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THERMAL EQUILIBRIUM NUCLEAR ORIENTATION z
By David A. Shirley
Department of Chemistry and
Lawrence Radiation Laboratory
" University of Californis
. Berkeley, Californis
'1. INTRODUCTION

The purpose of this brief review is to describe in general terms the

 advances in technique in the area of low temperature nuclear orientation, for

systems of nuclei in thermal equilibrium'with the lattice in which they are

embedded. Thus this'articie ié,coﬁplementary to C. D. Jeffries' review "Dy-  --H

namic Orientation of Nuclei", in Volume 1k (1), dealing with cases in which

nuclei were oriented dynamically by irradiation of the system (usually at"ﬂa

.'microwave frequencies). The séope of this review isvfurther specifically :

restricted to include only systems below 5°K, and for which nuclear orlenta- =

i

“tion is detected‘by microscopic measureheht-df phenomena associated with

~

IThe literature survey for this article was completea in March, 1966.

2Some abbreviations used héerein:. CMN [Ceeng(N05)12'2hHéO];'EPR‘(electfon .

paramagnetic resonance); NES (Nd(02H5SOM)3-9H26];'NMR (nuclear magnetic

’

resonance). _ ‘ , 7 : } . I

'3Thé preparation of this article was supported by the United States Atomic

Energy Commission.

"UCRL-1676A
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individual nuclel, i.e., by countiﬁg techniques. 'Thus low temperature heat‘€
capacity and‘NMR experiments are excluded.

The theory of the mechanisms and description of nuclear orientation is

' in a general sense a closed subject. Although new orientation mechanisms of

' great practical importance are still.beiﬁg developed,'fhey do not involve in
themselves any really new physics. In fact the theoretical description of the

orientation process is essentially an application of angular momentum theory.’  1"T"

A comprehensive discussion of this theoretical formulation has been given by

1Blin-Stoyle and Grace (2), with referehcés to the original literature. A

" brief account is giyenfbe}pwgt:»u

The externally-observable properties of an assembly of identical

‘nuclei are isotropic if the hamiltonian for each nucleus is rotationally = -

invariant or if the hamiltoniars for the individual nuclel are aniéotropic_but"
rotationally uhcorrelated. Application of an -anisotropic interaction'té the

system in such a way that the priﬁciple axes 6f the individuél.hamiltonians_,,

are parallel will tend to orient the nuclei. A particularly familiar case

3

.1s provided by NMR, in which nuclei are oriented along the direction of
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the static external‘ field H) by an interactionvof the form § = -'-‘.L_J.)I'- T. Here

’ ]f is the nuclear magnetic dipole moment.

Nuclear orieptaﬁiqﬁ along a sywmeﬁrx axis may bé deécriﬁed by the -
| orientétiég paraméters B, défined ?y.Bv,=‘(2I+i)l/2 ﬁ (-)I- C(Ii?;M%ﬁ)W(M){
Here C(IIV;M-.M) is a Clebsch-qudan vcoeffiéieﬁt gﬁt‘i W(M‘)“ jis' thg‘popula*'cipn
of the sub;tate IIM), wh;;h may or may'not be'én'eigénstate of the’hamiltonian

(if not, the eigenstates |i) may be expanded in the basis set M), [1) = aiMlm§,_“

and W(M) = =

|~ W(i)). Note that the above definition is related by a
i o . ‘ - ‘ -

Clebsch-Gordan_idenﬁity to the one given by Blin-Stoyle and Grace. The éﬁatis-L

tical tensors B are just linear combinations of moments of the nuclear spin

along the symmetry axis.

'It i;‘useful_td digtinguigh between alignméht and polarizétion. Alignéd-
”nucleivhévé a direCtioﬁ qf orientatiog oniy} poiarize¢ nuclei have in addition a
sense of orientation: _The prbperties pf aligned‘nuclei may bé anisbtrépic; that.‘:
is; may vary with even powers of the éﬁgle‘é from ﬁhe;symméf?y éxis;qularééed N
nuclei may havekasymmétric fropertiés, Qéryiﬁg al%o wi?h ﬁdd powers of 6. 'The:
vaiﬁé of Boiis i.af all ﬁeﬁpéraﬁurég.- For”y >,Q theiﬁiég témperafuré iimit

~of B, is 0 for all v. At lowef'temperatures the
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'Bv are sensitife to the»form of the épin hamiltonian.llThe low-temperéture

limits also depend on H.

- The maximum value of v is 2I. The tensor rank of observables is often further

They may - be finite (positive or negative) or zero.

restricted by angular momentum triangle conditions and by the symmetry of .

An outline of this article is given below for convenlence.

INTRODUCTION .

OUTLINE

RECENT MAJOR ADVANCES IN TECHNIQUE g .

2.1. The Experimental Arrangement

2.2, Applicatidn to New:Elements

2.3. Accurate Thermomeﬁry,Below O.lOK'

2.4, High-Resolution Spectroscopy

2.5. Summary
3. NUCLEAR PHENOMENA

Alpha Decay
"Beta Decay

W W W W W

2

3 ,

.u. Spin and Multipdlarity Determinations

5 Particle Parameters and Relative Parities
6

.1. New Fundamental Experiments

Neutron Transmission Experiments
.7. Determination of Nuclear Moments

4. SOLID-STATE PHENOMENA

b1, Hyperfine Magnetic Fields

4.2, Quadrupole Shielding and Antishielding

1.3, Form of the Spin Hamiltonian

4.k, Time-Dependent Phenomena

4.5, Temperature-Scale Determination
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2. RECENT MAJOR ADVANC.ES. IN TECHNIQUE
Nuclear orientation is widely recognizedias a meﬁhod.thétghas made;sul.of
stantiél'contributions to our understanding» of basic physics. At the same time
it haé rightfully been regarded as soméwhat qﬁalitaﬁi#e. Among nucleér physiéists
it‘also has the (now quite'undesefved) ?éputat;on of being applicable to @nly a

few elements. In this section the major -technical advances df the last few years,

application to new elements, accurate thermometry below O.lOK, and high-resolu-

LAl

tion spectroscopy, are discussed in turn. First, however, a brief description

of the experimental aspects of a nuclear orientation problem is given below.

2.1 'The Experimental Arrangemeni;.

To‘drient the Qast majority  of nuclei very low temperafures, of the
order_of lO-2 OK, are hecessary. Such temperaturesrcan be obtained oply by
gdiébatic demagnetization‘of paramagnetic salts. 'Anlaxis of qugntization and
anisotropic hyperfine interaction are alsozrequired. In the apparatus shown
in Figure l,'all three_Of't?eée cqnditioné are.met by incorporating the'?adio- |

active nuclei to be oriented in lattice sites of a single crystal of NES. This
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appafaﬁus’waS'conétructed by R. B. Frankel”té'dd the’first-COnversion-eiectron

anisotropy experimeﬁt, using Celj7?¢-“I£7has been used to study angular distri-

putions of conve¥sion electrons, alpha particles, and vy rays from several isotopes.

