate the enhancement factor, the ratia of Hlnt to Hu' L
gjunﬂn<:-n, or Hu << 20 kOe par Kelvin energy spliteting, we cam

ignore the denominators in II=-5 and 1I-6 and obtain

Hygy = - 397 Hg/h, 11-11
for the cubfic site and

Hy . = = 806 Hy/ay, 1I-i2

o for the hexagonal site where both of the splictings, 4, sre
axpressed in Kelving. The enhancement factors, then, are 6.6 for
a 90 K aplitting on the cublc sité and 31 for a 76 K éplitcing on
the hexagonal site,
The above values for the hyperfine fields at bhoth sites
) caleylaced from crystal fleld levels can be compared to the results
; from neueron diffraction work on single crystels by noting that

the electronie moment on a site will bha jusk

| B=-gmyd II-13

r Using equation II-10 and the gyromagnecic ratie for Pr we can find

the relationship between the hyperfine fiald and the moment on the

site. 1If the moment 1a measured in wnits of Bohr magnetons,
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Hyp = = 1.04 p MOz 11-14

For the linear portion of the graph in Figure 2 the slope
indicates an enhancement factor of G8 for the hexagomal site and
34 for the cubic site —- far larger than the vaplues from the
perturhation calculations oo the crystal field levels, Also
departure from a linear behavior 1s noticeable by 20 kOe applied
field -~ far earlier than the dencminator in the expresaion for
«J;* predicta. These differences indicate that either the energy
splittings derived from specific heat dats are incorrect or that
the electronic moments on the sites cannot be calculated only from
the moment Induced by an external field on a crystal field ground
state sinpglet.

Huclear orlentation can be used as a probe to datermine the
hyperfine field seen by the nuelel, It should, therefore, make
a good test to determine whether the hyperfing field determined
from the crystal field energy levels and eigeafunctions or thac

from neutron diffraction work is correck,

Thermal Equilibrivm Huclear Orientation

A spatial ordering of nuclear apins can be achieved by aeverxal
methods. For the reader interesated in general nuclear orlentation
many review articles and books exist.2"»25:28,27 1p this section
we will describe only the orientation of nuclel in thermal

equilibrium wich thely surroundings.
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Thermal equilibrium nuclear orientation utilizes some
interaction which lifts the degeneracy of the 2I+l nagnetic sub-
levels of the nuclei, my= I, ~I+l, ... , +I, and low temperatures
te preferentially populate the lowest energy levels. {The sub-
scripted I on the m will be dropped for the rest of this sectiom.)
The populaticn, a, of the mth atate lo a stati=tical ensemble is

given by the Boltzmann distribution

ay = exp{~E /kT)/I exp(-E /KT) 1I-15
o

where Ey 1z the energy of the mth avblevel and k is Rolczmann's
constant. Xf the degeneracy between states with the same walue of
lm) is 1ifeed, the system can be polarized. If the degeneracy
between states with the same value of |m| la not lifted, but the
degeneracy between at least some states of different |m| 18 lifted,
the zystem can be aligned. An aligned system does not distinguish

betwsen +z and -z.

The amount of orientation iz often expressed in the form of
the orientatlon parameters fk{I}.4 These paramaters are 2L
independent linear combinations of the nth poments, En“am, of the
populations of the 2I+4]1 magoetic syblevels. The 21 fk{I}'s
uniquely speclfy the orientation of an ensemble of nuclel just
as 2I of the normalized a,'s do. The nermalization equation
gam- l supplies the remaining conditlom. The orlentation piram-
eters are defined in Cox and Tolhoek.2% The ones most often

used are:
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£, =171 pam I1-16
£, = 172 F apiw? - I(14+1)/3} 11-17

£, = I™ £ ay(n® - m?(6I%4+61-5)/7
m

+ 3% T(T+1) (T~1) (I+2}} II-18

In a polarized system one or more of the "odd" f; 's are nom-zero

while In an aligned system, one lu which a

= a one or more of
m -g? oW T

the "even™ f 's are nor-zerc and all of the "odd" ones are zero.

Directional Distribution of y Radiscdon

The amount of orientation in an ensemble of rediocactive nuclei
iz often measured by observing the directional diseribution of v
radiacion, The intensity of v radiation is symmetric about the
z axis which is determined by the internal field seen by the
nuclel. In a polycrystalline sample the z axls can be taken as the
direceion ¢f an applied magneric fileld. 1Ia a single crystal
aanple any preferred crystalline axils must be aligned with the
external field in order to use the external field to determine
the axis of symuetry, The Lncensity at an angle 5 to the z axls

can be expanded in terms of the Legendre polynomfals Py {cos 8}:
W(g) = Enk(I}fk(I}Pk{ma 9) 1I-19

The angular momentum properties of the vy transition are faclwdad
in the Dk's. and the amount of orlentation is given by the fk's

which have already been discussed. The Dk's are quite simple
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for purs dipole and quadrupole transitions. If the Initial
spln of the nucleua and the apin after the v cramsition are given

by I; and Iy respectively we can wrike;

Dipole Radlation

If - Ii—lp H(B)
g = 1i, W(e)
Ie = Ly+l, W8

+ (3/2M,(1)6,(1)R, (cos )  TI-20

[
(=
L

(3/2)K,(14)£,(1)F, (coa §) 11-21
(3/2pM, (TI4) £, (14)F, {cos 8) 11-22

1
e
-+

Quadrupole Radiation

If - Ii-Z, Wig) = 1 - (ISIT}Hi(Ii]EE{Ii]PE(cus a)
-5 Hu(Ii)fh(Ii}Phicna 8) 11-23
If - Ii+2' “{5} =] = [Isf?luz{li)fz{lilpz{ﬂﬂﬂ B]

5 Hutli}futli]Pu(cua a) 1I-24

In the equations above the nk" have been replaced by cheir

gpeclfie forme for the various transitipns:

N, (I} = L/(21-1) 1I-25
Ka{l) = I/{I+1} II-26
Mo (1) = X2/(I+1)(2I+3) I5=-27
N (1) = 13/(1-1)(21-1)(21-3) 11-28
M, (2} = I%/(1+1) (I+2) (21+3) (21+5) II-29

Expressions for higher multipolariecy tramsicions and for mixed

dipole and guadrupele radiaticns can be found in the literature,?®:29



20
Because half livea for y emifssion are wsually extremely
short, a parent nucleus with a half 1ife long enough to
allev ascenbly and codling of the apparatus must be chosen
unless the fsotope to be studied is produced in the apparatus,
The parent nucleus B decays to a short-lived excited state of a
daughter nucleus vhich in turn decays by a y transition or a

¥ cagcade to ite ground state. Figure 3 shows such a decay.

