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I. INTRODUCTION
Wﬁen radiative &ecay'tékes pléce'fhrough a three—lé?el system via the
successive emission éf tyo phﬁtons, an angular.correlation may exist between
their proPAgatiénvdirections ﬁi and iz. For a system in field-free space this
correlation depends upon--and contains information about—-radiation parameters
alone; i.e., spinsvand transition multipoléritieé. The angular correlation
may be Eerturbed, howevér, if the intefmediatellevel of'the three-~level system
can interact with the enviroﬁment. Studies of perturbéd anéular correlations

(PAC) can yield useful information either about the system itself or about its

environment. Many examples could be given illustrating the application of PAC
i . ] .

* .
w Work performed under the asuspices of the U. S. Atomic Energy Commission.
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in moleculér, atomic, nuclear, and evenvmesié systems., In fact with a little
generalization all optical pumping and double resonanc¢-¢Xperiments could be
treated within the same fofmalism. Such generalization is‘useful and instructive,
but it lies outside the scope of thisjarticle,.which_dg#ls with PAC of gamma Qr‘
quanta emitted ip nuclear decay.

Gamma-ray‘éngular correiations have been of interest iﬁ nuclear physics
| for over three decades. ;n 1940 D. R. Hemilton (l)‘gévé a theoretical description
of éngular correlations. The first‘succeSéful expériments were reported by
Brady and Deutsch (2) in 1947, Goertéel (3) describe@ pertu?béd angular co¥a
relations in 1946, and H. Frauenfelder, é£ al, (L) reported the obsewatidn of
pefturbations in 1951, Comprehensive theoretical descriptions of perturbed
angular correlations were presented in'l953 by Alder, et al. (S), and by Abragam and
Pougd (6), among others. Many other workers contributed to the development of
perturbed angular correlations in this period. In the years that followed, nuclear
physicists applied this method widely to the determination of nuclear magnetic -

dipole moments. Frauenfelder and Steffen gave a detailed discussion of the

development of the field in their extensive review article (7) published in 1965.
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T-eir article also cdntaihs a thorough and lucid description of the theory of
per?urbed angular correlations. The present review takes as a theoretical
basis the formaiism given by Fragenfelder and Steffen, and the reader is
referred to their article both as the major reference for theoretical deriva-
tions and for a bibliography of‘the literature prior t0.1965. Perturbed angular
correlations hgﬁe not been reviewed before in.this seriesi Therefore, the
theory‘is presénted below, in two parts. First, an intuitive description is
given in which the physical prinéiples of angular correlations are stressed.
Next, a brief sketch is given of the general theory of PAC_using the dehsity»
matrix-perturbation coefficient formalism. In the past seven years a number of
significant advances have beén made in the applications of perturbed angular
correlations to the study of extraﬁuclear properties. These advances are
reviewed in Section III, with emphasis on topics of interest in physical

chemistry.

An outline is given below for reference.

=

Introduction
II. Angular Correlation Theory

A. A "Physical" Approach
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2. Pertgrbation by a Magnetic Field
B. The General Theory'of'Perturbed Angulér Correlations .

III. The Expe#imgntal Situation

A. Ahgulér Correlations in Metals

‘l. Magnetic Interac#ion; in Metals

2. Quadrupole Interactions in Metaié

3. ﬂMaghetic Resonance Detected by Angular Correlations

4. Relaxation Studies in Metals
B. iAngular Correlation in InsuiatorS'

1. Correlations Following Isome;ic Decay

2. Correlations Fo;lowing Beta Emissiop

3. Correlations Following Electron Capture Decay
C. Angular Correlations in Solutions

1. Magnetic Interactiqns in Solutiqnsv

2. Qqadrupole Interactions in Solutions
D. Angulaf Correlations ih Gases

E. Summary

-



W

T1. ANGUIAR CORRELATION THEORY
A. A "Physical" Appfoach
In-thié‘subsection a simple, but exact, theofy of angular correlations
is given, using concepts that are familiar.from atgmic'spectrosc0py and magnétic
resonance. . The object of Section II.A.1 is fo egtablish the origins of the
angular correlation phenomenon, and in Section II.A.2 it is shownihow oscil-

latory modulation follows from magnetic perturbations.

1. Unperturbed Angular Correlations.--~

Unperturbed angular correlation phenomena can be described very simply

in terms of substate populations. Consider the Y-y cascade

Y, (L)
gt

_Yl(L')
i » f

[3 I

in which anhinitiél nuclear étate of spir‘1IIi emits a (Yi) quantﬁmbof multi-
pﬁlarity Lf, forming an iﬁtermediate staterof spin‘I that subsequently decays
via emiésion of a (YQ) quantum to the finﬁl state, of spin If. The two Y
Quaﬁté are senséd with separate'detéctors, énakthe coihcidénce counting rate,

W(0), is recorded as a function of the angle © between the propagation vectors
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il and 12 of the two Y quanta, as shown in Figuré 1. We wish_tovﬁork out an
expression for W(O).

First we observe that in the initial state IIi ) the nuclear spins are -

randomly oriented. This can be stated formally by writing

(i) _ -1
Pom! = Gm n! (2Ii +1) o 1.
ii ivi »

(1)

where pm.mf is an element of the density matrix that describes magnetic’Suﬁstate
11

populatiéns of ﬁhe initial state IIi ) in any m representation. Now we seek

an expressi‘on for the density-matrix elements describing the substate populations

of the intermediate state II ) immediaﬁely after the emiséibh of Yy Ffom

angular-momentum fheory we know that when a‘magéetic substaté IIimi ) decays

to the substates lIm‘) of state |I), the fractional'iﬁteﬁsity decaying to each

substate |Im ) is given by the.square of the Clébsch—Gordan coefficient

(I m L'(mi-m)lIimi ).' Up to this point the gnantiiétion direction is afbitrary,

although it must be the same for.the_two>s£atesilli ) and |[I). To take full

ad?antage of the cylindrical symmetry of the system about the il direction, »

1

. ' v . .
however, let us select the quantization axis as being along k,. Having made

this choice, we must assign to each individual component of the Yl transition
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a weighting factor w(mm'), which is the ratio of the probability of photon
> . L . .
emission in the k. direction to the average probability of emission in any

L1

direction. - This is done by noting that for a transition of multipolarity L',

-
.between states having magnetic quantum numbers m and m;, the photon angular
\r/ . .
distribution has the form
LMY oy T .
W (0) = & 1p M.PA.(cos e) > ' 2.
- X'even
where M' = m, -m and @ is the polar angle from the quantization exis. Both
o , , |
A" and L' must satisfy triangle conditions (8), but W~ ° (@) is otherwise
independent of the spins I and Ii' The coefficients a TR can be evaluated
by comparison of Equation (2) with the well-known (9) angular distribution
functions w(ll)(e) « 1 + cosee, W(lo)(@) ¢.sin2@, etc. Values of &y 11y for
dipole and quadrﬁpole radiation are given in Table 1. By normalization,
8"y = 1 for all L' and M'. Now we note that
’ (L M' )(
L - e
v w(mny) = RN a'L'm' o 3.

. AV
Thus the required intermediate-state denéity-matrix elements are'giveh at the

time of formation of the intermediate state (t = 0) by



Table 1. Coefficients of P,(x) = %-x? - % and PL(#) = %gth - %?-32 + % for

for Dipole and Quadrupole Radiation (Eq. (2))%

Lt oM Sopmr o L 'me

1 | B o -1 - T

1 o w 1/2 | | -

2 S o ., 5/T | -2/ o
2 £ G s/an e

2 o . | 'é/7

SNormalized to 8oy = 1 for all L' and M'.




ey = (or 4 1y-L S e 2 N |
et = 0) = (21i + 1) Z<1 mL M'|Iimi ) Z [aA’L’M'] . | L,
m, A .