Tﬁe outé};liquidﬁhitrégen dewar is omitted from Figurevl for glarity.-
The iiquid helium deﬁar hés'a ﬁyr§x$£ip¢ flange at the tqp. This flange is
seaied By an O-ring to one Qfﬁtﬁe‘nine‘oufiets of'g vécuum mahifold made of
8-inch pipé; The manifdldLgé‘supported'on cbncrete piers that go into the
gfoundlbelow»the building"and are only weakly cbupled to the floor, to mini-
mize vibrational hea£ing of the.demagnetizéd sample. A 1250 cubié'ft/min
Rootslpump evacuafes the manifold and lowers thg Vapor pressgre of liquid
helium in the dewar;‘ Téﬁperatures as low as'O.96OK a;e obtained even in largg
dewars. An iron-éorg‘électromagnet'mountgd on tracks is usgd to magpetize the
'vsélt.. On demagnetization it is rolled‘away énd a‘counter table, hblding sevefal
| ~y-ray detectors, is bfought up.
The éxperimental chamber is made of pyrex gléss. It has aIHousekeeper :

copper-to-glass seal at the top, and the whole chamber is attached by soft

solder to a stainless steel tube that leads to a vacuum pump. Within twelve

1
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. o ' -6 ) . . :
hours after assembly a pressure of 10 - torr is obtainable in the cooled experi-
mental chamber. ’Heat exchange is achieved during magrnetization by admitting

. R _ ' -2 '
helium gas to the experimental chamber, at a pressure of 10  torr. The pres-
sure may be lowered to 10_6'torr again in 15 minutes. With a clean and vibra-
tion-free system, the heat leak.intbvthe sample is sufficiently low to allow
the sample to remain below the helium bath temperature for many.hours, or even
days.

The vefy poor‘thermalvconductiVity of the sample, together with inhomo-

geneous heatihg, allows temperature gradients to arise rather rapidly, so data

' can be taken for only a few minutes after demagnetization if one is interested

ation. If angular distributiohs

¢

in.studying the temperature dependence of orient
ere to be cortelated with the entropy of the salt, it is usetpl tovtake severai
counts and to extrapolate the'data back to the moment‘of demagnetization. Mu-
tual inductance coils around the experimentei may be used to determine the
susceptibility, and hence the magnetic temperature, of the salt.

Figure 2 shows more details of the apparatus..‘The samp;e is Suspended

on a 2-mm glass rod framework. It is_protected from heat leaks down the rod by
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a chromium potassium‘sdlfatéfglyéefin,slurry in a gléss égp on the rod; This
slurry cools to ~0.0loK when fﬁe demégnétizaﬁion ié doné; and it has a.rglativeiy
;arée  heat capacity at this temberature. " A pill of compressed manganoué ammoniﬁm
sulfate is attached further up:the rod. Its lafge‘surfaée area and iowftempera;_
ture (iticools to 0.14°K) allow it to adsorb res;dual helium.exchapgg gas;

Particle countefs of éilicdn'orvgermanium_arg placed inside the chamber;
as.shown in~Figure 2, atAOo.and 900 from the trigonal crystal axis. "For eXpéri-
ments'inQOIViﬁg charged partiCles the activity was evgporated onto a small spot
onlﬁhe crystal:surface.; Data were'usﬁally.taken at Oo.and 90o from the quan-
tization axis bécause angulér distributions had the form

w(e) =1 + Cgfzv(éos g) + C\P), (cos 6).

Here the.C2 éﬁd Ch factors .are functionally dépendent on hypérfine structure
constants, temperature, and various nuclear parametérs. Théyvare diséussed in
' Section 3.4. The factors Pz(cos @) and Pg(cos 8) aré Legeﬁdre pblynomiéls{
Both 02 and Cu may be determined by counting with counters ?t 6 = 0° and 90o
ffom the quantization axis} with the nuclei oriented, then counting once again,
for normalization, after the sample has been warmed to 1% by the introduction

~

of exchange gas.
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>2.2. Application to New Elemenﬁsv

Until about 1960 only the hfs alignment and hfs polarization metﬁods. '
had seeén wide application. These methods are applicable only to elements which -

form paramagnetic ions, andlwere furt?er préétically resﬁricted to those elements

that could be grown isomorphously into certain hydrated crystals that could also

serve as magnetic cooling salts. Only a few elements met all of these require-

ments: Mn, Co, several rare earths, and Np.. The hfs methods have been extended

e

to include most'paramagnetic ions by the realization that trivalent transpliuiton- .

o 3+ + : S
ium ions (95Am5 through lOOFm5 ) could be incorporated
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e
(::), ' into rare-earth sites in ethylsulfate crystals (3) and by the observation (4,5) .
'i that nuclei of "impurity" or solute paramagnetic ions could be oriented by the
' hfs polarization techniques} It should thus be possible to orient nuclel in o
S 342 ‘ o | :
the ions Fe” , , and in complexes of Ru(III), Mo(V), Mo(III), Re(IV), Ir(IV),
o4 o+ , o - . ' .
Ag , and Au , for example, simply by chtact-coollng these complexes, either
in a frozen solution (glass) or in "brine holes" in a éingie‘crystal of CMN,

and apblying a pola:izing field of avfewvhundred gauss{' Whilé‘gBH >> kT is

 the reguirement for saturation in free ions'(g_ - electronic gvfactér,'B = Bohr

. '»? ‘maéneton),'one must also overcome the (random) ligand field'effects in order
ri> : . . : S :
i“ to polarize ions in dissolved complexgs.

Early atfempts to expléit.tﬁe électrié qﬁédrupéle'métﬂéd (6) belog-
1%k were unsuccessful, owing to long (nuclgar),spin~l;t#iée ielaxation'times;‘r
or inéufficiently lowftemperétufes. In'paramagpetic c0ppér pafaiodobehééne-

sulfonate;I151 nuclei were aligned down tofo.OBOKﬁ(7); and quadrupole align-

s g

ment has been @erformed on nuclei of La; Eu, G4 (also paramagnetic), Tm, Lu,

Am, and BalB?m, at temperatures down to 0.002°K in some cases (8-1l4). The

‘discovery of large antishielding factors in heavy elements (8,9,15) suggesté‘“

y .‘. . . . B . . -~ ) B . . . . .
. : - . | . N . ] - - , R
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" that any heavy ién that can be grown'into regular lattice sites (for example

vv ) + . A' N ) . ) .
12" or Ac?" in CMN) can be oriented by this method.

Al

The advent of high-field superconducting magnets makes. the "brute -

5

force" téchnique more attractive. Fields of 107 Oe and temperatures in the

10 mdeg range are available with pfesent»day techniqueé. This combination is

suffidiéht to polarize rather completely nﬁclei’with'very'lafge magnetic
moments. To align even these nuclel to saturation, however, iarger valﬁes
of H/T are required. It seems far more fruitful for most 1aboratofies to

-

attempt to decrease T +than to increase H.. One wéy in which this might be

. accomplished would be to employ as a coolant CMN, which becomes antiferromag-'—

netic somewhat below about 2 mdeg (16). = Starting from a sufficiently high

L magnetizing field, and with reversible cboling, it should be possible to
" extract most of the magnetic entropy. from even a pélycrystalline sémpleﬁof o
" CMN. A sufficiently large Sample'would stg& below 2 mdeg for:several hours,‘

1.1oﬁg enough to édol nuclear samples in good thermal_cqntact,""Brute force" .

.71 .9 L e

!

: polérization has recently been used on He’ (17), and on Li6,'Li', Be”, Be™ ,
Se 7, and V (18,19,20).- Hopefully further development of ways to increase

" H/T will lead to wider application of this method.