APn:entz

Anaughttrz+1

Figure 3. B decay of a parent nucleus with spin
I, to an excited state of a daughter nucleus
followed by a v trameitlon, I;+1¢, to ita
ground state,

+Sfnce the holf 1lives for y emission are usunally much shorter

than the thermal relaxation time to the surrounding lactice

or to the conduction electyons, there is no thermal reorientation
of the daughter nucleus before it y decays. There may, howaver,
be reorientation due to the angular momentum propertiem of the

B tramsition. If the B~v pair carries off no angular momentum,

the a_'s for the daughter are the same as for the parent.
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If, however, the lepton palr carries off angular momentum, there
mu3t be recrientation between the parent and davghter nuclei.

He can take this reorlentallon inte account in our expressien for
W{g) by writing che orientation of the initial state as the

product of the orientation of the parent state times an accenuacion
coefficient, Bk’ which depends upon the spins of the parenc and

the daughter and L, the angular momentum carried off by the

g-v palr:
wia) = Eﬂk{li)Bk(Ig,IisL}fk{Iu)Pk(ccs 8) 11-30

The same attenuation paramecters can ke used to account for a
preceding v transitien in a cascade where I, is pow the angular
momentum of the y radlaticn or 2L Ls the pultipolaricy of the
transltion. The attenuvation parameters can be determined using

Racah algebra,ll

B (1,,I;,L) = (2T +HW(L;LEI ;T L ywy (B 1wy (1)

II-31
where W(IyLkI_;I,1;) is a Racak coefficient and
)™ ek
s = (1] 1 (it

An fntraduction to Racah coefficlents 1s given by Rose, 1
Using tables of Racah coefficients caleulared by Beidanharn

et al.32 ya can calculated the Bk's for a few simple cases:
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For transiticns Ia -+ Ii = Iai L

By (1,:1,2L,L) = Dy (L) /Dy {1} IL-33
For transitions T, -+ Iy = 1, and L = 1

B (I,,T,>1) = 1 - k{kt1)/2L (T +1) 11-34
For transitions In +1,=1,and L=2

3 AdAH) ~ (4/3)12(1 +1)?
oo =TI (2I_+3) (21 42) (2T -1) I1-35

Bk(I

where

A = k(kHE) - 21_(I_+1) I1-36

For further cases see the article by Fano.39 If the lepron
pair does not always carry off the same amount of angular momentum,
a sum of the appreopriate Bk's mulciplied by the probabllity,

ay, of a given value af L must be used.

First-Forbidden Peta Decay

The beta transition which is of interest to us is a 2-+2%
first-forbidden 8 decay. Thete are six coverlap integrals or
nuclear matrix elements which can contribute to such a 2=+2%
decay. These matrix elements are of rank » = Q, 1, and 2,

where the rank of the matrix element is equal to the angular

momentum carried off by the A-v palr. The matrix elements are

glven below in the notation of Kotand:33:3%
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aw = Gy SO A= )
zv = Cy fiv, A=0 1I-38
zu=C, F1(8xE) A= ] 11-39
zy = -Gy fa A=-1 11-&0_ _
zx = -Gy /T o= 1 TI-41
z = Cy fByy A= 2 1x-42

vhere the matrix elements have been written in terms of the
unique one, II-42. For a complete treatment of first-forbidden
# decay zee the review article by Weldenmtller,?® A ser of
equations speclalized to 2™+2% first-forbidden B transitions
followed by 27201 electric quadrupole (E2) y transitlons can be
found in an artfcle by Pipkin et al.®*® Tt is with just such
transitions we will bhe concerned,

Many 2=+g* First-forbidden B transitions can be adequately

described by the § apprﬂximatinn.ag’a“‘g? The £ approximacion

involves retaining the lead term in an expansion of the
relativistic lepton wave function {n the Coulomb field of the
daughter nucleus in descending powers af the parameter. £ which is -

one-half of the {oulomb energy cof an electron lpcated at the

nuclear radius:

E = aZf2R 11-43
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where a 1s the fine structure comstant, Z2 ls the charge on the
daughter nucleus, and R is the nuclear radius in electron
Compton wavelengtha. This approximacion showld be valid for
nuclel with Z2»20 1f the maximuww kinetic energy of the electron
emitted is much less than £.°8 iIn the & approximaticn the matrix
elements given in IT-37 through I1-42 are small compared to QQF

linear combinacion V and ¥:
Vo vy+Ew A=10 II=44
Y=y = E{ut+ x) A= Ii-45

Therefore, the observable quantities are eapressed 4dn terms of
Vv and Y. Some of the characteristica of firsc=-forbidden

g transitions which obey the £ approximations are: a spectrun
whose shape correction factor C(W) 1s energy independent,>?
small values for the B-v directionsl correlation coefficient,’3?
and log ft values iln the range 7.5 % 1.5.7% Generally the
observable quantitles in a firsc-forbidden B t:ansitiaﬁ which
satlsfies the £ approximatfon show characteristics which are
similar to those of ailowed transiticms with the Fermi and the
Gamow-Teller matrix elements replaced with V and ¥ respectively.3®
S5ince Ferml selection rules correspond ko the electron and
neutrine having spins antiparallel, ¥V corresponds to the lepton
pair carrying away zero angular momentum, Similarly the

Gamow-Teller selection rules correspond ta the spins parallel or

cne unit of lepton angular womentum. The matrix element z
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correspending to two unlts of angular momentum carTied off by the
B~v pair is very samll; therefore, we can sat ,~0 anrd agto,=l.
We can now caleulate the attepuation coefficlenta for a =+t B
decay deacribed by the £ approximation as a sum of texms from
equations II-33, 11-34, and LI-35 oultiplied by the appropxiate
v_'s and, by using the above restrictions en the ul's eXpTass

L
these attenuation coefflcients in terms of aj:

E, =1 -a/f2 1I-46
R, = 1 - 5a,/3 11-47

By making the £ approximation in the expressions for Gy and o
found in the article by Pipkin et al.,3® we find that o, is
proportional to v2 and a; 1s proportional to ¥% with the same

proportionality conétant. Therefore,
agfu, = V2 /Y7 I1-48

a; = /(1 + v2ry2) II-49

Orientation of 1“2Pr in Praseodymium Matal

1%2py 15 formed by the irradiacion of 1“1Pr, the only stable
isotope of prasecdymium, with thermal neutrons. It B decays
with a 19,2 hour half 1life to 1“2Nd in its ground state 96.33%
of the time. The remaining 3.7X of the decays are first-iocr-
bidden & decays ta an excited state of }2Nd foilowed by a

1.57 MaV electric quadrupole (E2) y transition to rhe ground
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scare. The decay scheme i3 shown in Figure 4, The data in the

figure is taken from the &th editiom of Table of Isctopes.“?