1

To complete the célculatién of W(O); we nbﬁ consider the individual

‘ components of}the second trangition. Eaéy‘cqmponenﬁ proégeds from a‘substate
|Tm ) t§ a su£é§ate IIfmf ) of the final state via emission of a ganma qu#ntum
of‘multipoiarity'L'haVing’magnétic component M = m - ﬁf relative to the Eliﬁxis.
Fach component has an angular distribution relative to il-of

(LM), .\ Z ' B - '
W (0) = ) 1M PA(cos 0) . _ | 2,
"‘Summing over components, we have

w(0,t) = Z mem(t) W(LM)(O) (Im L Mlim>2 . 5.

mfm

Here time—dependencg has been gxplicitly introduced in the_density matrix to
allow for its time evolution in the intermediate state. After changing the order
of, summation, invoking the summation prqpertigs of the Clebsch-Gordan coef-
ficients, and noting that decay of the intermédiate.state gives

/T

pm(.t) = pmm(O) et , where T .is the intermediate-state lifetime, Equation (5)

becomes
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W(o,t)

1

_'e—t/r[l + Y Byless e)] L e
The coefficients CA are:giveh.by .‘ : ' _ L . ' .~ |

-1 ' o e . | v '
Cy = (213 + 1) Z a)\LM(Ifm.fL_MIIm),?(Im-lx‘M'I}Iimi )2 Z Byrpoyt - T
- momm, v _ ‘ ' ' Ar=0,2,k4.,.

They;may be calculgted from Tablé 1 andvthe.approptiate Clebsch—Gordah'coeff
ficients, .Va;ugs of'CA for a few ?elécted ébin sequencesiare‘given iniTablé é.
The'abdve results were derived for trénsitions qf pure multipolarities,
It is straightforward, but tedious? to éxtend this approach to mixed-multi-
vpolarity transitidns. Such trghsitions are,.howeverf eggily treated using the

more general theory discussed in Section II.B.

2. Perturbation by a Magnetic Field.--—

If extranuclear fields are present during an angular porrelation experi-
ment, they will ihteract'with.the nuclear momentsqu the'igtermediate state. .
This perturbatién may coherently mix the magnetic substates and‘affect the ' q
angular-correlation paﬁtern. Thg generalxtheory of perturbed angular por_

relations, which is useful for describing this phenomenon, is somewhat formidable

-



0% PR ! £ L i Y B
SR RS B S SRS BRI R U

-11-

" Table 2. Coefficients CA~for Selected Cascades

Spin Sequencea o | . f C, . - CL
o(p) 1(p) o 0.5000 ' | 0
0(Q) 2(q) o - 0.357h ~ 1.1k28
4(Q) 2(Q) o o o . - 0.1020 o . 0.0091 |
1(p) 2(p) 1 ©0.1750 | | 0
1(Q) 2(Q) 1 0.0893 0.5079
3oy 5y 5 - |
.-2(D? 2(Q) 5 R | N 0.071h 0
-%(Q) g(n) g- | | -0.0143 ‘ o

&p = aipole, @ = quadrupole, Directional correlations are insensitive to
parity: thus electric and magnetic dipole radiation may be treated equivalently,

Also, C, and Chvare unchanged if the entire spin sequence is reversed.

2
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on first encounter. For this reason we cdnsiderfbelow the important special
case of the interaction between a nuclear magnetic moment and a magnetic field,

-

using as a theoretical framework the simple torque equation-rotating frame

description familiar from NMR theory. This approach shows how Larmor precession

g
leads naturally to oscillations, or "quantum beats", in the angular cor-
‘relation funcfion.
Consider an angular-correlation ekperiment conducted in the présence ,
: : > .-+ > N :
of a magnetic field H, and suppose that kl, k2, and H have arbitrary orientations
relative to one another. We may, without loss of generality, select a laboratory
>
goordinate frame such.that the 2z direction is along H and iz is in the xz plane.
Thus ¢2 = 0, while 61, ¢l’ and 62 are arbitrary, as shown in Figure 2.
: ‘ >
The dynamical behavior of a system with magnetic moment M in a field
¥ is governed by the torque equation
M g4y 5 -
%%=—h—l\]'MXH . _ 8.
> . ' > : : 8y H .
Thus M precesses about H with angular frequency,wL = -5 Now Larmor's ]

[

Theorem states that the system's dynamical behavior in a coordinate frame

o _
rotating about H with angular frequency wL is equivalent to its behavior in
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the laboratory frame with no magnetic field presénf. A transformation into this
rotating frame therefore greatly simplifies the study of a magnetic system's
dynamical behavior. - The magnetically-perturbed angular correlation experinent

can be treated in a similar way. A simplifying feature of unperturbed angular

correlations is the time-independence (except fqr the multiplicative factor
e-t/T

->
) of the density matrix in an m representation with kl as the symmetry
direction. - This feature is lost when the system is perturbed by a magnetic
field, and it is desirable to restore it. This can be accomplished by defining

% v . .
a vector K(t) that evolves according to the generalized torque equation (10)

gH

-
dK n > -»>
.4t R K .H

9.
- .
subject to the initial condition E(t =0) = kl' This equation is completely

- R :
equivalent to the torque equation, but it doesn't require that M be nonzero,

Because the density matrix B/was diagbnal in an IIm )‘representation along

k
1
at t = 0, it foilows from Larmor's Theorem that p(t) will retain its diagonal

character along K(t). The time-dependent perturbed angular correlation function

in the presence of a magnetic field can then be written (cf. Equation (6)) as



'-1h;] |

Wio(t),t] = e—t/Tzl + ) o pyleos AR, 1o

XéQ,#
where the time;depenéént anéle between K(t) and 12 obeys the cosine law (see
FigureVZ)
cos G(t)'= cgs 61 cos 62 + sin.ei gin 62 éqs(QLt +.¢l) v. 11.
It is instrﬁctive to.derive the funétiéns descfibing tﬁe oscillatb?y

modulation of thevangular correlation pattern, arising from Larmor precession,

: . > > o
in several commonly-used geometrical orientations of H, k., and i2. This may

be done by assigning the appropriaté values to 61,'62,_and ¢i, and combining

Equations (10) and (11). First let us take B parallel tO';l or_l:2 by setting

i

either el'or 92 equal to zero. Equation (11) then gives

cos O = cos 62 “if 61 =0

[

cos 61 E if 62 =0 . _ : _ 12.

In either case O is time-independen and Equation (10) feduces»to Equation (6).

a .

Thus we have the well-known reéult that a geometry with ﬁ parallel to il or Ez

gives the unperturbed correlation.

-



~ In "perpendicular" geometry, with Ol = 62 ﬁ_ﬂ/?, we have

i

cos O = cos(¢

, *wt). Substitution into Equation (10) gives

wio(t),t] = e—t/Tvzl + Z cx' P, [cos(d; + th)]f - 13,
. A=2,4, .. '

Because O(t = 0) = ¢1-fdr this geometry, comparison with Equation (6) shows
that application_of a magnetic field perpendicular to the .correlation planev

by © + w.t. Larmor

hes the effect of replacing the angle 0. between Ei'and K L

2
precession may be observed directly, through oscillations of frequency 2w

L

and higher in W[O(t),t]. This allows measurement of nuclear moments and Knight

shifts bf time-differentiél perturbation.

R. S. Raghavan et al. (11) have recently pointed out two geometries

that emphésize oscillétions bf_frequency wL, rather thaﬁ 2wL, When‘A =2, In
ouf notation these geomeﬁries may be described as'A(Gl ='32 = Eﬁ and

B(Gl = %g 62 = %}), with ¢i = T in each case. Thus
L

cos O(t) = —‘%-(céé wt¥1) - o | 1k,

where the - sign applies to Geometry A and the + sign to Geometry B. Substi-

tution into Equation (10) yields
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C ; '
~-t/T 2 : T £ 17
WA,B[G(t)’t] = e, / {1+ i (1 + 3 cos 2th * 12 cos wLﬁl} . 15.

The differencé.WA.f WB shqwsboscillations of frequency &Lﬁ only, in égreement
with Referencé 11.

in‘thé "random fields" geometry (12), which applies in PAC studies of
unmagnetized ferromagnets, the reléﬁive énglés 62 +,él = T and ¢2 - ¢, =7 are

fixed, but 6, is rendom. Substituting into Equations (10) and (11), truncating

at A = 2, and averaging over 61 (cosnél = 1/(n + 1), for even n), we find

=1 | S
Ww(t) = 5 [1+2coswt +2 cos‘2th] s 16.

showing that réndom-fields geometry yields equal-amplitude oscillations at

frequencies wL and 2wL.