N
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. Nuclei have been oriented in the ferromagnets Co (21,22), Eu (23,2L4),

. @a (23,25), T (26), Ho (27), end EuS (24),”and in the antiferromagnets ' ‘:"V:ﬁ

¢ '

1500;2‘7}6.1{20_(28)', MnC‘12~lLI‘-I2(.) (29), MxiBrétheo (25) : and MuSiF6;:6H20 (_50), a.s. '
well as in Tutton saits (31). This type §f priéntétion has special mefit for

V3 ﬁroducing ofiénted targets, butvits'apélicabilityAis obviously limitéd.‘

"The most unive?sai method by far at this time is:theorien#atiph'of' ’“.
“,_ nuplei of'étémsbdisspiyed in'ferrdﬁagnets. This.method stemsvfrom the diséovefy
by B. N. Saﬁoilov, ét a}; k32) that such soluté nuclei experience vgry largé
induced hypepfine magnetic'fields. 4Thus.itlis.néée$sé;& only tOICOol aAf
ferromagngtic specimen'containing fadioacfiye'éoluté ﬁuciei fq~.OldK'and

 ' lto polarize it ih a field%of ~lO3 éauss.vNﬁclei of at 1east'fifteén elementé.  
Jdiésolvéd in irén;have been oriénteq in this w§y, and the méthod,isiapplicabie
to ~§Q more. Thé:great impqrtapce'éf ﬁﬁis methgd has_le@‘to at%empts gt

v systemétic characteriz§tion.of tﬁe inducedfhyperfiné fieidé fof’éé;uté;iéf
various atomic numbers (33,34,35). In Table“I_we g;ve_a compiléfion of the

known hyperfine fields at solutes in Fe,'Co, and Ni, togethér with estimated ,

§ -

fields for cases where the fields are as yet unmeasured. ‘These fields are dis-

" cussed further in Section k. - g
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}ﬂTéBléfI i Hyperflne flelds at atoms 1n Fe, Co, and N1 lattlces,a.
- ln kllogauss AR

.. "Reference’

F*f=¥<1oo hf7ﬁvy |
.15; _225 5(5)3’%f;r:1hoi " R
i 210(15). ;rQ;; 150(15)
‘ ?'f§f-559‘;*?:', '
G f?:—286 :ﬁi:}? i.‘

: ﬂ-2l3j_ fi

%f(j)110(3) 5;;!f";'

el j ()256(5) e _ y
v‘vﬂff(ch;f?i ‘7(4uoo) .ﬁi

R Rﬁ:€f5{5~ o -505(20)'::.:,




Table I.

;-Bb-' '~

Continﬁed.='

- Host

_ ;' Solute
| Rh

Pa -
Ag
ca

In

Sn

Sb

- Te

Na

Sm
‘ Eu
'de

Er -

 Ta

Re

Os
Ir

Pt

Fe

(-)5%5(8)

- (-)600(10)

-282(20)
(-)548(10)

-295(10) .
288( k) -

-8u(L)
+235

+620(26)

a_(+)113o(uo)-

-v+3;00(6oo)

+1400(160)
+640(170)
-200(50)

-2&¢e ( 352‘]

-1640(190)
-720(2k40)

-630(10) 3 “

760(80) -
430(100) -
_-526(12)‘ |

()ns(z5)

© 1hoo

-1L00(k0) . |
© 1380

-1390

Co

'(;)ulo(lo)f,, |
(dsoGo) (o)
B ey e

L 65.3(1.6)
le(s)

(-200)

(-200)‘

(-150)

o eos(1s)
(+)87(2)
(+)550(50)

{(+1000)

(-500)
(-)kk2(10)
(-800)

(-)965(25) -

" (-)830(20) B - (2)337(5)

 (-350)

Ni

(o)

,+l8.5(5)‘;_-- , o |
35,3T,47,18,60

“488(5)

+195(10)

Sess

()90a3) .
C(90)
o (-)88(5) -
L (=)2s0(30)

" Reference

s
SR I
s
| 51 1i 
3
B

B3y

s

55

56

" 35,48,57,60 | -

55{m8,,~*'
58

- 29

sk

35,60 o
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- _ _
(;} 4 - . Table I. Continued.
. - .'_AHqst - Fe S gg' B Ni | . Reference -
R -~ Solute | o : . -
. ‘  Auw -1290(30) =900 8310 61,62
| 1350(50) . e
Hg .980(180)  (-T0O) . ek
(T1) (-600) | | o |
Pb C.200(30) L 65

, aErfors limits are denoted parentheticélly afﬁer valﬁés;iin,uniﬁs'of last figure.;
bIn some cases éuthor has chosen fest value or values. Fields given.are lowest
temperétﬁre vélues ayailable. |

4°Parenthesés_around values’themsel&es or signs‘denote,estimatés by éuthor, bésed ;

(i) . on systematics of xnown fields. |
. dErfors for Ir do not include the ~1T% error in the gréund%state magnetiéimo-

195

meht of Ir
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4 Métﬁoda Referencé'

R

Nucleﬁs‘ Methoda

1  Table II{ Nuclel oriented'by,thermal'equilibrium methods.

Reference

Nucleus
He? 1 17 0u®d
r:® 1 ‘\L 18 v7°
il 119 Rt
Be” 11 gt
510 1 19 - | aghiom
5o *P - '_1 20 " agtto
S¢*C 2 6T it
v 2 68,69 Tt
oL 1 20 115
"055; 3 4,70 st
Mn ot 3 L, T3-78 . sptR
2 2,35,5 1&,22-30,69,77{79- 23
ss S
- Mn”. 3 88-90 e
: . ‘ o Ba i
co” 3 90-92 T T e
56 e ) et
. Co” . 3 93-97 - :
R . S celXm.
- Co 3 98-100 _ - |
s A o getdT
Co”™, '3 T2,95,96,101-107 139 -
cCo”™” 3,5 1k,108 ST
C060 2,3,5 lu121:22;67;81.’ N S
Rt 7108,103,100%131  getH3
63 1 132 ppidd
e R S ot

1

2

2

R N S e I R T S

60

132

k7

153
134

1k
Sk
52,135,136
52,157

165,175,202

47,135,136 . -
| 6oﬁv :
138,139

T
1k

o, 10
o 1bo-1b5
1k0,141,145

141,146-148

100,141,146-152

k1,183
154
. 155,156
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i
i
]

.{ ~ge- |
i Teble II. Continued.
Nucleﬁé Methbda Réference Nucléué Methoda Refereﬁce
a?%® 2 52,63,.66,135,136,  Anc't L 203
- 193,194 '
199 , Cfgl@, 3.k 30
. Au . 2 65,187 053 , - | -
.U L 195-197 254
235 S - . Es 3, 20k
y=22 b 196-198 . o5 -
037 ' . Fm 3 205
5:)4' ‘ 196) 197,199,200 . .
Np259 3,k 201
*Methods. -
1. Brute Force
2. Universal |
3. Hfs alignment or polarization
L. 'Electric quadrupole
5.- Ferromagnet or antiferromagnet '
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fa;t the situation yaé even ﬁorse, because the pqﬁliéhed £eﬁperéﬁuré scéleé for
CMN and NES éonta;ined s;}stematic‘,.e.‘r.rors‘ (Sectiog LYoo | o
e .Tﬁe aﬁovg préblemsAﬁgy be avoided by using the asgémbly of §;i;ntéd_
nuclei as a thermometer. If'anisot?opic.di;tributions Qf.y fays are‘detected,
this technique iévﬁefmed "&-iay thefmomegry";"lts bésis &s: ,tl) If the forﬁ
of the nuclear Spin_hamiltoniah:HN and fheAﬁumericai‘va;uesof it; consﬁgntsi -
arelknoﬁn; then fhe eigengtétes ?i =,:§ éiMlM> and éigenvaiué; Ei'can pe‘yﬁfked
| Qut exactly, ngef Mv>is the mégnet;c quantum‘numbér'ofifhé ﬁuclgar Spiﬁ\
- : I (M =‘I~I;, I—l;. , -I) The orientation axis is us.ulta}i}.r IAnost‘b convenlently '
‘, ‘”:itakeﬁ aS'ﬁhé axis of quéntizagion;‘-(Q)“For.a given:ﬂN;'ea;h B# is a.éinglg-;.:i‘:::
.- valued function gf th¢ thermodyﬁamic temperature  Tv of';he p?c;ear épin syétgm.
Thelconvérse ié_nét pecessari;y true:(although i%:gN is;gggﬁg thisfis irre;;
evant&i For sevefal‘§imple forms:of:EN-the cbnyérséii;:iﬁ fact trﬁe'(i;g.,
each va;#é'élek implieé a dnigue T):‘ (351Mégsureme#tj;f the_ §;;;yn§ngular fv'
’distfibution'yiéiqsithelpa¥a@e£er§ ﬁk; thﬁs TF  io éveid aﬁbigﬁity'iﬁ CaSes_forz