The first-forbidden B decay of 142pr has been astudied by
Hess et El,hl They measured the shape factor of the § apectrum,
the B~y directional correlation, and the P-y¥ circular
polarizaeion correlation. They found a cemstant shape [actor and
a very small anisotropy of the E-y dirserional covrelation.
These indications together with tha ft value {log fr = 7.1} are
evidence that the 27»2% B transition should be adequately
deseribed by the £ approximatiom,

The decay which we observed in this experiment was the ¥
transition [i - 2+ If = 0, The angular distribution of vy
radiation can be Ealnulated from équntinns 11-23, 11-25, T1-28 and

— - -2:
IT-30 using Ia Ii

W(O) = 1 — (10/7)B,£,P, (cos 6)

- (40/3)Byf, P {cos 8) 11-50

The f, 's are given in equations II-17 and II-18, snd the By's can
be calculated from ITI-46, 1I-47, and II-49 if the value of V/¥
1s knowm. The value of V/¥ was found by Hess et al., to be either
-0.2 or -2.7 from B-y elrcular polarization correlation measure-—
ments, They preferred the first value on theoretical grounds.

Using the error limits on W/Y set by Hess et al. we find:
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2~ 19.2 HOUR

142 B
Prsg >\ o+ .57

0.64 MeV MeV
3.7 % B~ y

log fT=7.l/ ED
2.16 MeV

+
96.3 % e
log fT=7.8. *2Ndg,

Figure 4, Nuclear decay scheme of !“2py.
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+0,05 .
U/t = -0.2_0‘15 —Z,Iﬁ‘g
~3.018 -0.058
B, = 0.319:4. 044 0.94040. 031
~0.060 -0.193
By = -0-68210. 146 .80040, 102

The first possibility for V/Y corresponds to mostly
Camow-Teller interactionis and the second to mostly Fermi
intaractiona. For a pure Gamow=Teller interactian Ez-& and
for a pure Ferml interaction Bz=l.

Meagurements of B—y circular polarization correlation do aoct
give a unique value for the ratic of the zers and first order
matrix elements for first-forbidden B decay described by the £
approximation, Nuclear orientation, by providing Informacion
about the orientation of the nuclel following the g decay,
providaes a means of selecting one of the two possible ratise.
Nuclear orientation measurements on 2Pz inmploantad in an iron
host made by Ried et al. indicated that {aufn]}230.25 or
(V/0)2 %.23 This value would indicate a preference for
VY = -2,7, Our data will be checked for compatibility wich both
ratlos.

We can now calculate the angular distribution of y radiation
from oriented 1%2Pr for the varicus possible modals of
pragecdymium metal. If the Interaction which 1ifts the
degeneracy among the magnetic sublevels of the nuclel can be

written as the magnetic dipola moment of the nucieus Interacting
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with an intermal field, H,g¢, we can write the energy Ey in

equation IT=15 as

EI:I m ""!ﬂ‘uﬂ -1 Hil‘lt 11-51

where the axis of quantization has been taken along the effective
field, The combination Hintfr now appears ir the expenentlals
that determine the an's and the Ek's, ao the orientation of the
nuclel and hence the angular distribution of ¥y radiatlon i= a
function of Hinth. W(0), the intenslty of y radiation
parallel to the z axis, ls ahown in Flgure 5 as a function of
Hint!T for both posaible values of ¥f¥, The Jdependence showvm 1s
for a system in which all of the 192pr uyelel experience the
game effective field. Praseodymlum metal has ews inequivalent
sites with equal populations; therefore, we muat take an

average cver both sites since they have Jifferent effective

flelds.
w(8) = Hlw(e) + w(e) } 1152

The cublc and hexagonal contributions have been deslgnated by
appropriate subscripts., The effective field at each site can
be obtained from ¢ither the calculstions using cryetal ffeld
splittings or from the sleckxonlc moments deduced from aslngle
crystal neutron diffrection studies. Since the models predict

different results, they will be treated aeparacely.
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Crystal field splittinges -~ Since the energy of two

antiparallel aspins dn a magnetic field is not a function of thelr
otfientation to the field direction, am applied field will not
orient an antiferromagnetlic system umless the field is large
encugh te disrupt the antiferromagnetic order by canting the spins,
Therefore, an antiferomagnetic crystal will remaln oriented

wlth reapect to the crystal axls rather than with respect to the
applied field except for wery large applied fielda, A polycryztal-
line antiferromagnetic sample should display no orlentation since
the crystalline axes in the crystallites point in all directicns
averaging out the orientation possessed by each erystallite. The
¥ radiation from '“ZPr atoms in the hexagonsl sites, therefore,
should be isotroplic for a polyeryatalline sample, Thus the total
orientation will result in a directional distribution of

y=radiation intensity:
w(e) = hiw(e) + 1) 11-53

The expectation value of ¥ on the cubic site, and therefore
T and ﬁeff' ig paralle)l or antiparallel to the appllied fleld;
hence duyg to the high symmetry of the cubic site, a2 polyerystalline
sample will produce the aame radiation discribetion as a single
ctystal with its crystal axis parallel to the applled field.

If the antiferromagnetic aligonment of the moments on the
hexagonal sites fs destroved by an applied field, then bath

sites can contribute to W(B}. Since only the component of the
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applied field along the crystalline axis contributes to <J,>,

for = pelyerystalline sample we muat take a powder average of
contributiona to H(ﬂ)h from cryatallltes with their ¢ axes at all
peossible angles to the applled field, In an ideal hcp atructure
there are 8 aquivalent {001} directions which can be takem as the
e axis., Therefore we need only take the powder averapge over ona
sctant of a sphere —- an octant cantered about the (001) direction.
The use of a computer makes the numerlcal calculation of W{D)
from a powder average relatively sinple. The observed w(0)

ia again juat an average of the contribyrions from the

hexagonal and cublc sites.

Neutron diffraction data —— The effective field experienced

by the nuclel in the two sites can alac be calculated by using
equation II-14 and the slectronic moments shown in Flgure 2.
If in a polycrystalline sample the hexagonal moments are
antiferromagnetically aligned, we again have the alcuation
described by equation II-53 with the hexagonal sites providing
only an isotrppic background. TIf the applied field changes the
balance between exchange interscclon and erystal fleld effectks
enough to make antifervomagnetic ordering wnfavorable, both
cuble and hexagonal contribucions must be considered,

In Figure 2 it is abvious that there i{s a large directlional
anisotropy in the moment on the hexagonal site., Only the component
along the b_ or (110} direction 13 significant. Since there are

—2
12 equivalent (110) directions in an hcp lattice, a powder
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average of W(D} must be taken over all possible crystallite
directions Iin 1/12 sphere, Again this can be numerically
calculated using a computer. It i3 very inteveazting to note that
a gipnififcant electronlc moment develops for the applied fleld
perpendicular to the crystal axis rather than parallel to 1t as
predicted by the cslculations using the crystal fleld splittings.