Figure 3 shows experimental curves obtained with a sample of looRh

in a Cu lattice in an external magnetic field. Oscillations arising from Larmor

precession are clearly visible,

B. The General Theory of Perturbed Angular Correlations

i

Many workers have contributed to the development of PAC theory. A

detailed derivation of the important results, together with reference to the
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originaluliterature, is given in the.éomprehgqsive review article by
Fraﬁehfelder and.Steffen (7). A bfief oﬁtline éf the theory'is given below.
It follows the Fréuenfeldef—Steffgn treatmeht-élosely in th¢ main, differing
in notation and in the specific uée of. the dénsity matrix formalism (13),

-The proc?ss'to'be‘described‘is the y-Y cascade in which an initial
nuclear state evolveé'into a final nuclear.state'under thg gequeﬁtial influence

of three interactions. These interactions are: emission of Yl’ perturbation

"of the intermediate state hyvextranucleérvfields, and emission of Y2- The

first and last steps are governed by the transition Hamiltonians Zﬂ(l)» and «'K(Q)',

’ respectivély;vwhile the intermediate-state perturbation is described by a time-

evolution operator A(t). From first-order perturbation theory we have

W(kl,ké,t) « Z |(f|Jc(2)A(t.)J(‘l_)|i> |2 . o . 17.
1,f |
1

The .sums are taken over any complete sets of basis functions’that span the

1 '122, and t in W indicate that the

~derivation should lead to an expression of sufficient generality that these

three quantities -are left as varisble arguments. Expansion of Equation (17)

gives
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W%,k yut) « 12 ey, (i 3(‘ "M Jcil) , 18,

' i,f,a,8,0,6 PR '
where a? b, a, and b label & completevset of substateS'épanning the intermediate
nuclear gtaté, _The.sums‘may be rearranged iﬁtd the-fo?m
| W(k Z (Z 1) Jc(l) ) (Aﬁa(t) A (t) ) (Zuff) 1(152)*) 9. :

A 28,0, ¥ i 0 | |

sepafating thé»three factdrs that can Be‘éssdciated with the Yy tfansition,
the Yo transition, and the intermediate—stateAperturba#ion, which is connected
by two indicesjﬁo’eadh of the other two factors.

Thé time-evolution operator A(t) obeys the Schradinger Equation. It
can be expressed in terms of the intermediate-state‘Hamiltonian K as

t

A(t) = éxp (- %—f K(t')dt') . - - ' 20.

0

If K is tﬁneeindependent, the argument of the exponential reduces to -(%OKt.
We may also describe unperturbed angular correlations, starting from Equation (19).

For this case, K= 0 and A = 1, Thus



A ]

: Aab(t) =v6

il
o]
1

1

Aas(t) 21,

for the unperturﬂed case. Two indices'suffice to deséribe the intermediate
levgl, and no mixfure of substates is impliéd. In genéral, however,‘A ¥ l;
and all fogr indices a, a, p, S_must b¢ retained. .

it is convenienf to describe perturbed angglar co££e1ations'in a
spherical-tensor basis. The summation indices in Eéuation (19) can then bé
taken}as the‘tensof ranks A and A', together with'ﬁheir components q and q'

(where, e.g., @ = A, A-1, ...=A) describing the two transitions. After some

algebra Equation (19) becomes

WELE) = Y 1@+ TR, e L)) o )
v AX'qq! ‘ ' :
R R N R AT 22

The first and third factors depend on the experimental geometry and the radiation

. - ' o
perameters of the A transitions. The perturbation factor Gi'i(t) carries all

the informétion about interactions of the intermediate state with the extra-

nuclear environment.
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Beforergxamining G} %( )bin'détail, let us Qiscﬁés fhe radiation
parameters Ay (1) and Ay (2) These parameters are independent‘of intermediate- |
state perturbatiéné; They depend only upon £he multipolarities and spins of the
two traﬁsitions; The theory of (unperturbed) gngular correlations provides
these radiation parameters., It has beén formulated with sufficient. generality
to deal with arbit?ary'spins and muitipqiarities,  Eachlfranéition is-allowé@
either to beipuré or to be a mixture of two_multipdlgrities. Thus cascédes

of the form

Y, (L,50)) v, (L,,L))
Ii 1° l "1 > T 272272 > If

can be treated, Each transition has associated with it a set of F coefficients
defined (14) (for the first transition) by

I.-I-1

P (LB = (-1) T [(ery + 1)(2nd + 1)(21 + 1122

x(LlLl-ll)\O)W(IIL A'L) - 23,

where W(IT L L';)\'I. ) is a Racah coeff1c1ent The coefficients F)\,(L2 2IfI)

1 l’

for the second transition are given by Equation (23), but with the subscripts
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i and 1 replaced by f and 2, reSpectively; iThe CA coefficients in

Equation (6) are‘then given by
Cy = AT AT : | : 2k,

‘where

a L1+L]'. . ‘v 2
| U |
xFA(LlLlIiI) + (-1) 261FA(LlLlIiI) + leA(LlLlIi;) :25

Agl)-= 1+6,°

and similarly for Agg). In this expression 61 is the ratio of the reduced

matrix elements for multipolarities Ll and Li’ defined by '

> > > > ' '
§, = {IHJNALiHIi >/ <III3NALlIIIi ) . 26.

Here the matrix elements are written in terms of the nuclear current and vector-

potential operators. Nuclear-structure theories can predict § values with low
accuracy only, and empirical determinations of 8§ are desireble. When the

angular correlation is perturbed; it is not always possible to reduce the

o : -+ >
general form for_W(kl,k2,t) given by Equation (22) to the simple form of

- . : 'q,.
“Equation (6). The perturbation factor G%,%(t) may be non-zero for A' # A,

and products of the form Aﬁ%) A§2) can occur.,
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Several numerical tabulations of F-coefficients exist. A few #alues
are presented in Table 3. It should be noted that the'CX coefficients in Table 2
can be obtained‘as combinations of F coefficients. Thus for the cascade

4(Q)2(Q)0, we have

- l.‘/lg. - ‘/jL.
5 F2(2 24 2)F2(2 202) = (- TVT ) ( 1&) io
_1._‘/-_2_ _ ‘/2 - b
(- 63 7) (-2 7) Ll 2.

O
1
i
l\.n

1]
It

c,=Fl(22 N 2)Fh(2.2 0 2)

Let us return to the perturbation factor. If the indices a, &, b, b in

Equation (19) are taken as magnetic quantum numbers in the intermediate state,

then Gizi(t) has the form (7)

, o 112 IIA
62 %(t) = (-1)2T2* (o) 4 1)(2n' + 1)1Y° ( )( ) At), A(t)n .
)\ }\ aZb 5—8. q' E-b a ba ba

28.
The factors in Equation (22) are arranged to emphasize the symmetry of the
angular correlation. In many PAC pfoblems, however, it is valuable to stress

the evolution of the intermediate state in time, We define statistical

tensors (13)
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5324, 1957 (unpublished). Blanks indicate cases that vanish by triangle conditions.

Ferentz and N. Rosenzweig, Argonne National Laboratory Report ANL-

i

Table 3. Seléctedivalues of F—éoefficients(a)‘

I 1 F2(;11'1) | F2(221fi) F5(22I';)
1 0 0.7071 - —

2. 0 - -9.5978 _ -1.0690

2 1 - 0.4183 -6;2988, 0.7127

2 2 -0.4183 ‘ ‘0.1281 ~0.3054

2 3 0.1195 0.3415 0.076k

2 - ~0.1707 -0.0085
3/2 1/2 0.5000 ~0.5000 -
3/2 5/2 0.1000 0.3571 -
3/2 1/2 - ~0.1429 -
5/2 1/2 - © -0.5345 -0.6172
5/2 3/2 0.37k2 -0.1909 0.7054
5/2 5/2 -0.4276 0.1909 -0.3968
5/2 7/2 0.1336 0.3205 ko.1176
(g)From‘M.




_gg;

p)"(t = O) = Z(_l)1+a (I—a Ié‘")\|q! )p - ) 29.
q aa
a

where Paz is an element of the density matrix describing the intermediate

state at the instant of its formation, t = 0. Tt can be shown (13) thet .
> > .lrrre—t/T Z ( A l)( A' l)]—l/2 A'( )-) ( ) q'Q(. R *
Wik ,kpst) = = [(2x + o' + Py (O klAA 2)Gy, t)Yx'q'(61’¢1)
. Ak'qq' . . v
x Y)\q(ez ’¢2) . 30.