\

which Ty.may be a multi-valued function of a given Bk,‘the’résultsimay be -
ordered according to the magnetid'enﬁropy,'w Cof the'¢ooling sélt; Whichi
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.is monotonically related to T. As a check of the procedure we note that each:

Bk yielde Tlseparately.

and Hill ' ’
Wheatley, Grlfflng, / made an early appllcatlon of y-ray thermometry

’

' invl955v(lo3); It was applied to the'"univensalf meﬁhod‘by the Oxford group (66);;
. where it has found extensive application. Recently it has been used at Berkeley .

- torredetermine the temperature scales of CMN (143) and NES (1l4k4).

A note of caution is.in order here.: In using_eny kind of.fherﬁometry

‘it'isAessential that apprecilable thermal gradients should not be allowed to. '

R ’

develop in the sample. Gradients lead, in this case, to a distribution of

k

" values of Bk’ and the observed average B, is weighted in an unknown manner.
Worse, the observed combination §2 and. '1-3-1‘_ (for example) need not be a combina-
_ ﬁion allowed by:H for a eyetem ag thermal equilibrium. The derived-temperature‘

. would be not only incorrect, but meaningless. Efforts to compensate for inhomo-

‘

geneities by'comparing two isotopes, one with known; the other with unknown, .

. malntalnlng a homogeneous

"hfs constants, 1mpllc1tly w1thout actually / Y temperature are doomed,

_‘because implicit in such experiments is the assumption that the twoviSotopes . L

' exactly

fhave/the same hfs constants This procedure has led to erroneous values for =

magnetic moments in several cases.
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2.4 High Resolution Spectroscopy

Inapplicability of high-resolution methods has long been a major

impediment-to the development of nuclear orientation as a tool for nuclear

’

‘-sPectroscopy. This barrier has.recently been removed with the advenf Ofbhigh X

resolution semiconductor detectors. Lithium-drifted germanium detectors have

been applied at Berkeley to orientation experiments involving the isotopes

o7

| spied ppilim 37, 1™ ana co

) ) :

, “tion ranging from 2 to 6 keV. Long counting times, of the order of 1 hour,

_are necessaryto compile good statistical accuracy with Ge(Ii) detectors be- .

cauée of'their lbw efficienéy; but, the high inherent gein stability of,these'

detectors and associated transistorized circultry makes such long counting

' periods'feasible. In faCt'itbhas'been possible to study.the.anisotrOPies of
:u sevéral Y rays that had gone undiscovered'using.NaI(Tl)'counters.':As an il-
‘lustration of the power. of Ge(Li) detectors in nudlear orientaﬁio@; Figure 3

shows a <y-ray spectrum, at intermediate resolution, of the 700-850 keV region

6 m, contrasted with the NaI(Tl) spectrum. Angular dis-

tributions of 5 v rays from Ho;L66m alignedSin'NES, together with their spin

designations, are also shown (206).

-~

, with resolu-

o e v ean e s
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(:) : l:"inéétron specﬁrdécopylhas also bénefitted ffom semiconﬁuctéf devices.
‘Walter et al. (2Q7) reporfed in 1961 that thg intripsic germanium detecfors
that were used for alpha douﬁting atllbwitemperatures were glso sensitiye‘to
beta pgrticles.' Nayar?o.(208) found that conversioﬁ;electron gfogps could be
reéolvéd on similar detéctors, gnd'Frahkel.et al. first ob#e?ved anisotropic

:’ angular distribqtioné of convérsion electrpns.from orienﬁgd nucleil using sﬁdh

detectogs (1&2); Chin et al. (209) showed that intringic silicon équnters ;ouia h

_ giﬁe resolutions asvhigh as 8.3 keY for conversiqn electrons'atjlow temﬁeraﬁures;

_v" ' At this time itlseems that with careful considefation ofithe'sourcés of line

Q:} ‘ . < : . , _ : ‘ .

: v bfoadening it‘Shpuld be possible ﬁo obéerve conversion electgon ;ihes'aﬁ low :-
temperatures:with resolﬁtion'comparéblé.ﬁovthét availabié'With Ge(Li) y-ray :Q
detectors{ i.é., about 1 keVﬁ Good separation of the7M éohversioh elégﬁrqn
.group? and efen resolution of ﬁhe LIII;sﬁbshél}, sﬁouid 5e poégibigiinlﬁhe

heavief eléments..'anntitétive stu@y éfléhe epgrgy;dependencé'of beta'aniso;l_'

s trépy gn@ asymmetry is éléo‘ﬁithin.reach.n'

’
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2;5. Sﬁmmary

The conclusions of this section may bgksummarized in three‘parté§

1. Nuclear'orientétiOn is a technique of very Vide appliéability.
Nuclei of 43 elements have glready_been oriented;Iand it is clear that_this
list can be extended mu¢h1fufther witﬁ eXisting.techniques;

| . : théAadvantégea,of

2. The development of semiconductor detectqrs has brought/high-reso-'
lution spectroscopy to nuclear orientatién, makingvit possible to study indi-
vidual transiﬁioﬁs independently.

%, The development of reliable thermometry ?eiow 0.1°K makes nuclear
orientation a more'attractive method_for determining hfs constants; With care-
ful attention to sources of systematic error‘it'is possible to attain l% accuracy,
rather than‘the earlier flO%, in favorable cases. Statistical uncertainty alone
-can be made as small as 0.1% with some effort, but it is ﬁot usually feasible
;o reduce systematic errors‘(background, sémple inhomogeneity, etc.) below 1%.
The questions of acéuracy and reliability are encountered again in Sections 3.7

and L.1. Gammaéray thermometry should also prove valuable.in other ihvestiga-

tions at very low temperatures (see Section 4.5).

—
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These fall into three groups.

tion in Ce
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3. NUCLEAR PHENOMENA

~In this section and in Section 4 are discussed the general results that

have emerged from recent nuclear orientation research. No attempt 1s made to

catalog detailed numerical results. Rather we discuss, with illustration by.

example, the lmpact of nuclear orieﬁtation on nuclear physics.

 3.1 New Fundamental Experiments

In this section are discussed experiménts that are qualitatively new.

: o _ . S ' T'Shirley and Stone
A. Conversion Electron Distributions. Frankel;é/ s (142) found that

conversion electrons accompanying'fhe 255-keV\ill/2-(Mh)3/2+ isomeric . transi-

137 137

show a largé spatial ahisotropy when the pareht Ce

~oriented ianES. The observed angular distributions of conversion electrons

and 7Y rays accompanying an isomeric transition in oriented nuclei may be written

' we(e) 1+ gebéBgngz(pos‘e) + gubuBhFxPh(cos e), f ;ﬂ.

W (o)

1 + g,'B,F P (cos 6) + g 'BF)P (cos 6) + SR

Here the gv,gv' are (known) solid angle factors for the detectors snd b _are

"particle parameters" that relate the electron and v ray distributions.  §’: v

nuclei are -
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The orientation,pérametérs‘ Bv are defined above; in the Introduction. The

angular,corfelation coefficients 'Fv ére discussed in more detail in Section 3.L.