There is also a much smaller anisotropy in the moment that
develops on the cubic site. If <}> is antiparallel to ﬁb as wasg
calculared using perturbation theory on the crysrtal field eigen~-
funceions, there would be no such anisoeropy. Lebech and Rainford
suggest that the anisotropy may be due to a non-ideal &/a ratia
and exchange with neighboxs which are 1n hexagonal sites.? The
anigsotropy of the cubic moment will decremaze the deviation of
W(0)  from unity compared te the lsotrople case but mot by as
much as the extremely lsrge hexagonal moment anizoCropy causes
H(ﬂ}h to deviate, Also the contriburion te W{0) from the cubic
giras iz gmaller than that from the hexaponal aires due fo the
smaller moment on the cubic site. Therefore, we will not perform
a powder aversge on the contributrions to H{ﬂ}t butc assume that the
the cubie site acts almost as 8 single crystal. The appropriate
powder average iz quite involved requiring the averaging of
contributions to W(0)}, caused by the res¢ltant mement due to both
the moment along b, and along b, averaged over all possible

directions of b, 1in 1/12 aphere and for each b, _, all possible

b
directions of the particuvlar b, that 13 most nearly parallel to Hy.
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We can now compare the experimentally measured values of W{(0)
to those predicted by these modela of ariented !*2Pr in

praseodymium metal.




35

CHAPFTER 1I1

EXPERIMENTAL AFFARATUS AND FROCEDURE

Cryostat
The adiabatic demagnecization cryoscat used for cooling the

gsample has been dlscussed in detail elaewhere.“? Cnly a brief
descripcion will be included here, A block diagram of the
cryostat, dewars, and pumps showing the temperatures achieved
by each section is pictured in Figure 6. The zample is cooled by
a paramagnetic salt which is demagnetized from an initial
temperature of 0,3 K and an initial field of I8 kQe to a final
tepperature of about 10 mK, The samplelis spldered co copper
fins which are imbedded in the salt pill containing about 300 e
of a slurry of powdered chrome alum mixed with a solution of half
elycerine and half saturated aqueous solution of chrome alum.

A4 schematic diagram of the cryestat is shown in Figure 7.
For clarity the liquid nittogen dewar 1s not included, The
superconducting magnets for polarizing cthe sample and for
garurating the paramagnetic salc are located in the liquid
helium bath at 4,2 K, The “He and ¥e evaporators at 1 K and
0.3 K respectively are isolated from the ligqufd helium bach by a
vacuum can. ©Gageous He returning to the evaporator is liquified

by a condenser in thermal contact with the "He evaporator which

is filled from the heliuwm bath through a needle valve and
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Flgure 7. 5Schematic of sryostat.
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capiliary. Tha pressure drop in the e return line from 10 Torr
at 1 K in the condenser to 10 mTorr at 1/3 X in the Ha evaporator
is provided by a langth of capiliary with a wire inside it which
served as an impedance, Most of the capillary is in thermal
contact with the >He evaporator, A radistion shield emclosing
the salt pill to raduce the lesding from thermal radistion is
threaded onto the bottom of the He evaporator. The thermal
connection betwsan the salt pill and the He evaporator 1s a thin
lead ribbon located in the fringing fileld of the demagnetizing
magnét. As the aalt pill is demagnetized, the lead goes supar-
conducting, thermally isclating the palt from the evaporator. The
sample 1is located over 310 cm from the paramagnetic salt to reduce
the field at the zalc from the polavizing magnet. This field is
a definite limitarion *o the temperaturs resched after demagneti-
zation when we use our large polarizing magnet at high field

values.

The gas handling system is shosm in Figure B. The He
system 18 a c¢losed gystem with a =ealed pump to aveid any leakage
of SRe out of the system or alr into the system, The cest of
JHe prohibita its use in the same manner as “He. The “He system
exhausts through a filter to a went to the xoof.

The polarizing magnet fa a Magnion CF50 - 1-1/16 - 600 which
we modified te fit into our 4=-in. dewar aysetem. It is 6 in. Jong
with a 1-1/16-in, bore. A new peraistent current swicech was
installed and the splices were remade and repositioned in order

te avold quenchlag at low fleld values in the new configuration.
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Calibration of the mapnet with an F. W. Bell Meadel 610 gaussmeter
and a model AG131 axial Hall probe gave a value of 2.39 = 0,01
kOe/A."* Since thers 13 a 3 ohm protective shunt aeross the
magnet, the calibration for actual current through the magnet
rather than current indicated on cthe power supply was 2.46 2 0,01
kDe/A. To avoid accidental quenching, the current in the magner
vas uwsugally kept below 17.3 A correasponding to a filald of 42.6 ke
at the center of the magnat. The palarizing magnet was centered
1 in. below the sample to Increase the distance to the salt pill,
The calculated field 1 in. from the center of the solenoid is
0.9807 cimes the field ac che center,

The magnat used for saturating the paramagnetic salt was
nanufacturad by Westinghouse., It is 9-1/4% in. long with a
2.50=-dn. bore and 1s equipped with a persistent current switch.
The magnet has a rated fleld »f 15 k0e at 1B.4 A; however, wa
usually operate it at 18 k(e with 22 A current.

The current for both superconducting magnats is supplied by
a Westinghouse 503P magnet controlier. This transistorized unit
prxovides up to 25 A current with a RMS current ripple of less than
G.01Z. It also supplies power for the persistent current switch
heaters, A switching box enables us to connect elcher magnet to

the current supply while leaving the protective shuntsz across the

mapnets, '
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Datectors

Tvo different detector aystems were used in this experiment.
During run 26 twe scintillation deteetors were used, one parallel
to the appiled polarizing fizld and one parpendicular to it.

These Jatectors are referred to as the v and o detectors
reapectively after spectroscopic notation, Tn thia way boath W(0)
and W{x/2) could be measurad. By the time runs 27 and 28 were nmade
a solld state detector had been purchased, and it was used for its
much higher energy resalution. With only one detector W{0) was
measured, since the change in W(0) is usually larger than the
change in W(n/2).

The g¢intillation detectors uszed were two Harshaw 12512
integral line scintillation detectors wich 3Ix3-in. Nal(Tl) crystals
and 3-in. RCA 3054 photomultiplier tubes. The pulse height
resolution of these detectors is becter than 7% at 662 keV. The
high voltage for the photomultipliers was guppliad by a Fluke
model 402M power supply and two wmodel 2901 photomultiplier voltage
dividers made by Sturrup Wuclear Division of Canberra Industries.
The photomultipliers were magnetically shielded by three concentric
lavers of magneetic shielding: however, the polarizing magnet had a
large influence on the gain of the photomultiplier on the detector
parallal to the field. Ewvery time the polarizing field was increased,
the gain on the linear amplifier for the v detector had to be

increased to compensate for the gain shift in the photomultiplier,
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The data handling slectronies are showm dn Figure 3. The
photonultipliers are connected te two Sturrup model 1405 chaxge
gensitive preamplifiers then to two medel 1415 RC amplifiers. The
outputs of these amplifiers are connecked both to a common model
1465 sumning amplifier and to acparate madel 1432 integral
discriminators, The surmdng amplifier 18 connecited to a Victoreen
SCIFF 400 multichannel pulae helght analyzer. The incegral
discriminator cutputs are waed as rouring pulses to put the
spectrum from the ¢ decector in the first 200 channels of memory
of the pulse height analyzer and the spectrum from the n detector
in the second 200 channela, The memory of the analyzer can be
read cut on a wodel 33 Teletype, or it can be recorded on a Kennedy
1500 incremental tape recorder, The interface to the tape recorder
was bullt in the department's e¢lectronic shop.