1

-
Here the subscript k, denotes that the statistical tensors pg, are evaluated

1

v > '
at t = 0 in the kl frame, wherein they are nonzero only if qg' = 0. The actual

values of pg(o).depend on the radiation parameters Ax,(l) of Y;- The factor

(bn/(2A' + l)]l/2 )*

1 .
Yg,(61,¢l arises from a transformation into the frame in

' _ '
which G%,%(t) is expressed. The factor T 1exp(--t/'r) Gg,g(t) represents evolution

and decay of the intermediate state in this frame, and the factor

1/2 Y%(62,¢2) arises from a transformation into the k, frame., By

[4m/(2x + l)] 5

starting from the von Neumann equation

ihp = [K,pl , . . 31.
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with both the density matrix p and the Hamiltoniéﬁ_K expressed in the same

frame as Gq

A.A( ), it is straightforward to show that

(t) = Z G)\'}\ * 92:(0) . 1 o L - 3?.

That is, the perturbatibn factors are expansidn'coefficients describing the
time-development of the statistical tensors.

In most ‘cases the full generality of the theory given above is not

required.  If G (t) is expressed in a representatlon in which K is dlagonal,
then only terms with @ = Q' are nonzero. Often Amax = 2, In this case.only
a single time-dependent perturbation factor survives, and the correlation may

be writtén

-t/T

hre [1 + C.C

e Coolt) Byleos 1, 33,

> >
W(kl,kz,t) =

where C, = A,(1) A,(2). This may be compared with Equation (6). At t = O

G22(0) = 1 and the unperturbed correlation is obtained.

It is usually feasible to select the ‘angles 6 ¢ 2¢2 in a way that

facilitates extraction of the'perturbatidn factors from the data, Thus oniy
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these factors need be considered. We shall assumé that this is the case

in the following discussion.

-,

-



III. THE EXPERIMENTAL SITUATION
" The fofegoing theoretical treatment was worked out in principle in
the early 1950's. It givés a description of what could be observed under ideal

conditions. Even as recehtly as 1965 this elegant and complete theory stood

in sharp contrast to a relatively crude experimehtal situation. The reason

_ for this difference is simple. Most y-ray angular correlation cascades are

preceded by one.of the forms of beta decay, with accompanying e;emehtal
transmutatibn.'.This process can so disrupf the ex%ranuclear environment. in the
daughter as to oBviatevobserving a well-defined angulaf-correlation (15). Much
of tpe recenﬁ progress on the experimental side in PAC has been based on

understanding the conditions under which pfoblems associated with elemental

,transmutation_can be avoided. A logical approach to this question, and in

factlpo a gene?al discussion of»experimental progress ip PAC, must involve
consideratiqn_df thregwfactors:

1. The natureiof the sample.

2. Thé mode of preceding degay. 

3. The type of intermediate-state interaction.
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Several qualiﬁatively different qatégofies can bé gpecifieavunder each of these
headings. While the actual number is somewhét érbitrary, four such categories
will suffice to cover the range of phenoména §ncountered ih each case. Accordingly?_
we have chosen to classify PAC experiments in "boxes" as shown in Figure L.
Each box is described by-thrée coordinates, corresponding to "valﬁes" éf
thé factors lisfed above, VThese triads will be used to label portioné of the
discussion below. The 64 boxes are treéted.in éreatiy Qifferent dgtéil, com-
* mensurate with their relative importancé in recent years. Thus some boxes
or 1 x1 x4 "rpws" will be accorded as @uch space as other who;evh x b x1

Mayers".

A. Angular Correlations in Metals
The strongly reducing atmosphere provided by conduction electrons mekes a
metallic lattice an ideal environment for PAC experimenté. In a diéruptive
nuclear event such as beta decay the daughter atom may 1gse electrons and be
placed in a highly-oxidized state., The daughter nucleﬁs is also in an excited
"initial" state preceding the correlation cascade. Since the electron cor-

relation time in a metal is of the order of 10"12 sec, Or appreciably shorter
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than the nuclear initial-state lifetime of lO-'l - lO*ll-seévin most cases,>the

electronic configurétion usua}ly recovers before ;ge e@iséjon of the_Yl photon.

Bven if thg initial state lifetime is syprter thansthebelectron correlation time,
the influence of the fast electronic fluctugtions oﬁ the nuclear alignment present
after the first y-event can u;ually be neglected; -Thus_for most studies in metals
disruptive chémiCal effects can be ignored. Provided that thé:prébab;liti of recqil

into an interstitial site may also be neglected, the four modes of decay indicated

in Figure 1 can be considered together in discussing PAC experiments in metals.

1. Magnetic Interactions in Metals.--

During th;'l960's the measurément of Larmor fréquencies évolvéd from
studie§ of nuclear g factors.with 5-10% accuracy up to a level at which Knight
shifts in meials could 5e measured, with the limiting factor being the natural
width of the intérmediate nuclear state. This improvement can be attributed mainly
tovthé advent‘of time;differential PAC (l6,lf) and to the use of metallic lattices
(18). A usgful modification of data analysis is the Fourief transformation of the
correlation function W(6,t) into the frequency doméin, whére it can be studied as
én NMR line wouid be (19).. Startinglwith Equation (13); end specializing it ﬁo

the case of CA = 0 for A > 2, we can rewrite.P2 to give, for an angle ¢l =T

> ->
between k_ and k -,
1 2
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c, 3cC 1 '
_ 2 2 ~t/T
W(TT,t) = [l + T + -—-‘)4 CcOos 2th] e N 31-‘.
A Fourier cosine transform yields
o0
1 LT 22,1
Flw) =5 W(m,t) cos wt dt = g [+ (2uxL - w) %] , 35.
>

where only the "resonant" branch, with w»haviné the same sign as w_, has been

“L
retained, Here F(w) is a Lorentzian, of half width Aw at half maximum équa;

1

to T-l. It can be regarded as a free precession version of an NMR line, with

no radiofrequepcy field. For 100Rh, F(w) functions with close to the‘natural
linewi@th heve been observed. (20). In some casgs autoqo;relation functions with
enhanced signél-to—noise ratio were generated prior to the Fourier traﬁéforha—
tion (19,20).

The higher—précision frequency determinations in metals has made
possiblé a number of measurements that are not feasible using conventional

lOORh to study

methods. For example, Alonso and Grodzins (21) used PAC in

flux distribution in type-II superconductors. With PAC fhey could study this

property in static fields only, without the fluxoid motion that would be
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incurred by‘the'radiqffequency fields.reqﬁired in NMRbstudiés. 'In another
case, Rao et al._(20) studied ﬁhe str9ngly fémperaturéedependgnt Knight shifts
of lOORh in very dilute sqlutions in Pd.lattices.,»They found that the local
sgsgeptibility on ﬁhe Rh atoms éontinues to'ingrease é§ the temperature is
1oyered1‘;n cqqtrést to the lattigé susceptibility and.Kpight‘shift, which
dgcrgase belqw 80°¥, This study wduid not.be"§OS§iblé_ét_such di;gtions
using NMR, bécause the sensitivity of NMR is several.orders of magnitudé l@ker.
Hyperfine fields in ferromagngts have been studied extensive}y by PAC
methods. Thé adventage of PAC over NMR or MBssbauef'spectroscopy for these
studigs-lies in its highuéensit%vity apd appligability‘at all temperatures.
Thus' it is especially suited for measuring the‘temberature dependence of
hypergiﬁe figlés of‘sgluteg in ferromagnets. Such‘measufements cén help to
establ?sh the eXpeqt of loca;izgd magnetism on impuritiés.v'For.egample,
99 99

PAC experiments on lllCd and ““Ru in a nickel lattice established that "“Ru has

111

a localized magnetic moment, while the Cd hyperfine field follows the lat-

111

tice (22) magnetization. In the ~~~CdNi case it was possible to_pfedict very large

paramagnétic.shifts above the Curie point, Tc’ from the temperature dependence
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cf Hhﬂ below Tc' To a good approximation the cadmium hyperfine field at
4 - ] s

temperature T belpw TC could be described by

pe(Cd,T) = H,_.(cd,0) g%%% . | - 36. -

H

where o(T) is the lattice megnetization of nickel at temperature T. If th(Cd)
arises only from conduction-electron polarization, a similar relation should

hold above the Curie point. Thus in an applied field H the éffécti§é field’

at the lllCd nucleus should be ‘ .

: H. .(cd,o0)
o _ hf ?