- w



(LGS

-

S

'»;,9') .

et

R, Iy o
'Bycombining data for € = O and ﬂ/z;vthése equatioﬁs'will'yieid b2 and bh for

13Tm

each resolved electron group. In the Ce experiment B) was small and b, but

not by, was derived from the data. The value for the K electron line was bg(K) =

'+1.o61io.018; in excellenﬁ agreement with the theoretically predicted value

o ! +1;055. The result for the L+M grQﬁp;fbe(L+M) = +1.059*0.020, could‘noﬁ'bé‘

’com?ared‘with theofy, bu#\since the egperimentva,théoretical vglge of bé(L) éi
'}:+l.059 has been calcﬁléted by B. Deutch (203).
The parity sénsitivity of thé be,paraﬁeters, as well aslfheir indef
".pendence of the initial;'and final-state gpiné, méke tﬁeir meaéureméht a pqwerful,:

tool in nuclear spectroscopy. From a complete knowledge of the angular distri-

‘butions of conversion electrons and <y rays from oriented nuclei it is possible

%o determine all the spins and multipolarities, including parities, in the

daughter nucleus.
L - | L o .~ Fuller, and Marshak
- B. Anisotropy of Reactions with Deformed Nuclei. _Ambler,;/ ST (181)

used bremsstrahiung to study the Y,n reaction on Hbl65iﬁuélei Qriented in'
_holmium_ethylsulfaté."_The experimeﬁt waé designed t0 test the.assumptiénbthat-;

" the structure in the "giant dipole resonance" arises from proldte nuciear’:

deformation, with dipole excitation élong‘thé major axis accouhting for the
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ldwef enefgy'component,'énd (twofold degenerate)_excitation along the minor

:axes giving the higherAenefgy component.. The experiméntal results are con-
sistent with this modei, yielding an interaction that is ~85% "deformed" and

~15% scalar.

: Richardson and Tamara .
Marshak, /. - (179) found an anisotropy in the total cross- sectlon

I R 16 , . . : ' |
for lh-MeV neutrons on aligned Ho ,5 nuclei. Although the analysis of the

" experiment is COmplicated, its essence is simple.. In Fig. W are showh; the

two extreme orientations of prolately-deformed ellipsoids with respect to a

‘ 'beam.diréction In the classical 1limit, and when the | ';approximaﬁiOn  ‘
i-'.that the nucleus does not rotate during the time that 1t 1nteracts w1th the neutron‘

is valld the experiment consists essentlally of determlnlng the relatlve

N

" areas of the shadows cast by the nucleus in these two positions. This afea'

ratio has the limiting value of b/a, the axial ratio, which is = S

related to the nuclear-deformatidn, 5. In the_experimgnf of Marshak et al.

' the anisotropy is consistent with a deformation 8 #_.3.-,

T e S Mlller, “Tamara, and Marshak'
C. 'Upper Limit for Spin-Spin Forces. Wagner ,=/ :. (178) studied the  °

165

transmission of 350-keV polarized neutrons through polérizéd'Ho nuclei.

They concluded that if there is a term in the optical-model potential of the

form -V__(3T) then it must be of magnitude -130 < V__ < + 280 keV, an order

. of magnitude smaller than spin-orbit forces.
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" 3.2 Alpha Decay I f: AR I .

‘Study of alpha decay from oriented nuclei allows the determination of e

- the ampiitudes of the various L waves in a transition. 'For a févored>transi-

tion, in which the initisl and final states are the "same" Nilsson state, only

- even L waves (S, D, G, :.. corresponding to L =0, 2, 4, ...) are allowed. .

Their intensities for the highest-energy (AI;O) transition in a rotationdl

‘band go approximately as S:D:G-~'l:O.l:0.0l. The S wave itself is 6f course

iéotropic% and the D wave has a low intensity, butiihe S; D interference term,g

‘vleadg t9 a very‘lafge gnisotrqpy in theiangular distribuﬁionvof alpha bafti-
'  qles. The.physical meaning of these two par@ial waves being."ig" or "out ofﬁ..fv'x
v phase iS‘tha£ fhe angular distributiqn will go as 1 +_|A2|P2(cos é) o? as’
S f‘}Agﬁfé(coé é),.i;g;,-that_alphas *ill preféréntiéiiy bg emi£t§d.fr§m.t@e

" poles or from the equator of prolately deformed nuclei. - Hill and Wheeler (210)'.“.

first pointed out in 1953 that preferential polar emission is expected because

of easier tunnelling through the lower Coulomb‘barrier_(Fig. 5). The relative -

phase of the D and G waves reflects more details of the nuclear éhape.>

The'Oak'Ridge group observed alpha aniéotropies*ffom oriented nuclei,'.

in U255, U235, and Np257_

For Np o1 they showed explicitly that Q-partic}es



o

"hence from the tips of prolately-deformed Np

" transuranium elements .

-
‘large P)(cos @) term in the Es

perhaps ten eleménté;:but very'little;lOW'temperature*ﬂﬁcléérmQrientation -

-20-

t

- were emitted preferentialiy in the plane ih‘which'the nuclei were oriénted,

25T muclei (200).

‘More recently, taking advantage of the fact that nuclei of trivalent
" could be_orientedvin rare-earth

ethylsulfate cryétals, alpha particle anisotropies have been studied'iﬁ Berkeley

’ N S oows)
205)) 98Cf2’+9 (3 ); 99E8255 '(5:/) and

- : 2k
fr9m oriented 95Am L (

255
Loofm  (205)

” nuclei. The;electronic"properties of the lowes?t crystal-fieid states of

. these ions have not yet been -studied by other expeiimental methods, but may

be aségmed to be the.same as thoselof the lowest state; in the corresponding
rare-earth ions. This éssumption was borne out by théioﬁservéd'temperatufe
dependeﬁcés of the orientaéion pérameters fof.thevfour-iops; aé discussed ig
Section hf#.' Ip_each case the S and D .waveé were fqﬁnd tqhbe ih:phase

in the alpha decays-of these nuclei. In addition Frankel (145) nas found a

25 decay. The anisotropy found by FrénkelAis'~
shown in Fig. 6. |
5.5 Beta Decay

_Parity’nqnépnsérvatiOnvhas now been observed in the betaidecéy of

T

work has-béen reported that is



"plicity and because of the insensitivity of measured quantities to the matrix =

D1

quantitativé ‘enough to provide definitive values of beta-decay matrix elements.

-Groups at the Bureau of Standards (151),'in”0zechoslovgkia (188,189) and in

Russia (194)'have made some progréss in this area. Especially encouraging is

the development of semiconductor détectors. Determination of matrix elements

| 'iﬁ first-férbidden beta decay is especially difficult because of theirlmulfi-

¢

'eiements. When serious efforts are made to study these matrix elements, nuclear

should - v

>orientation /... prove one of the valuable compleméntary techniqﬁés for doing S0.

3.&' Spin and Electromagnetic Multipolarity Determinétioﬁs: .