Our solid state detector was a lithiumm drifted germaniom
detector {(Ge{iLi) detecter) manufactured by Canherra Industries,

It is a 7000 Series 5-sided ceaxial detector wicth an active
volume of sbout 30 em®. The resolutloen of our detector was
measured by Canberra to be 3,0 keV FWHM with a peak te Compton
ratic of 16:1 and an efficlency of 4.3 relative to a 3Ix3-in,
NaL(Tl} scintillation detector., These measurements were made
on the 1.33 HeV peak of 60¢q,

The data handling sysatem for the Ge(li) detrector was much less
complicated than that for the Nal detectors since only one spec—

trum was cellected and routing pulses were not uysed. A bias of
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almost 1300 ¥ is mpintained by four 30H V¥ baiteries, The charge
output signal from the detector 1s integrated and shaped by a
Canberra model 140BC ppectroacopy preanplifier. The signal is then
anplified by a model 1416 spectroscopy amplifier and fed into the
pulse helght analyzer, The output optlons are the seme as in the

other system.

Preparation of Samples

The samples for the nuclear orientation runs werse recelved
as 0,005-in, praseodymium foll from A, D. MacKay®" in two
geparate orders. The first order marked 99.9% showed considerable
surface oxidation. The second order was marked 9%.9H% and had 3
much cleaney aurface, All samples were wet sanded uaing xylene
and 320 grit silicon carbide sandpaper untill a clzan surface was
obtained, The folls were then plated with aluminum by vacuum
evaporation to prevent corrosion during shipment to and Erom the
reactor., TFraseodynium oxidizes rather rapidly at the least
provocation, As a further precaution the folls were shipped in a
nitroegen atmosphere in a small polyethylene bottle sealed with
vacuum grease, Each sample to be irradiated consisted of 8 or 10
pleces 8 by 16 mm by 0.10 to 0,12 wh chick after sanding. The
total weight of each sample was about 0.5 g. Ho welght gain to
0.0001 g could be measured after plating with aluminum. The

samples were exposed to a thermal neutron flox at the Research

Reactor Facllity of the University of Missouri at Columbia,




45

Mtssouri. Between 10 and 60 mCt of 3“2Pr was produced in the
samples by the reaction 1“IPr + 1n » 3%2Py, The sanples wera
flown back to the University of Minnesota by air freight, Table

2 oummarizes pertinesnt information on the samples.

Sample Run Source Weight Initial Amount

Tambar number sctivity wused
112 26 st order 0.412 g 60 mCi 3/4
116 27 2nd order 0.506 20 45
117 28 Ind arder 0.573 11 4/5

Table 2. Data on pracesdymium eamplesg,

Onee the irradiaced samples had desayed to an actlvity level

that was safe to handle, they were tinned under a jet of helium
gas ueging an ultrasonic soldering iron and cadnium-bismuth
sclder.*? The Cd-Bi salder has been found to have much beteer
thermal conductivity at low temperatures than the usuval Sn-Pb
soft solders.“® Care was taken to avold heating the foils much
above the melting point of the solder as they blackened when
heated too much, The entire operation was performed behind
ghielding by an experimenter using gloves with thin lead formed
over them for protecticn from the rather high B Flux. Eight
tinned Pr foils each 8x8 mm were soldered to the fins of the salt
plll vaing the same solder. Since thers are zix fins in che tail

section of the salt pill, two foils were soldered on either side of

the center four fins.




46
An iron foil of similar mize with a small amount of ®0Co

diffused dtito it was soldered betwean the center two Pr folls as
8 thermcnster. The temparature of the iran foll can be calculated
from the anisctropy ¢f the y rays emitted by the %006 nuclel
disaolved in the iron, The arrangement Cu fin - Py ~ Fe - Pr - Cu
fin ingured that the t¢hermometer would not be ccoled below the
temperature of the Pr by diract contact to 4 Cu fin. The activiry
of the thermometex was about 1 Jci for run 26. A different
thermometer with about 7 wli aceilvity waa used for runs 27 and 28,
The self-heating of the thermometer caused by absorption of the
0.3 Me¥ 's which precede the ¥'s from %0Co 1s less than 1
erg/min/uCl. The heating In Pr from the 2.16 MeV f's which occur
96,3% of the time i3 over & times as great for the same activity.
Alsc for the same number of observed v's from both 80Co and !%%pp,
the !“2Pr must be 13 times stronger to compensate for the number
of decays which do not result in a ¥. Therefore, the self-heating

of the thermoneter should not elavate its tenperature significantly

above that of the Pr,

Experimental Procedutse

Two Factors which make obtaining orientation datp on 1%2Pr
difficylt are the short half life and the large number of high
energy &'s for each observable y. Early 4n a run the seli-heating
of the sample causad by abscrption of the B's not only affected

the lowest temperature we could achleve after demagnetizatiocn,
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but also affested the warm-up rate after demagnetizaticn. By the
time the ackivicy had decayed to a level at which we could Teach
our lowast temperatures, the low counting rate provided poor
statistics evan over one hour eounting periods,

The heat capacity of our salt pill is approxinately
3 x 10*% ergs/of at 10 oK.%? If we consider 0.7 times the
naximum energy to be the average energy of a g, for 2.16 MeV
maximum B's the heat produced in a sample by absorption of these
'z is about 9 uyW/mCL. Thiz heating rate will produce a temperature
incraase in our salt pill of 11 m/hr/mCi.

The temperature of the sample after demagnetization of the
salt pill can alsoe be limited by self-heating if the heat produced
in the sample is great enough to set wp a thermal gradient in the
link compecting it with the =alt pill. The copper fins between‘
the paramagnetic salt and the sample are about 30 em long with a3
total cross sectional area of 0.2 cw?., Assuming 10 mK as the
temperature of the salt and ignoring the boundary resistance between
the fine and the frozen slurry we can calculate the temperature of
the sample with a given activity. Using the value of Anderson et
al. for the thermal conduetiviry of copper at low temperatures,”’
the calenlation indicates that in order to cocl the sampls below
25 mK the activiey of che sample must be balaw 300 pCi.

As alimic on the other end of a run we find that we get
11ctle useful dats after the activity of the sample 1s less than

10 uCd, This activity will produce the same number of v's as
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0.37 uCl of a substance in which each decay results in a vy.
With beth of chese conslderationg we can get useful data for
about 5 half lives or during about 4 daya out of A run.