\

37.

Values of B predicted ffom this relationvﬁere in fact found to agree very well
with experimgnt. A comparison is shown ih Figure 5.

Reno and Hohenemser (23) reﬁortedua very elegant application of PAC
to a study of ¢ollective p?operties. They measu?ed th of 10ORh in nickel

to very high precision close to Tc,'finding_that the critical exponent B that -

appears in the expression

o B ' |
H ¢ 1 - T/Tc] | ) 38.



has the value B = 0.385 % 0.005 for the range: 10‘51‘> (1-1/1) > 107, This
result is in agreement with measurements of B in nickel based on

other properties, but the_accuﬁacy of this determination is unusually good.

2.. Quadrupole-;ntgractiohs in Metaisf-—.

Although time—differentigl.PAC spectra showiné quédrupo1e ihtgraetionS’
in metals were‘obtained as ea?ly ag 1955 by‘LehménnAand.Miller (éh), only
re%atiygly.féw reéﬁlts havé'peen reported to date. Recént_work by R. S.

Raghavan on 11104 in cd metal (25) and 117

In in In? metaj. (26)_ as. well as

studies byuphe:rgyigwers on a total of thirty combinations of solute nuclei

%ég %g?a}lic‘hogt.%attiées (27) hgve now shown that high-precision studies of

&guadrupglg f;gqggnciés in metals are pqssible uSing PAC methods. Two results
of.the.}gttgr studybgre:' (l) Iﬁ favorable cases many qycles of oscillation

werg obse?yed; with no app?rent attenuation in the aﬁplitude of the oscillations,
and (?).Fo? the especially.important hep lattices the magnitudes of the

pbsgrved field gradienﬁs ére diregtly related to the deviaﬁion of the host-
lat?ice c/a'raﬁjo from the ideal valug_of-lf6. Thus‘the quadrupole coupling

3

~constants of solutes in Mg and Tl, which have ¢/a = 1.6 tend to be small;'while
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in Zn(c/a = i.86), and especiélly in Cd(c/a ;vl.é9),bthe cﬁupiing constants’

are relativély.lafge. Representativé guédfupole'coupliné c;nstanfs from fhis

work aré giveﬁ in Table k4, ’Thése measuremenﬁs indicate that quadrﬁpole inter- .
actions in metals can be determined rather'accurately by PAC 'in cases fof which -

the extranuclear enviromment is unique and unambiguous.

3. Maghetic Resonance Detected by Angular Correlations.——

.In 1953”Abragam and Pound (6) ;uggested tgat the precision of NMR
couid'bé‘cbmﬁined with the sensitivity of PAC if magnetic resonance in the
intermediate sﬁate céuid be detected by applyihg a8 radiofrequency field and
detécfing its effect; when the resonance condition was satisfiéd, on the angular
correlation., vThﬁélinstead of obsérving‘the'time Qevelépment of Gizgtt) under.
“frée precéssion" conditions, the resonahce wéuld be dri?en. Two detectors
couid be placed at éuitable anélés andva time-integral céiﬁcidence raté
measured as a funéti§n of the frequency of the appligd field. Experiments of

lOORh nuclei in ferromagnetic lattices of

this kind have.been carried out on

nickel (28) and iron (29). Although a complete theory for this kind of

resonance experiment has been given (10), it is instructive to describe it in



Table 4. Quadrupole Coupling Constants in Metals -from PA@ (Refﬂ 27)7

. e?qQ(MHz')a in -

. Intermediate
Parent Daughter State Spin _ - - : :

- - ~ Energy (kevV) ‘Tl Hg ca - In- Zn Sn -
lllpd’“ lllcd" okt 5/2 20.8(8) 110(1) 125(2) " 17.3(3)
Wi, Hleg 2l 5/2 - 112(1)  126(1) 17.3(2) 123(1)  2b.2(3)
20k gy 20 e, 1274 L[ 13.M(3) 129 118(6) - b1(1) 71.2(15)
995y 9% 99 3/2. 2k.2(6) “21(1)  24.0(15)

®Errors in last digit are given parenthetically.‘r

bI_rihomogeneOusly.broadened.
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simple physical terms. Let us consider the correlation of two dipéle transitions
that connect a three-level system with spins.in the sequence 0, 1, 0. A

> . X : _).' .
magnetic field H0 is applied, incurring an effective field Ho at the nuclei,
and splitting the,intermediate states into three‘substates with M= 1, 0, and,
-1, spaced in energy by guNA;, where g is the intermediate-state g factor.

: > > >,

For maximum sensitivity kl and k2 are taken parallel and antiparallel to Ho'
The Y-ray transitions have two different kinds of components, the o, or
AM = * 1 components, and the T components, with AM = 0. Because their angular

distributions go as 1 + cosze and as sin26 respectively, the only,substaté

sequences that can give coincidences in this geometry are

|Ii>-_° > |1, M= +1) —Z > |1.) , or (0,0) .
The sequence
|1, ) T > |1, M=0) —= > |1,) , or (m,m) ,

cannot yield an observable coincidence, because neither photon will be detected.

> o v . : >
When a radiofrequency field Hl = 2H1 cos 2mvt is applied perpendicular to Ho’
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giving an-ef%ectiig bscillatory fiel& 2ﬁi coé 2ﬂ§£;>énd £he reSoﬁance condition
hv = guNH;?obtains, huclei can undérgo'Fransiﬁiohs from one magnetic substate
tbuaﬂéther'ﬁhiie.}p the intermediate'état¢;  When.this oécurs, some of the
e woﬁlaiﬁeﬁ(a,6) sequeﬁces beéome (q,ﬂ) sequeqceé and-aré'}ost from the éoinci-
:déazéh}atéjx;Thus ﬁagnetic resonance appears as a degréase in the counting rate
wh;n Q ;.vLL'-in-iOOEh thé-épin seqﬁencé is aétﬁally i? é} 1, but the prihciple
is-the séﬁé (28);.'
1%éffoﬁagﬁefié lattices Wéfé used in the reéonancg experiﬁenté to take
advanéage.ﬁf the."hyperfihe enhancement” effect. It:is difficult to apply
a lg}ééuéndﬁgh H field té ihducé'reson;nce duriné the intefmediate—state
liféfime. To.apéféciéte this we can consider fhe situation»in‘the rotating
frame at respnénée.' Unde? ﬁhese‘COhditions H; is'"traﬂsforméd out", ﬁi(t) has
bééom;la sﬁéady fieid of éfréngth'Hivglong (é.g{) the‘i-axis, ;nd the torqge

eqﬁation govefninglﬁhe time~evolution of the'system ih this frame is (éf.

Eguatiéns (8)tahd_(§)5=“

&5

gy S ' .
=R kA | 9.
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1 with-angular frequency

- .+ N ‘ .
The symmetry axis K therefore rotates about H
w, = EUNHi/h.' For an appreciable fraction of the nuclei to undergo resonance
it is therefore necessary that er v 1, Even in the very favorable case of

100, which has g = 2,15 and T = 3 X 107/

sec, this would require a radio-
frequency field strength of Hl = 300 gauss. ' It would be impractical to epply
such a field to the sample externally, but fortunately any applied field Hl
having a frequency much smaller than the ferromsgnetic resonance frequency
(which is in the 10lo Hz range) will polarize the'conduction electrons

adiabatically, creating a hyperfine field Hi of the sgme frequéncy at the

nuclei, This field is larger than Hl by the hyperfine enhancement factor

£ = th/Ho’ which is usually in the range 102 - 103.‘ Thus a rediofrequency field
. R 100
of only "~ 1 gauss need be applied externally in the Rh case.
100

It is instructive to follow the magnetic resonance work on Rh in
nickel, which is illustrated in Figure 6. The first observed resonance (28)
was broad and asymmetric., Later observations under more carefully controlled

conditions yiélded a higher resonance frequency in the main component and

resolved a doublet structure (29). Although the large linewidth was tentatively
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attributed to réngation effects; further ﬁsrk sﬁo&ed that the real cause
'waﬁ-inhomogeneous'broadening ¢aused by'a very smail percentage éf impurities
in-the sample (30). Such broadening is well-known in conventional NMR studies
on ferromagnets (31). In a sample of highe; purity_g'narrower line was observed
et a slightly higher frequency than the higher-intenéify poﬁponent in the

- earlier work. The linewidth of this component was much smaller than before,

l‘OORh nuclei near impurities,

and“the satellite liné;'which was attributéd to
‘was abgent. Finally3 imﬁfovements in fast-timingimethbds made it possible to
study this case by the free-precession method. Both the fundamgntal Larmor
- frequency Vv énd the double frequency at 2v. (?f. Equation (16)) were observed
b in the FPourier tranéform.(cf. Equation (35)). Both the NMR expgriments and
“the free precéssion studies can give resonant frequencies to a precision in

“the b.l%-region. It seems probable that both will be useful in studying subtle

effects in dilute alloy systems.