. Nuclear orientatioﬁ is unique among the tools'available for studying |

,’nuclear structure in radioactive decay in that it allows the diréctnméasurement,

o for eaéh'v ray, of a quantity proportional to a single angulér'éorrélation coef-

. FV) - . - . . .
ficient,/including_the'sign. The proportionality constant can also be directly

fdetermined or calculated in'mostICasés.3.All of this 1s done by sihgles counting,

for a few minutes,‘on an assembly‘br_oriented'nuclei.' Most (or_ali)"ofithé 

. interpretation is;based firmly on thé'conservation of angular moﬁéntum; '

<~
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Let us cohsider a cascadé of transitions from an oriented nuclear state -1, pro-

ceeding through states 2, 3, b, etc. We may devote the (possibly mixed) multi-

1"

polafity of the radiation connecting states 1 and 2 as Ll’ Ll', Ll"
In a typical experiment one maylmeasure for.each v ray Ofwmultipolaritieé
’ 1 . . . . . 3 .- . ’ v- 03
LnLn connecting initial and final states of spins In and In+l the qugntltles

' 02 and Cu‘in the angular distribution function

'v.w(e) 1 ¢ P, (cos 6) + G 7, (cos ©) | o
Each Cv has thé form BVUVFV. If the orientation is nearly complete,’the valges
“of BQvgre known ana may bé'divided out to yield UvFv' Thg Uv funétions, gccoﬁnting
for reorientation during preceed;pg, ugobservea, tfénsitions; just correct the Bv
from the values reached in the pérent state being'oriented to the.Bv actﬁally
expéfiegced by the State‘emitting the obsér;ed radiation (2)ﬂ If the spins N
éhd multipolafities of‘preceding'transitioné are:knéwﬁ, ﬁhe‘Uv'can be calgulated
exactly. Fof é preceding.fraﬁsition of a siﬁgle multipolarity Lk’ we have

;VLK) 3

- I +1 . -L
1/2 k "kl Tk
+1) (-1)» W(IkaIk+lIk+l

k L \1/2 o
: Y = +
u, (Ika+lLk) (21k 1) A(2Ik+ |

.where W is ‘a Racah coefficient. If the transition is of mixed multipolarities

., L

k; k" Lk",... of fractional intensities T, fk', fk",;.., the above expression

becomes
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',Uﬁ = kak(Lk) + ko;Uﬁ(L;') +‘f£:U$(Lk") s
- The overall Uv foi a series of‘unobserved transitions.in cascade is.simply the
préduct:of the individual Ui’s. For beta decay L ié the tensor.rank.of.the
interaction.' Thus for a first-forbidden AI = O transition, with I >1, L
,has the pos;ible values 0, 1, and 2. For transitions involving high spin aﬁd
low multipblarities,the U&%-are close‘to 1, and it is‘often poss;ble'tovesti-
matethei%ﬁs quite accurately.with very little knowledge about preéeding trapsi—
tions (160). Usuall&Athere is enough information, then, to evaluate the products
BvU?’ agd thus'the angﬁlar correlation coefficients F;, té.within a.few pefcent.

These . Fv‘depend explicitly on the spins and multipolarities in the

observed transition. They are defined by

1/2

S S g | :
n ' ntl n 1/2 '
FV(In+lInL) = (?1). | (21n+1) (21+1) / C(va;L-l)

X W(InInLL,vInfl) s
where C is a Clebsch-Gordan coefficient. If the observed trahsition:has mixed
multipolarities Lh_and Ln', of relative intensities 1:82, then Fs becomes

n A v _ reh 2 n,. ,
Fv(In+lIn) - [Fv(ln+lInL) to Fv(In+lInL )_

B o n ty 2 )
.‘q+,26 Fv(In+lInLL Y1/ 11+7] .
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Heré .f3(1n+lInLL') is the angular cofrelationAcéeffigient for mixed mul?ipolar-
'ities. It is usually @abulateq together with FS(In4IInL)' In most-cases'thgsé
»coefficients constitute enough data to detérmine spin and mﬁltipolarities
uniquely. "If not, or if a check is desiréd on the.assignmenﬁs, angular cor-

‘relation measurements can serve a complementary
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:‘ficiénts themselves are'parity;sensitive, ~With the developmentsdiscussed in '

© Section 2 it is now feasible to detect -all the electron and -y radiation as-

:" _23_

. function. It should be noted that there are two ' values of F? (for each v)

_associated with a <vy-ray transition, one for the transition "first" and one

for it "last" in a cascade (158). For a mixed transition of (two) multipolari-

' ties there arevtwo‘values, differing 6nly in‘sign; for the applitudé,miXing

-ratié 5. This was first pointed out for an actuél(ca§e'by M. A. Grace (211)}'; 
The value of nuclear orientation inldetermining spins and multipolarity.'

mixing ratios is best illustrated by citing some cases in which it has been

r

. used for this purpose: PmlLl'7 (3 spihs, 6 ratios),'Sm;h8 (4 spins), Fe”? (3 spins,1 ratio)

ca- (4 spins, 2 ratios), Tel 2 (5 spins, 2 ratios). With the increasing -

emphasis in nuclear structure studies on spin and. multipolarity_determinations,

N o - . : ‘

" nuclear orientation éan be a very'valuable tool in the nuclear spectroscopy

laboratory.

' -3.5 Particle Parameteré and Relative Parities 

Both particle parameters for conversion electrons and conversion coef-

’

sociated with é‘decaying isoﬁopelusihgvone thin-window Ge(Ti) detector. If



3.6 Neutron Transmission Experiments

oL
the source is an assembly of oriented nuclei, one can determine, using two

detectors and only singles cdunting, the complete Y and electron spectrum,. the

. coefficients Fv for each <y ray and conversion electron group, and all the con- -
version coefflcients. vaé large degree of qrientation is achieved, these data
are sufficient to determinejﬁhe spiﬁs.of all populated levels and_multiﬁolari-

‘ties of all transitions in the'daughter‘nucleus; iny.one conversion-electronvn";

anisotropy measurement has been reported to date, but it seémsrclear'thatvthe,

advantages of measuring conversion-electron parameters will lead to. an expan-

sion of this technique. =

¢ K

Transmission ofipolafized neutrons throﬁgh polarized Eargets provides
a very clean method for determining the spins of neutron resonances. In s-wave

capture ~with nuclel qf spin I, only states of spins I i;g are excilted. The

‘Sigﬁ and‘magnitudé of the change in'transmittaﬁce at a.resonance allowé a de-

" cision between thése'two possiEilitiés. Sailof.et al. and Stolovy have'éxploitedf B

and developed this method to determine the spins of many resonances. A par-

‘ticularly impressive;méasurement by Alfimenkov et al. (iSé)Iat Dubna, shQuld,alSO'i'
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3.7 Nuclear Moment Determinations
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be mentioned. These wo;kersjused a djnamically-pqiarized'proton-target'és the
neutron polarizer and reported spins for elevén resonances up to Sk eV in pol-

arized holmium nuclei.

ir

The use of hyperfine filelds in,ferromagnets to polérize nuclei has Quité

| cause their method yields the sign of the hyperfine field directly.

" naturally led the Sailor and Stolovy groups into the study'bf these fields; and

vthey'have been able to make significant contributions in this aresa, partlyﬂbe-

“In the‘future_We may expect this branchfof nﬁclear orientation to em--

?loy Ge(Li) detectors to study the angular distribution of vy rays emitted in

.. the deéay ofistatés.prbduced in neutron capture. Such studieS'would.yield‘
directly the spins of states thus populated,_énd'the mﬁltipoiaritiés of con-

' - necting transitions (212).

¢

Table III gives the nudlear magnetic momenté that have been détermined

s

by nuclear.orientation to date. ,Those,that_the;author believes to be erroneou

because of systematic‘grrors are excluded. Values that are in some doubt be-

‘cause of uncertainties in temperature scales:are marked with an asterisk. =

T

s



fff;}? beidrastic.f‘Thé'valﬁeé-b

'

for comparison.