The general procedures for each run were quite simpilar, We
would have the sample irradiared to an acrivity level sufficiencly
high to allow for ppasible delays in shippirg or assembling the
apparacus, Onee the sample arrived and had decayed to an accivity
imvel that waa safe to handle, we would mount the Pr foils on the
salt plll, Fi1ll the salt pill with slurry, and assemhle the
apparatus. Tinning and mounting rthe samples and assembling the
apparatus usually took six to efght hours. COwvernight the
apparatus was allowed to cool to liguld nitrogen temperature.
Liquid helium could be transferred as early as the day following
deiivery 1f the activity was low enough to pesmic inmediace handling.
The earliest the salt pill could vsually be demagnerized was the
day after the initial helium transfer; however, somerimes a
demzgnecization ¢ould be attempbed the evening following the
inirial crapsfer. If after demagnetization che sample could not
be cooled balow about 25 mE which was necessary to phaerye an
anisotropy, the salt was remagnetized and another attempt was
nade the following day. Once the activity waz low enough for the
mample to be cooled bhelow 25 mK, data was collacted a8 the salt
pill warmed up. Early in a run countlng perfods as short as
10 ninutes were used while towards the end of a Tun counting
periods of 60 minutes ware necessary. Live cime was used rather

than ¢leck time to compensate for the dead time of the analyzer




49

vhich decreased as the sample decayad. OQccasionally the field
of the polarizing magnet was changed so that we could collect
data at different values of applied field. About once every
24 hours, after the temperature of the gample had risen several
nK, we would remagnetize che salt pill and take seversl warm
count2 for normalization as the salt was cooled to 0.3 K by the
He evaporator. We would then demagnetize it again and collect
more cold data before repeating the eycle., With this schedule we
could ecollect data, elther cold councs or normalization data, more
than 20 hours out of a day. Whan warm counts were dasired or a
serles of counting periods at the same applied field walue were
te be taken, the analyzer could be set for the length of the
counting periocd and it would automatically collect and record the
spectra and erase its memory betweenm =ach spectra., However, if
the applied field had tc be changed every few spectra, an operator
had to remain with the apparatus -- long into the night if necessary.
Bun 26 -- Our first run with praseodymium was with sample
112 and the detector system using two NaI{Tl) scintillation
detectors. A relatively weak %%Co ic Fe thermometer was used
with an activity of only 1 pCi. The sample had bean irradiated
to 60 mCi, and when we assenbled the apparatus the !“2Pr accivity
was atill quite Righ. When we checked out the electronics of
tha deteceor gystem, the 142py peal concealled the %%Co peaks from
the chermomacer, but we assumed that they would appeat as the

l42p, decayed, Unfortunately as the 1%2Pr decayed, what enerped




wam a sat of unresclved peaks vhich we later identified as'cnming
from 182Ta. Tantelum 1s & typical inpurity in rare earth metals
‘since 1t is used for crucibles for processing them, The 1%iTa
peaks at 1,022, 1.189, 1.222, and 1.231 Me¥ nbli.ternl;ad che
weaker %YCo peaks ac 1,173 and 1,332 MeV. ‘The half 1ife of 1%2ra,
115 days, is much greater than that of 1%2Pr, and therefore we
could not walt fer it to decay as the *“¥Pr would be long since
gone by the time the 162T3 was weaker than the %%Co,

Run 27 -- By the second run with Pr we had acquired the =olid
atata detecror systam. The sclid state detector was capable of
resolving the 16214 peaks from the ®co peaks. The Bample was
only irradiated to half the inicial activity of sample 112, 4
more active thermometer was uged with an sotivicy of sbout 7 MCi,
Sample 116 for this r;n was from s different batch frﬁn sample
112 vsed in run 26 and apparently had less Ta since no 18204
peaks were shaerved in this run. However, a thermal short in the
apparatus prevented us from reaching low temperatures in the first
half of the Tum. Afterldisassembling and reassembliing the
apparatus in the middle of che run, we were able to ecollect data
for only two days hefore the sample became too weak.

Run 28 ~- Our final nuclear orientation run with 1%2pr
proceedad without the difficulties of the earlier runs. JSample
117 wag irradiated to 11 mCi, and mgain no peaks asaoclacted with
1827y yarse obaarvad, We were gbls to collect date over a 5 day

period, Our data represents 44 howrs of cold counting perieds plus

an additional 21 hours of warm counts for normalization purposes.
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CHAFTER IV

EXPERIMENTAL RESULIS

Scintillation Dececcor Data

The data zollected with the NaI{Tl} scintillation detreccors
during Tun 26 showed a mueh larger anisotropy in the ¥ radiation
than we had expected. Unfertunately, gince the “0co peaks used
for a thermometer were masked by peaks from a !92Ta impurity, we
could not calculate temparatures and ware not able to compare the
data te predictions from either model. Also preliminary analysis
af the 1%2Pr peaks ravealed difficulties in fitting the warm counts
to a decgy curve. This fitting will be discusased fn a succeeding
section of this chapter. Sowme warm counts from the 7 deteceor
were feveral standard deviations away from the expected dacay curve
casting considerable doubt on the reliability of the data. The
large gain ghifts in the photeomultiplier of the 7 detector might
be indicative of further problems io the datector ewven though the
linear amplifier was able to compensate for the gain shift itself.

Run 26 was tAantalizing in the size of the effeect obzerved but

disappointing in that the data did net allow comparison to theory,

Solid State Detector Date

The spectra from runs 27 snd 28 were takep using a lithium
drifrad germanium Jdetector. The resolution of thie detector is

ghown in Figure 10, Since we were not using routing and were
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only wsing eme detector, we could use the full 1600 channal ADC
of the analyzer and selsct the 400 chammal qﬁadrant of interest
to put into memory. 1In this way we could expand the area of
interesr to fit the 400 channel nemory uf the pulse height
analyzer. The snall peak between the 142py peak and the higher
energy °CCo pmak 1a caused by the maturally occurring isotepe *Ok
and is part of the room background. |

The peaks in a Ge{li) detecror spsctrum are not Gaussian in
shape and cannot be fit by a computer to a Caussian curve as is
often done with scintillation detector spectra. However, the
high rzsoluticn of the detecter allows easy hand integration undar
the peaks with an electronis desk caleulator. By making these
calculations during a run, the wvalues of applied field for sub-
sequent data can be judledously chosen. The nunbar.of counts 1in
a peak was caleulated by sgmning the counts in the 10 conszecutive
shannels with the highest number of counts ier the immediate
vicinlity of the paak. A background correcticn was made by
subtracting half the sum of 20 channels — those 11 te 20 channels
ahove the group summed for the peak and those 11 to 20 channels
below the peak group, This correction had te be wodifled for the
1,33 HeV %0Co peak because the Compton edge from the 1.57 MeV
1%Zpp peak falls in one of the backaround counting regions.
Therefere channels 3 to 12 abeve the peak group were substituted
for those 1l to 20 above the peek group. An additional correctlon

was made by taking a long background count in che room withouc the
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sample or the thermometer In place and summing in the ;amt manner
the channels where the peaka would have bmen, These corre;tions,
in counts per minute, were subtracted from the corresponding
incegrals for the three peaks once they too had been converted

o counts per minute,

Decay Correction

The half life of ®9Co 1s 5,26 years. Over a period of a uﬁek
the activity of a sample of ®VCo will decrease by less than A%.
Since the warm counts are averaged over an entlre Tun, the decay
will affect the values of W(0) by less than %%. This small an
effect will not seriously affect our temperatures calculated from
the B0Cc peaks; therefcre, no decay corrections were made to the
%0¢s pesks,