L. Relaxation Studies in Metals,~—

The experimental situation in this area is still rather tentative, and

our corments here must be more in the nature of a progress report than a review.
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Relaxation in metals is conveniently diséuséed in three parts, divided roughly
according to the time domains in which the characteristic relaxation times fall.
The first category involves the well-known longitudinal and transverse

wr

relaxation times, T, and T

1 s that are ordinarily associated with relaxation

studies in metals by conventional NMR methods.  These relaxation times tend
to lie in the millisecond rsange, which is out of feadh of mosf Y=Y correlaiion
cascades, and therefore outside the scope of this'arficle.'vThis time range
is;ideally suitéd to in-beam‘studies, and a pumbef of accelerator groups are
currently studying relaxation»times'using closely-related angular—distr;bution
techniques. f : : ' \

jvThe'éecond category includes the study of "transient fields" of 106 gauss
Oor more experienced by ions injected intd.ferromagnefic metais. These fields
ariseithroﬁgh-interactions between polarized conduction electrons and the nuclei
of the ions as they are slowed down by electron scattering processes during
their stopping times of v J.O"'12 seconds. Transient fie;ds lie outside the
scope of this arficle as they invblve in~beam, rather than Y-y, correlations,
'?nd are more Qlosely related to the stopping of heavy ions in solid; than to

properties of metals. Winther has recently discussed transient fields (32).
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A third category of relaxation phenomena in metals lies between the
‘above two extremes, and within the scope of this artiéle. This'category

involves the usual relaxation times Tl and T, for metals, but it includes cases

2
in*wﬁich'the“interactions are so strong as to bring these relaxation times
-déwn- into the timg‘range of < 10-6 sec, where they are.accessiblevto PAC
‘studies, Unfortgnately none ‘of the cases studied.to date.can be interpreted
in'a completely unambiguous way, in the reviewers' opinion; The case that
should be most nearly free'ofasystematip érror is that of looRh’in nickel near
the Curié ‘temperature. Rosenblum found time-dependent attenuation in time-
differential PAC studies above chand:has used parallel geometry (ﬁg|§ls

“to diétihguish bgtween relaxation and inhomogeneous broadening (33). He féund
" that ‘the characteristie relaxation constant A2 in G22(t) varies directly as
02,'the square of the lattice magnetization. Reno and Hohenemser (3k4) found
“time-dependent attenuation below Tc' In both cases the effective fields_at.

the nuclei are strongly temperature-dependent, and the attenuatiohs could

arise in part from temperature inhomogeneities.
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Hérshkind has recently ;ummarized recoil and impiantgtion results on
rere earths in noﬁmagnetié metals <3h)', Integral PAC studies §f a number of
rare earths in\cogper, for example (35-37) show good agreepent between the
relative attenﬁationé of the Pé.and Ph terms and the prgdictions of a sto-
chastic magneﬁic_relaxation modelvby Blume.(38). 'Time—differeﬁtial studies,'
however, do not show such agreemeht (39,40). Since Blume's model is based on
the assumption that the electronic spin is J = 172, whereas larger valﬁes of
" J are pfesént in the rare earths, detailed agreement would not be expected.
The present situation may be described by stating that magnetic relaxation is
dominant in these cases, but more work is necessary before a quantitétive
desériptiqn can be given, Blﬁme's model treats the'case w, chm 1, where wm
is the magnetic‘interaction sFrength and T. is the electronic correlation tine,
in contrast to the Abragam-Pound ﬁheory-(6), which applies for w T, << 1.

Thus Blume's approach might be expected to work after modificatiogs to account
for larger J values,

Finéll&, Bernas and Gabriel (L41) have.considéred relaxation of 169Tm in’

~

the iron lattice. By studying integral correlations in two states with lifetimes
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differing by a factor of 5 they were able to deduce a relaxation time constant

of 5 psec for this case.

- o B', Angular Correlations in Insulators

The oxporimental situation for‘PAC in insulators is in a much more
primitive stane than in metals. Referring to the second "layer" of Figure U,
we can immediately eliminote thnee of the four columns. No resonance-PAC
Vork in insu}otors»has beon reported, Although PAC paiterns in insulators
-ﬁrequenﬁly.snow gttenuation, this can probably be attribnted to inhomogeneous
«broadoning o?focts in nost cases; Magnetic perturbations are undoubtedly present
vuin some insnlgtors that nave.beon‘studied, but very little effort has been
dinocted noward.studies of magnetic perturbations because‘most workers have
proforred»to study magnetic ions in solution, thereby eliminating the additional
problems associatod with the crystal lattice, This leaves quadrupole inneractions
'as nho on}y top;c sufficiently well studied in insulators by PAC techniqnes to \
warrantvreviow at this time.

Even quadrupole interactions have not given very promising results in many

cases.  In their 196% review article (7) Frauenfelder discussed only two cases
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in which time-differential studies on insulators were analyzed in detail, A
- | | 181 . S
very careful study of the 482-keV, I = 5/2 state of Ta in single crystals of
' " . X RN €25 ] :
NHthF6 was reported by Mayer, et al. (42). They used Hf as a parent, so
the Y-Y cascade followed B -decay. Several oscillations were observed. The'
other case discussed by Frauenfelder and Steffen was the work of Lehmann

11

Miller (24) on ;Cd produced by the electron-capture

decay of 1111n in In,0, and In(OH)BQ In both cases
G22(t) is largest (presumably near unity) at t = 0. It drops quickly to'zéro,
then rises to a.small positive value, Thié behévior can'be explained at least
qualitatively as arising from static berturbation’by a.distfibutioﬁ of quadrupole.
frequencies (7T,43). Several other studies of quadrupole perturbaﬁiqns by PAC
we?e cited (7). The results were both tantalizing and discburaging. 6scil-
lations could be observed in somevcases;vbut in other cases the results were
ambiguous. Effects of preceding decays appeared to be very important, an§

fhese effects were discussed by Frauenfelder énd Steffen. The reviewers have

recently made PAC studies of a large number of compounds to help clarify this

question (27). The results are summarized below.
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1. Correlations Following Isomeric Decay.--

'Wheﬁ Y=Y caééédes fed by the isomeric decays of lllCdm,»zothm

» and
199Hgm 'ﬁére sfudied in a thtél:of‘hl lattices, no effects attributable to the
pértufbaﬁién of thé Atom{c'gnvironﬁent wefg dbsérved.' This was expected,
becaﬁée.fhé:fecoil eﬁergies in these isdmeric'tréhSitidns.are less than 1 ev.
iﬁ'ﬁdsf cééés G22(tf'was well enough defined to yiel@ quadrupole coupling’
constants. Attenvation over the relatively long time scale of ;02 - 103 nsec

was observed in some cases. The concluéion was drawn that the derived inter-
actigh‘cohstan£é ére‘;epresentative for the sites occupiea by the isomeric nuclei
ligéfo;éxdééay. 'Siﬁgé these isbméfic statés are sufficiently long-lived to
ﬁefmit/éhemicél syntheéis it follows that PAC methods gre generally applicable

ts éompéundsﬂdf Cd, Pb;‘aﬁd'Hg.' The timé—diffefential-PAC spectrum for a

111

typical case——Cd" in C4Cl,--is shown in Fig. T.

Correlations Following Beta Emission.--

: + : .
. When a nucleus undergoes B  decay, the nuclear charge suddenly changes
by one unit, and the electrons in bound orbitals may or may not be able to

rollow adlabatically. Experiments on free atoms have established that about
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80% of the daughter atoms have a chérgé of +1 fdllowiné.éf décaj,‘with the rest

in higher charge states (44,L45). This‘augers well for‘angulaf correlation studies
followiﬁg befavdeCay. The majority of daughter:aﬁéms shpu}d'have ﬁﬁé same

numbef of electxons as the parent, for any given sample.. Thus th¢ daﬁghter's
oxidation state will be higher by one for g™ decay, and lower by one for>B+-
decay., In most casés the angular correlation is carried out on a stable species,
but one that is rather_unusual in being a dasughter impﬁrify atom iﬁ a lattiée

compound of the parent element.