B

f moments determined byugtherftechniQueS'aréiihélﬁ@ed'£ f;fff7'

'
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k. SOLID-STATE PHENOMENA

The power of’ nuclear o?ientation in studying the solid state has been

B fully reaiized in recent yeafs. Among the qualitative discoveries 6f thié

method are the existence of hyperfihé fields 4in metals (21, 22) , the induced

/

' hyperfine;fieldé at solute nuclei iﬁ*féffomagnets (32) , and the large anti-

shieiding factors in rare earth lons (8,9). So substantial has been the

progress since 1960 that we find it convenient to review recent activity under

five dispinct headings..

hﬁl‘nyperfine Magnetic:FieldsA‘

' Nuclear orientation makes its most valuable contributions in areas

where it 1s uniquely applicable, in this case to syétems that are. extremely

diluté in the specieé whose field is to be studied. Two types Qf‘system that

‘have receivgd gonsideréble”atteption lately are.solufions.pf‘néminally magnetic:j

.gtoms (Mﬁ; Cé)lin tnonmagneticffmetals and soluﬁiénsqu nominally "nonmagpétié"
o atoms in ferfomagpets;. The first,tyﬁévhas been studi¢d intensive;y by-fhe

:Oxford groué, who findjgviﬂénbe for iocalvmomepté fof solutions'of.Co in_Pd,:

" with abrupt changes in the effective field on addition of small amounts of

o

stable Co (213).

o+ e e or— AS———ra—————————
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The subject of'induced hyperfine fields at nucleil of solutes*invférfo-
magnets is taking shape, at least insofar as the low-temperature limits are

concerned. Before discussing this subject, it islinteresting to hote that

the accuracy obtained in determining hyperfine'fields by nuclear orientation

has been confirmed in several cases by other measurements based on spectro-

scopic techniques. Of the five cases in Table I for which such comparison was

‘possible, Mn in Fe,.Mn'in Co, Mn in Ni; Sb in Fe, and Au in Fe, agreement was

" excellent in four. The quoted accuracy for the orientation results'was 3.4

in three of these cases.

Indﬁcedihyperfine fields in iron, cobalt, and nickel were given in .-

Table I. They are plotted.in‘a way that emphasizes trends in Fig.ﬂ7;"It is

useful'ih'planning orientatioﬁ_experimenté to.be,cbgnizantvof'the‘pbsérved’»

ltrends,‘és they‘can help in selecting an optimum host.: We note first that

the fields tend tévbe,négative, especially in the upper half.of»the d shells.

They tend to be iarge for solute atoms of large atomic number. This led

Shirley and Westenbarger to shggeéﬁ (33) that conduction electron polariza-

tion is_onéhimpoftant mechanism contributing to the fields. The peaking of

f‘ these fields in the d shells suggests:in addition core polarlzatlon for these

In Flgure 8 the phenomenon of core-polarization is illustratéd.

" cases (33)./ Later measurements, espec1ally on Rh and Pd have borne this
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out véry niéely, and we.may with'cbnsidéfable confidende'expect that these

~latter two solutes’hdve negative hyperfine fields in Fe, Co, and Ni.

A Beyond the d shells the fields tend to swing through zero and become

positive. This result is best established for the 4d-5p series in Fe. The

origin of the positive sign is not estdblished.' It could arise from core

polérization by spins of the p electrons or it might arise from a chéngevfrom

~antiferromagnetic- to ferromagnétic effeétive coupling of the 3d spins of the

host and the outer s electrons of the solute, ﬁerhapsAas a result of increased

_ionic size. Because of this sign change in the induced fields in the p shell,
'A it 1s not possible to predicﬁ with any confidence;the magnitude or even the

- signs to be expected for the alkalies and alkaline_earths.

Finally spin-exchange polarization should . .~ j  v:lééd to large

. hyperfine fields in rare-earth solutes in Fe, Co, and Ni, by orienting the .
; angular momenfum_3§of the rare earth-ion core, which should_be a good quantum '

number since. the Lf ‘electrons are shielded from the crystél field. Thé‘

s

fields should have opposite signs in the light and heavy rare earths.(33), be-
cause they arise mostly.from the orbital angular momentum ii and J =L + 8 in

the light (heavy) earths (Eu and. Gd are exceptions). Boehm, Hagemenn, and
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.t?winther'hévé confirﬁed this sﬁppositiop (55), khough they find»that_the(effecti&e
relative polarization of 4f and 3d spiné is aﬁtiparallel rather than paraiiéi.
.They also find that fhe magnitudes bf the fields are substantially.bélow tﬁe

free ion: values. Probably crystal—field effects can account for this_result;

k.2. GQuadrupole Shielding and Antishielding

From alignment experiments in NES Judd et al. (8) discovered large neg-
4 ~ative aﬁtishielding factors in rare-earth ilons. Theoretical values subseQuently

appeared that have now been combined with measured guadrupole coﬁpling constants (ll)

e

to dérive_the parameters (1 —.Ge)lthat describe the.shielding of fhe quadrupolé
 é;y;tal—field component V2o = (1 - 02) Ago (rg)uf.\ Here. AEO is the angular
‘éomponenﬁuof the crystal-field electrostatic potential ariéing from charges.
external to.the rare-earth ion that transforms as the sphericgl harmonic ?20<6)¢).‘
The rare-earth Lf elecf?ons, which are_responsible for the optical préperties

of the salt, are Shielded by the §Qter electrons of‘the raré egrth ion, redgé;ng

Ago by the factor (1 - 02). The expectation valué of the second radial moment

. : | 2 ' '
. of a single rare-earth Lf electron is denoted (r >hf' It has been found that

1 -'oé = 0.5 for most of the rare—earths, but that this factor varies

1
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systematica11y iﬁ the series. This result is ;xpecﬁed for'a‘tefm of‘relati§eiy
high symmetry, because the exclited configuratibns of the oﬁter electfons can
coﬁplekto form levels that have nonzero matrix élements of Aeo in many ways.

For n> 2, (1 - cn) is close to unity.

4.3 Form of the Spin Hamiltonian

The temperature dependence of nuclear_drientatibn, aévwéll as its

, responée toextgrnal and dipqlar fields, can elucidate the form of the spin
hamiltoniaﬁlapplicable to the lowest electronic cryétal-field lével.- Johnéon
et al. (170) and later Lovejoy and Shirley (167).wefevable to Qetéct:both

': dipélar>interaction and quadrupole coupling terms for Tf3+ in NES in this way.

Chapman et al. (162)
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discovered ?pseudoquadrupole" coupling for Pm; in CMN from the temperature -

et al. (175) -~

. depenﬁenée of the ylfay anisotropy. Sailor/found both magnetic and quadrupole

"hfs in Ho metal.

E o 3+ B+ 3+ | B+,
Alpha-particle anisotropies from Am <y Cf” , Es” , and Fm™ nucleil

"+ oriented in NES have helped to establiéh, through their temperatdre depend;{
- ences, that the lowest crystal-field states of these ions are like those of the
. . : - 3+, 6T\ B
corresponding rare-earth ions in NES. For Am (5f FO) the lowest crystal-
field state 1s a singlet, and fhe antishielding»crystal-field gradiént leads

: L ' - : 3+ + ' S
to orientation along 'the trigonal axis, as in Eu5 . _The‘CfB ion is analogous

{<:>? {

to Dy3 , and ah ASZIZ interaction is probably mainly responsible for orilenta- .

e o . | o N |
tion, although quadrupole coupling also enhances it. Like Ho? (hflo),
34 N . ' L B4 3 1,
. Es5 (Sflo):has a very large AS I interaction. In Im;‘(Sfll) as in Eri-(hfll) B

. ‘the effective hfs hamiltonian has the form AS I -+ B(sx:cx + Sny), with B > A.