The shﬁrt half 1ife of 1%2Py makes a decay correctlon essential
for this isctope. The counting tate of cach warm counting period
was pleteed on semi-log graph paper as a functiaﬁ of the time
referenced to the middle of the counting pericd. A straight line
with a slope corresponding to & 19.2 hour half life was fitted
through the warm dacta points. Figure 11 shows such a plot for
run 28, |

Small conslstent deviations above or below the expected
stralght line decay curve appearing near the end of & run indicate
respectively too little or too much background correctlen. Early
in a run the backsround correctiona are very small compared to

the 1*2Pr counting rate. Omly late in the run, after the sample
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haz decayed to a relatively low activity, do they become
important. A linear deviation would Iindlcate an incorrect half
life. To correct for such small deviations and to make a more
accurate fit to the warm data a cemputer fic to the data polints
was made by varying the calculacted counting rate at t=0 and also
A possible small extya background correction. The fit to data
polnts was weighted by the square root of the number of counts
contribucing to that dats polarc. The fitting procedure was
repeated for 19.% and 19.3 hr half lives, but the best fit was
found Eor a 19.2 hr half life,

The value of W(0) for a cold data point was caleulated by
taking the ratin of the cold counting rate to the warm counting
rate at t=0 and muleiplying this ratle by the decay factor
caleulated at the middle of the counting pericd. The decay
factor i1s simply exp(-1662/t) where £ is the time in minutes to the
middle of the cold counting period and 16627 is the nunber of
ninutes for a 1“2Pr sample to decay to l/e times ies inicial

activity.

Solid Angle Correction

The detactors do not actueally measure W(0) or W{x/2)} but
W{0) averaged over the effective solid angle subtended by the
detector., This affect can be taken Into account by lnserting

sol1d angle correction factors Q, and @, inta rhe expressions

for Wia),
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W{#) =1 - Qe,P,{cos 8) - Qe B, (cos &) IV-1

All the other coelficients preceeding the Legendre polynomials

have been lomped into £, and €, Tables of these correceion

2
facrors as functiun; of energy and discance to sampla have baen
caluclated by Yates for various standard NaI{Tl) detectors.”®

Nis values do not lnclude sample to detrector distances as large
as those used in this experiment for our HaI{Tl} detectors and

do not ilneclude values for solld stace datecrors, Therefore the

expressions for ¢ and Qy given by RBose wera used,*?
Qz = {1 + u)/2 1v=2
Qs = (1 + u}{7? = 33/8 Iv-3

where 1 13 the cosine of the effective half angle subtended by the
detector. The solid state detector was 2Z cm from the sample and
had a frontal area of 9.5 cm?. The solid angle correction factors
were calculated to be (G, = 0.%97 and Q, - 0,991, These values

are close enough to one to¢ be ignored when the atatistical error

in our datms is considered.

Calculation of Temperature

In runs 27 and 28, values of W{0) were calculated as
indlcated in a previous sectien for sach $9Co peak. Since both
peaks have the same anlsctropy, an average cof che values of W{(l;

for the two peaks was taken and the cerresponding value of
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Hlntfr was found on a graph of W(0) as & functfon of H,, . /T. The
hyperfine field experignced by %9Cp nuctei in Fe iz ~287.7 koe,>?
Therefore, the internal field, Hy ., for 60Ce nuclel im an Fe foil
saturated by an applied fimld, Hg, applied parallel te the foll

L3 given by Hﬂ-ZB?.? kOm. The temperature of the sample can be
caleulated by dividing H -287.7 by the value of H, /T from the
graph. A graph of W(0) as a function aof 1/T for ©%Co in Fe is

ahown 1in Figure 12, The statiatics in the thermcmeter peaks

contribute an error of about 4% toa the temperatures.

Data

The statistical erxrrors in the data points from runs 27 and 28
are between 1 and 3 percent. This uncertaincy 1s guite large
compared to the chserved antsctropy of W{0} which was not over
10 percent with our values of applied Field and temparatura.
Therefore, dara points at tha same applied field and at similar
temperatures were averaged to improve statistics. Each point
was welghted by the reciprocal of the sgquara of its standard
deviation calculated from the counting atatistics., The
temperatures within an average varied by less than 1 mK, so the
ertor in the temperature of the average 1s less than 1/2 nK.

The counting ratea during the last two demagnetizations of
rm 28 were between 48 and 12 counta per minute. The backpround
cownting rate correction made by the computer fit to the warm
counts of run 28 was 1.5 counts per minute. This correccion is

larger than the statigrical error in the dara points and, for
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the last demsgnetizations, becomes laxger than the observed effect.
Thoerefore the dats fxom the last two demagnetizations have not
baan included in Table 3, Table 3 conteina the values of W{0)
and temperaturse for the avernges mentioned above. Data from
rung 27 and 28 have been Included. The total number of counts
represanted by ezach average la included in order teo indicate the

statistical ervor in W{0),

Hy (kCa) T{=k) W) Counts
41.7 20,7 970 59060
41.7 16.4 944 9518
41.7 15,1 942 15762
H1.7 12.2 912 184248
28.8 5.7 .959 23419
8.8 12.3 339 11347
0.5 15.4 L9972 34376
20.5 12.8 350 10506
4.3 13.1 370 22932

Table 3. Averaged values of W(0} from runs
27 and 28.

DIacussion

In Figure 13 the average values of W(0) from Table 3 have
been plotted as a function of Ho/T and compared to various
poasible pradictions based gn the moment fnduced on the ground
state minglet of the arystal fleld energy levels by an applied
field, Since W(0) i3 a function of Hintfr' 1f the internal field
1s proportional te the applied fteld, tha daca points plotted as a

functisn of HufT should all 1ie along the same curve. However,
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Figure 13, Comparison of data to predictions of cryatal

fleld model.

Pair A -~ hexpponal aite ordered, 90 k aplitting «n
cubic site. Uppar ecurve V/¥ = -0.2, lower curve

¥ = -2.7.

Paly B ~ cuble sice ordered, 26 K aplitiing on hexsagonal
glte, contributiona avervaged over (001} direetions,
VY = =0.2, Upper surve 41.7 kDe applied field, lower
curve 14.3 kle.