8 111

111 Log following the B -decay of Ag and

Experiments in Cd and 1

lBle in a total of 14 insulating materials have shown that a well-defined field

gradient exists in 80-90% of the daughter sites (27). Figure 7 shows data for lllAg

181

in Ag,80),. This agrees with the early work (42) on Hf in NH)HfF, and other

cases., It appears to be rather well established that Quadrupole coupling
constants can be determined by PAC following B~ decay in insulators. No con-

) + : .
clusions about 8 decay can be drawn as yet because of lack of data.
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Correlations Following Electron-Capture Decay.--—

Aftér an electron isvcaptured from the K shell,:a number of processes
take place bn‘increaéing time scales. The K hole is usuélly filled radiatively

in 107%°

sécvorlléss forvelements 6f ihte;est here. -Asvthe,hole moves out
further, Aﬁgef effects become dominant, with_the.creétipn of more holes. In
:lO;lh‘seé or lesé;thésé hoies ﬁill havg ﬁigrated ﬁo the oﬁtermost she}l where,
in an insulator environment, they can survivé for times thé£"are long compared
to‘thelnﬁclear‘infermediate;stéée lifetime. The PAC experiment will therefore
lﬁe\pérfonhea‘ihfé samble'in which the atoms are in seﬁéral highly-charged states.
Under thésevcohditiéns fhé:pgrturbatién factor would be severely affected. In

100

993h, Pd,. and

" fact for all‘éiéctron capture experiménts in insulators uéing

lllIn'as”péfeﬁfs,“rema}kably similar Behavior was oﬁserve@ (27). The anisbtropy

wés'strongly at£enuated iﬁ a short‘timé and no periodié behavior‘was found.

Obviously the study'bf quadrupole’cou§ling in insulators gy PAC following

eleétroﬁ—éaptﬁfé decayﬂis étfoﬁgly influenced by this effect, andvggeat cgution
| 111

is hecessary in the interpretation of expefiméﬁtal datai__Data for In in

InPO, are shown in Fig. T.
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C. Angular Correlgtidns in Solutionsj
The word'"solutiqnsﬁ rather than "iiquidé",appéars in the fitle of this
section for two reasons. First, nearly all of the exgerimental work in this
area to date has in fact involved sd;utions. Second,.iﬁ_studies of large
molecules in solutions or.of high viscosity solutioﬁs (ihcluding glassgs), localv.
-ﬁolecular prqperties are mgre_important than is the fact that the environment.
- is at least @echnicélly a liquid.

Referring to Figure 4, we are now interested in the third layer of 4 x &
"boxes". The;considerations regarding modé of decay are essentiall& the same as
forlsolids, and fur#her systematic discuss;on is unnecessary. Due tO'thé'
molecular motion,_charge equilibrium is reached much faster than in insulators,
however. No resonance experiments have been carried»éut as yet in soiutions.

The three remaining categories are relaxation, quédrupolg coupling; and magnetic

coupling. In most solution studies relaxation is an important, or eyen é dominant,
procesg. This:is especially true for magnetic coupling, in the cases studied thus -
far: relaxation is so.fast thatvmagnetic properties éf the ions under study appear” .

as paramagnetic shifts modifying the applied magnetic fields. This topic is

discussed first below. Quadrupole interactions have been studied in solutions
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for situations ranging from the very fast relaxation.limit to cases in which
relaxation was imperceptibly slow. This whole range is discussed in Section

c.2.

1. Magnetic Interactions-in Solutions.:?

" Most of the early PAC work on excited-state nuclear moments.involved
ions ‘in solutions and the application of external magnetic fields.  To minimize
chemical 'effects in the ihtermediate state, strongly acidic solutions were
“émployed. “In the case of beta-decay to an ion with a closed-shell configuration

v .
the  effective magnetic field at the nuclei He would most likely be equal to the
o L Lo v
‘applied field Ho; and reliéble interpretations were possible, In the case of
parémagnefic ions, paramagnetic corrections were necessary. These could be

described by a "paramagnetic factor", . Thus
—ﬁ =Bﬁ . ) . )40.
The factor B would be rather difficult to estimate in general, because of an

inexact knowledge of the daughter'atomic electron configuration. In rare

earths the B factors are very large (up to 7 or 8 at room temperature), and
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they may be estimated in a straightfofward way. The electronic level is assumed

to be polarized and in rapid equilibrium. This'giﬁes.
B =H ((J )/7) -1 | , SRS W .

wﬁere Hy is the field at the nucleus When.the_electrbnié level is completely
polarized in ﬁpe'Ms = J state. The mean value ¢J_) is giveﬁ by a Brillduin
function involving the Zeeman and thermal energies. Of cbufse this approach
presupposes that the electronic configuration is both unique and known., This
isn't quite true even for Beta decay,laé discussed in Seqtion B, and even less
'so_in the case of electron capture. Matthias, et al. (18) discussed the gpecific

99

case of Ru in a chloride solution and concluded that an error of * 10% should
be associated with the estimate of B. For most other cases studied to date
the error is probably fully this large. Thus paramagnétic ions in aqueous solu-

tions are suitable for measuring nuclear g-factors to " 10% accuracy, and it

may also be'of interest to determine which oxidation states are present after beta or

.

electron-capture decay by studying G22(t) in solutions. At present, however,Ait
does not appear feasible to study subtler properties with such poorly-character-

ized samples.



2. Quadruvole Interactions in Solutions,-~

Most of the work in this area has been done on ions in the limit

W Tc << 1, where w

o Q

Q is a characteristic quadrupole frequency and Ic is a
ccrrelgtiqn‘time describing phevfluctuation rate of transient field gradients
that cause relaxation in the intermediate state, In this limit Abragam and

\.Ppund_(6)“gave thé simple expression for the pefturbationvcoefficient

=kt o . :
GAA(t) = e . Lo,

When relaxation arises from axially~symmetric fiéld gradients sz’ kA has the
form (6,7)

A 80

@@, 24 AO*L)[NI(I41) - A(Ow1) - 1] -
(E%d (v, °? :

L3,
12(21-1)2

where <Vz22 ) denotes an ensemble average, The time-~integrated perturbation
factor is given by

. ©) =

where T is the nuclear lifetime. Eériy experiments (46-48) on the Hlg cascade

showed that'Eguations (L2) - (bh) appear to describe quadrupole relaxation quite
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well, The correlation times were.variéd in.thesé gtudies by'yarying the
viscosity of thevsolutions.

Quadrupole relaxation has found surprisingly féﬁ appiications as yet,
Recently, however; the Bonn group haé appiigd this phenomenon»to the measurement
of the nuclear relaxation times in solutions. »They have.also derived quadrupole-~
moment ratios ffom relaxation constaqts (50,51). In‘172Yb.they found the ratio
of the quadrupole moments of the 11T72-keV 3+ state to€fhat of the T8-keV 2+
state to be 1.32 i-O.lh, in excellent agreement with thé vélue 1.33.1 0.15 as'v
measured by a "conventional" PAC experimen?b(52){

Anothgr’récent application of PAC'fo solufions is the ﬁse of "rotational
tracers; to follow the dynamical behavior of molecules in solution. The first

111

work in this area (53) employed the y-ray cascade in Cd following the decay

of lllIn3+

bound to active sites in bovine se?um albumin (BSA). The G22(t)
function was found to be sensitive to denaturation of BSA in a way that is
consistent with_the correlation time decreasing as the moiecule became less
rigid. Becausé of the uncertainties associated with elegtron-capture decay. of -

- 111 | |
lllIn, it was also desirable to use the isomeric Qdm state as the parent
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nucleus. Meares, et al. (Sh) showed that (]ll m)2 2+

binds into the Zn
position in carbonic anhydrase. The G22(t) function for this case resembled
' ' ' - .
that of a polycrystalline sample, indicating that the Cd2 site was essentially