L.k Time-Dependent Phenomena . }

For most orientation experiments in which ~y-ray anisotropies are observed, -

tbs :

‘ the'assumption/madé that'no:reorientation occurs priof to emissioh of'the'ob- '

' served v ray save that due to angular momentum'coupling'(i.e.,'the fedistribution ‘

~
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" of Fe
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among magnetic eubstates of the "final" state in a preceding, unobserved tran-

‘sition that is implied'By vector coupling of the spiﬁ of the initial sﬁate‘and.

effect of this coupling

" the multipolarity of the transition). The / =~ may be calculated exactly, ap-

" coefficient. Of cqurse, the above assumption is Vvalid

only when the lifetimes of those states that follow the original (oriented)
parent but precede the observed transition are very Short. If a state of

lifetime ~lO-lQ sec occure, the orientation may be perturbed in this state,

'thereby changing the anguler distribution of the observed <y ray.

Reerientation effects may be subdivided in'several ways. We shall

distinguisﬁ betweeh two essentielly distinct phenomena. The first is re- -

A‘orientatien that arises even in very_Short-lived states because of the inability '

of a.daughter atom to achieve its equilibrium:electron'eonfigﬁration.rabidly__*

enough following beta decay. Large ﬁimeLdependent fields can cause sub-

- of angular anlsotroples of radigtion

" stantial attenuatlon/in such cases. This effect should be'large in dielec-

trics and absent in ferromagnetic metals, where exchange polarization keeps

the hamlltonlan dlagonal and conductlon electrons prov1de an eff1c1ent reducing

(1oo)

, atmosphere R. C. Sapp/has feund attenuatlon in the 156 4. keV L4 nsec state

el in dielectrics; following decey of Qriented 0057. N. J. Stone finde_.v



perimental picture is even emptier. For Ir
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large attenuation in salts, but none in iron metal (155)., Blok, Kaplan, and

A

Shirley have found considerable attenuation for the 6l-keV, 3 nsec state of

PmllL5 in CMN (163), and Barrett and Shirley (élh)_find substantial (~60%) but

. o . c l )+ . ,
not complete attenuation of the 2.4 nsec, 91-keV state in Pm 7 in CMN. Ambler,
Hudson, and Temmer (147,149) repqrtéd:éarlier large attenuation in this state.

The sécond type of reorientétion is simply‘séin-lattice relaxation,

‘which is very lohg for many situations at very low temperatures. Here the. ex-

l9lm in iron Cameron et al. (190)

found an upper limit of ~1 sec for reofientation below O;loK,,haviﬁg obsefved

 complete réorienﬁation in the k.9 sec isomer. Blok and Shirley (10) set an -

upper limit of ~10 sec on the'relakation timendf the ~1 seé.isomer bf Hfl77

in NES.  Lubbers et al. (14) have reported a slow approach to. equilibrium in

orienting Co ° in a Tutton salt. It would be interesting to make dynamic studies. |

of faster relaxation processes.

4.5 Temperature-Scale Determination -

This topic was discussed in a generél way in Section 2.2. ~Specific

" applic¢ations have been made to re-work the temperature scales of the two salts
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‘ Table .JII. Magnetic moments "determined by
P e -.‘ equilibrium nuclear orientation.
" " Nucleus - Moment mma;b" Referencec Nucleus | Moment, mm?’b“iﬁefereneec
‘ v 1. 65(10) e pu 0 o 1.82(19)%¢ 160
ST a . - : . . 2.07(21) ©215
o o w(s) e Y 3% 160,162
co™® 2.8(9) 9 st 1.3(3) 163
3.803(7)° e o S
o 3.5(3) 101 o0 1.41(18)%¢ 167
5.996(11)° o -
o 3.5(5) . i 101 w0 1.56(25)%° ¢ 169 _
R TS ¢ o L,
agttom +2.9(15) BT .ADyl55 ' o.21(5)dnzv ATk
S ©3.55(8)° | 50 L |
O o e w7 ot
ce L3 o 0.69(3) . R 1t-EHOl66m: : .5.9(5)c1d_ 3;’172:-
o ce137_ f_o.9o(15)‘d S 1k 1t | 6.3(15) f'-' | 5190'
et B 0.95(20)¢ . - w0 1) 190
| S o0.85(15) w8 T B
et (0™ - 160 AP 0.13(4) - . .65
Pmlth ' ) 1.7(2)%% b3 B 4.9(10) h 03
coetm 1 g0(18)> L 160 SR |
" %here no eign;is given,’only the magnitude isfknowngxlError limits are given
'.i'.}ij.parentheticelly after velues}

bMoment determined speétroscopically'
‘ Many values have been corrected, subsequent to thelr orlglnal pubilcatlon. See':v._
t{::j‘; ‘;I Lindgren,. in Appendlx 1 of Perturbed Angular Correlations' ; ed by E. Karlsson, )

E. Matthias, and K. Siezbahn (North Holland, 196&) |

SubJect to slight further correction because of temperature scale changes.




=
=3l
;(::;  CMN and NES at the lowest temperatures. The new CMV scale extends the available

absolute temperature range dowhAto 1.9 mdeg.-_This fegion is becoming imporﬁant

" in searches for superconductivity and'superfluidity.
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FIGURE CAPTIONS

v

Fig. 1. Nuclear alignment apparatus used at Berkeley for charged-particle

anisotropy sﬁudieé.

fig. ?§ .Experimentgl éhamber.fb? apparétus shown in Fig{ 1.

Fig. 3. Iilustrationvof th?:advantages of Ge(Li) déteétors in.nuclear Crien;
tation (18&;206). At left are showntNaI(Tl) (dashed curve) and Ge(Li)
(solid curve) y-ray spe;tra in the 7604850 keV reéion of the decay of

Hdl66m. At right are shown angular distributions of five peaks resolved

by Ge(Li) detector, when 500 io oriented in NES.

_ FigJ L. Simplified represehtéfion of the Marshak-Richardson-Tamura ékperiments

on total croés section of oriented Hol66 nuclei for 1L MeV neutrons. This

experimént measures the deformation of the nuclear potential.

Fig; 5. Répresentation of the total (nuglear’plﬁs Coulomb) potéptia; of‘é_
prolately deformed nucieus, of méjor (minof)'radiug T (rb){ showing that
| alph% particles emitted from polar fegions must penetrate g parrief_that
is.both lower and thinner than at eguator.

'iFig. 6. Temperature depéendence of'angular‘distribution bf alpha pafticles =

2 . ) ' - . )
- emitted from Es 23 oriented in NES, from Ref. 145.
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| 'Fig. 7. Hyperfine‘maghétic fields for vgfioué solutes in Fg, Co,‘énd‘Ni
lattiées (denoted by ciicles, triangles, and séuares; respéétivé;y), :'
-.plotted td emphasize regularities, especially maxima in 3d, hd,.and 5d
gfoqps. Filled figures are cases for which sign of field is measured:'
~ for open figures sign is surmisedAby author.

Fig.v8. I1lustration of the origiﬁs of hyperfine fields from core polarization.
of inner s . electrons and from conduction-electron polarization of bs elec-t
trqns. An external magnetic field gé applied{ polarizing the "magneﬁic"
3d electrqns down. By ferromagnetic exchange interaétibh these 3d elec-
trons polarize:the 2s core electrons and hs condgction eleétrons. This'
mgy be regarded as“distortion of the radial wave functions of these e;ec-
trons, with the spin up substate being attracted toward thé 3d function.

. .» The result is a nef ﬁupf spin dénsity fér ﬁhe.ES shell,;and a net "down"' 

wispin density for the 4s band, at the nucleus. Electron-nucleus contact
interaction gives an effective fiéld antiparallel to the sp!i%x density in h

the nucleus, or antiparallel to the applied field (i.e., negative) for

the core polarization term, which is often dominant.
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