Palr £ -~ sam= as B except V¥ = -2.7,

Palr D —— zame A3 C except nd averaging over (001)
directions — single crystal,
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if saturation cf the moment causes smaller enhancement factors for
larger values= of applied fileld, separate curves must be draym for
each value of K,

Tha palr of curves labeled A at the top of the graph in
Figure 13 correspond to the asaumption that the hexaponal sites
are ordered antiferromagnecically and the spliceing between the
ground acate singlec on the cubic aite and the first excited state
is 90 K. 1Two curves are plotted for che two possibie values of
¥/Y¥. The dencainator in Equation I1-~5 deea not significantly
differ from one for thia splicting and our values of H,: therefore,
all values of H, have the same enhancement factor. Obviously this
model do=s not come close to accounting for the £ffect observed.

The other curves in Figure 13 are calculated from the
crystal field wodel wich the cuble sites ordering antiferromagnetl~
cally and a 26 K aplitting between the growumd state singlet on the
hexagonal site and fts Elrsc excited stare, The effect of the
deviation of the denomfnater in Equation II-& from one is stown by
the slighc displacement between the curves for Hy=14,3 ke and for
Hy=41.7 kOe in the sers of curves labeled B, €, and I'. For curves
B corresponding to V¥/¥=-0.2 and cuxrves ¢ corresponding to ¥/¥=-2,7,
contributions from rhe hexagonal sites have besn averaged over
poasible (00l) directions as described in Chapter II. Thia
sveraging should be necessary for the hexagonal site cf a poly-

erystalline sample. Again the pradicced effect 1a not as large as




63

the maasﬁrad effect. Even apmming that the sample acts as a
aingle crystal with ?}I--Z.f, as is¢ shown in the curves labeled D,
does not predict a large eneugh effeet. The poaaible contribution
from the cublc aite, az indicated by the curves labaled A, is=
small enough so that sssuming that the sntiferromagnetic orﬂéfing :
ia destroyed by an applied fileld and hoth sites contribute to

W(0)} will not produce a lsrge enough change to fit the data.

The values of W(0) pr&&icted from the moments measured by
neutron diffraction work on g alngle cxyvacal of Pr are ahown in
Flgure 14 for V/¥=-0.2 and in Figure 15 for V/¥=-2.7. The
contyributions to W{D} from the hexagonal sites have been averaged
over the pogaible (110) directiona and the contributions from the
cubfc gites have not been averaged as was discussed in Chapter I1.
The departure frem a linear relatiénahip between H; and H, which
is apparent frem the cupvature in the plets of v as a funetion of
Hy in Figure 2 also results in definite meparation of the curves
of W(0) as a Eunctlion of Hp/T for different values of Hp in

Figures 14 and 15,

The set of curves for V/¥=-0.2 do not provide a satisfactory
fit to the data as ia shown in Figure 14. A deviation plor which
grapha the ratle of the experimental value of W(0) to tha
theoretical values as a function of H,/T has been included to make
the daviation of experimental valuea from predictéd values clearer,
The cutyes shown in Flgure 15 for V/¥==2.7, however, fit the data

reasonably well considering the astatisvical error in the data.
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The deviation plot shows the amisotzopy im W(0) still slightly
iarger than che predicted :Ifect: This remaining discrepancy
could be due either to a slightly larger value of |¥/Y| or to
contributions to the powder averagé from the small moment
which Lebech and Rainford found on the hexagonal sites for an

applied field parallel to the c axis.®?
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CHAPTER ¥
CONCLUSIONS

Deapite the fact that we used a polyerystalline sample, our
data appears co support the results of the neutron diffractiom
studlies done on aingle crysral praneudymium.eva Daing the internal
fields corresponding to the momenta Iinduced on the cuble and
hexagensl sites a3 measured by Lebeech and Rainford? and a model
with neither sites grdered, we were abls to calcnlace values of
W{0) which agree reasonably well with our data. It is doubtful
that elcher site Im our sample remained anciferromagnetically
ordered in our applied fields ainece an anciferromapgnetic sice
reduces the toral posalble amisotropy of y radiatiom from the
sample. Apparently our applied fields were large emough ta
destroy the antiferromagnetic order which was observed by neutton
diffraction studies oo polycrystalline Pr matal,’

The anisctropies predicted by using the moment induced &y an
external field on the ground state singlet of either slte are much
too small te explain cur data 1f the energy splittings inferred
from specific heat measurements are used. Even if mnelther site
orders the effect is too small. Since the crystal field inter-
actions pre ac simllar in stze to the exchange forces that chere

can be differences in ordering between single cryatal and
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palyerystalline Eamples. pussih;y weing the crystal field
siganfuncelons and =pergy levels to calculate the moments induced
on the sites is not legitimate. The magnetic ordering of Fr
is odd enough that it has been suggested ﬁhat the usual technique
of treating the ordering 1nteract1aﬁs as an éffeetive molacular
field 18 Inadequate. Rainford elatms that imelastic neutron
gcattering measurenents he and J. C. G. Hounpann are making
suggest that melecular field treatment 1s inappropriate faor the-
1owr temﬁerature magnetic properties of pr.*l

Addicional neuntren diffraction studies of polycrystalline
samples of Pr in an applied field would hopefully determine ”
whather the disruption of the antiferromagnetic order is suddan or
graﬂual as the applied fleld is increased and what appliad field
i3 necessary to break up the ordered staces. Magnerizarion studias
comparing polycrystal and single crystal samples at liquid helium
temperatures could al§0 ghed sgme 1ight on fﬁe moment induced om
the two sites. The magnetization data by Henry appears to differ
by 3 factor of 2 from the momenes derived from single crystal
neutron diffraction.>? Specific hear data in an applied field may
reveal the order-~disorder transition and wherher the destruction
of the ordering 1s cemperature and field dependenct., Some
preliminaTy work on measuring the speclfic heat of polycrysctalline
Pr in a magnetic field at tempecaturegs above 5 nK has been

started in this laboratory.
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A second result of our experimant is the selection of one of
the two possible ration sf matrix elements indicated by B-y
cireular polarization correlation mepsurementa, The aize of the
anisotropy we observed can only be accounted for by ¥/¥==2.7.

For an independent detexmination of ¥/¥, nuclear orientation
meanurements of 1¥2Pr in a hest with enly cme enviromment should
be made. The valus of ¥/Y can be caleulated from values of B,
and By. The alloy PrBi with ite evble rock salt structure may
Iend dcpelf to such & study.,

Finally the relatively large orientation of the “2Pr nuclsl
deppite thelr swell nuclear ooment ipdicatea a large intemmal field
san be achleved with a rather snall applied field. Such a
aystem shauld be ideal for nuclear cooling by adisbatic demagneti-
Zatlon. Cooling of the sample upom reductlon of the polarization
field has been observed in thdse laborxratory. Hyperfine enhanced
nuclear magnetic caoling has also been ohserved by Andres and
Bucher in the alloy PrBi.®3 PrBi also has a singlet ground
state on which an external field can induce s large wonenc.

The magnetic structure of prasecdymium metal may yet have
some interesting surprises to be revealed by careful study of

its magnecic properties.
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