11 m)2+

"irmobilized" in this large molecule, For samples of ( bound to

N-benzyliminodiacetic acid a strong temperature-dependence of the attenuation
2

constant k, was observed. The G22(t)_functi§ns studied ranged from a "poly-

crystalline" appearance at TT°K to fast relaxation with a correlation time

=
A

lO_'lo sec at 356°K (55)., Similar results have been obtained with 181Ta

in ice (56) and with lllIn in frozen solutions of InCl3 and In(NO3)3 (57). 1In

eaéh case the time-integrated coefficient 622(“) had the value unity for cor-

relation times so short that the condition w,T, << 1 was fulfilled. As T,

increased, G22(®)'decreased to a value of ™ 0.1 in the region w.T " 1, and for

Qc
long correlation times Géz(w) increased to approximately the eipected (7) "nard-
core" value of ;/5. The expected variation of G, ( ) w1th T, is therefore
qualitatively wéll-established, albeit on samples in'Which neither the site
symmetry nor tﬁe actual magnitude ofveQQq is well characterized. It wi;l be

4

interesting to learn whether quantitative agreement with calculations based on
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a slow rétatiOnal diffusion model (58,59) will be'realizéd'yhgﬁ.better-character"
ized samples are studied. A good cand;date for éuch experiments in dimethyl-
cadmium, which maintains its molecular intggrity iﬁ frézeh solutioné.‘ A time
spectru@ o : for the case of dim%fhyl;111Cdy in a frozen ether
'solution (27) is shown in Fig. 8. The PAC techﬁique is a anural choice for study-

ing rotation motion in iiquids. ~With impfoveménts-in techniqﬁé and interpretation,

it may have'more future applications in this area.

D.  Angular Correlatioﬁs in Gases
Relatively little PAC work of other than nuclea; interest has_beeh done
bon gases. Except for extremely short-lived st&tes,vexperiments on gaseoué samples
to date have been carried out under fast or intermediate relaxation conditions,
That is,-wTc was either much less than unity or of the ofder of gnity;“ Here
w'is a magnetic or quadrupole hyperfine freqﬁency and.'l'c is a correlation:time.
Since relaxation in gases arises from molecular collisions, ﬁhich are in most

cases sufficiently violent events to randomize the molecular orientation, L

is expected to be of the same order of magnitude as the collision time.
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Timé—dependeﬁt magnetic interactionslhavé beeh_obsgrved'ih ions
regpiling into gaées fqllQw%ng nuclear regctiohs or decéy. .Thg ions sare
typically in rather high charge statés,qu the order + 16. Consequently,
magnetic ?nﬁeragtiqnsvare present‘thgt‘cah bevcharacte?jzed by efféFtive
magnet19 f%§ld§ of‘& 198 gauss, créated.?ainly by the Fermi conta;t iﬁteraction
w@@h;pgﬁaireq..s ‘electrons. iqhe maig‘gotivatioﬁ-fcr»sfudying these.systems
iﬁﬁtheiy'use inldgtg?m;ning pagpetic:momentg of Yery short—lived nucleaf states
witp ;if?times }p the\picosgc?nq #gnge. Most of.tﬁe geaég?eménts to date
have bgep:Qf_the;timqeintegrg} va?;etx, ?ut time—of—fli%pt methods have recently
been used to obtain more definitive time-differgntial data (60,61), and there
is already evidence that favors intermediaﬁe relaxatiop conditions (ch "~ 1)
over fast relaiation (mfc << 1), G;ldring (6?) éna Sprouse (63) have summarized
this area of research in recent review érticles.

 Finally, time-differential gas phase PAC studies of the y-ray cascade
o _ | Wl om oo :
in Cd following the decay of Cd in dimethylcadmium have been carried out

in the presencevof various buffer gases at 1.5 atm. (27). The lllCd nucleus

PR
kY

has a well-defined environment, with the field gradient pfojected along the

molecular rotationvaxis being related to that in the molecular frame by
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Yerr = ~Imo1/? g o . L5,

o

Stirong attenuations were observed in all ten cases studied, with Xz ranging
from 10 to U4s (nsec)-l. For heavy buffer gases a strong—collision model is
appropriate, with the values of To deduced on this model being essentially

equal to the characteristic collision time Tcoll’

'Vefy light molecules (H2

and He) did not follow this trend, however: for these cases 't-c was found to

exceedAf
c

o11° This was interpreted as showing that the'impact_of these small

molecules is too small to randomize the rotation axis of a dimethylcadmium

molecule in a single collision. Typical results are given in Table 5.

E. Summary
The theory of y-ray angular'correlatioqs is ééééntialiy a closed
subject, so only the experimental situation needs summarizing..
In the.sejen years since the 1965 reviéw article of F?auenfelder and
Steffen appeared;.time-differential PAC has developed as a tdol that is now.
sufficiently wéll-understood'and precise to find applicaﬁions in.studies of the
extranuclear environment. In metallic samples PAC is a proved méthod that can

votipete with other established technigues. It has been used for studies of



Table 5. Correlation times for'dimethylcadmium in buffer gases at 1.5 atm.

(Ref. 27)
Gas ‘A;l(ns§c). | | Tc(nsec) : o Tcoll(nsgc) -
Hy . 10%3 0.7 o - 0.017
Hes' 20 b 009 0.026
Fily 36 5, 0.05 = o 6;051
A . . 30 5 006  o.061

Xe- . . - . .26 4 _ 0.07 : 0.082
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hyperfine fields, Knight shifts, and Quadrupgle,interactigns. Charécteristic
lines have been obtained both by magneﬁic reSonaﬁée_ahd'by Fourier analysis of
time-differentiél_perturbation coefficients. Only relaxation phenomenon in
metals have yet to be fully exploréd. This rapid proéreés.is mainly due to
the first equilibration of charge'states by conduction'éléctrons in metals.
No such advances can be expected in other materials, except for y-ray c§scades
following the deca& of isomeric sfaxes. In insulafing sqlids, static quadfupoie
interactions have been well—charaétérizéd fo;iowing is&ﬁeric decay énd beta
decay, but not electron-capture decay. In solutions and‘gases angular—corre-
lation studies qsually involve relaxation phehomena, although more structure
in G22(t) has been observed in macromolecﬁles and frozen solﬁtiqgs.' Further
progress in the near future will probably involve,applications‘of PAC to
problems involving metals, and development of more sophistication in relaxation

studies using solid, liquid, and gaseous samples.
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FIGURE CAPTIONS
Fig. 1. The angular correlation function W({O) = 1 + A2P2(cos Q) + AhPh(cos 0)
. .-~ - for the typical .case A, = 0.3, A) = 0.2. Here O is the angle between the

) > >
) .. Y-ray propagations k., and k

1 2°

Fig. 2. Coordinate frame for magnetic perturbation experiments.
. , ‘ 100
- Fig. 3. Top panel: Decay curve of the T5-keV state of = "'Rh, measured by
coincidence counting rate in the y-ray cascade. The angles in the notation

of Figure 2 are: 6, =6, =71 =0, ¢2 = % 3n/L. Filled and open circles

i -2 2? ¢li
-+ denote reversal of the applied field or (equivalent%y) chenge in the sign
of ¢2. Bottom panel: Difference of the two data sets in the top panel
divided by their sum, to isolate oscillatory modulation arising from Larmor
precessiont
Fig. 4. A scheme for categorizing PAC experiments,
Fig. 5. Temperature dependence of the field of a Cd& nucleus in a Ni lattice,
(a) below‘and (b) above the Curie temperature, after Reference 22. Solid
curve in (a) gives lattice magnetiiation, while dashed curve represents

a demagnetization correction. Solid curve in (b) was predicted from results

in (a) using Equation (37).
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Tig. 6. Resonancé'lines for 1%%n in nickel., Panels (a) and.(b) éhow NMR
results from References 28 énd 29, with ééme Pd impurify in the lattice.
Panels (c) and (d) are, respectively, NMR and free precession results from
Reference (305, with a high ph?ity latﬁicé. Lowef frequency in (¢) is

attributed to radiofrequency heating.

. s y =2 T ~ ’ L - '
Fig. 7. The function Az(t) =3 [W(ﬂ)/W(z) - l]‘—-A22 22(1:),., for three compounds,

111

in which the 2L47-keV state of Cd is populated following beta decay (Ag2SOh),

isomeric decay (CdClz) and electron capture (InPOh);
111 .. m

. Fig. 8. The function A2(t) for cd®, in dimethyl-cadmium, in a frozen ether

solution at T7°K. Inhomogeneous broadening is evident.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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