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Reorientation of Aligned Nuclei
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Where nuclei aligned at low temperatures decay by a two-stage cascade, the degree of alignment of the
intermediate state may be inQuenced by magnetic coupling. If the second stage is y radiation, the angular
distribution will be influenced as a consequence. This effect is treated by assuming a static interaction and
twofold ionic degeneracy. In particular for high temperatures very explicit results are given for 6, the
mean degree of alignment of the intermediate state. This is dependent primarily on the mean life and
magnetic moment of the intermediate state. If is found that if the properties of the intermediate state are
similar to those of the initial state (1).Reorientation effects wi11 be present if r) 1M sec; (2) They may
either increase or decrease A', (3) A strong external field cancels the effect altogether; (4) Reorientation
can introduce cos'8 terms into the angular distribution even at the highest temperatures; (5) Where r is
very long, 6 tends to a Gnite limit. The calculations are applied to an experiment.

long enough the probability will grow that the nucleus
is reoriented by such coupling.

This effect can most conveniently be incorporated
into the population functions for the substates of the
intermediate nucleus, that is, into the statistical matrix
of the intermediate spin system.

In the following we treat in detail a situation of
experimental interest in which, in a single crystal, the
ionic degeneracy before emission is twofold, having
anisotropic hfs. By assuming a static interaction in the
intermediate state and restricting ourselves to terms of
order (1/kT)', i.e., to "high" temperatures, very explicit
results are obtained. These show that reorientation can
have a pronounced eGect and must be considered
whenever the intermediate lifetime is greater than
10 "sec.

The calculations are applied to the experiment of
Ambler et a/. " which disagrees with the simple theory.
The result is inconclusive, however, in that the eGect of
reorientation in this case is not sufficient to wipe out
the alignment altogether.

I. INTRODUCTION

' 'HE phenomenon of nuclear alignment at low
temperaturesisexperimentally well established, ' '

and the elementary theory has been given. 4' The
experimental method has been to substitute radioactive
isotopes in salts whose low-temperature properties are
known. Nuclear alignment is then measured by the
anisotropy of emitted y radiation. It has not been
possible so far to compare theory and experiment
exactly since the magnetic moment of the radioactive
nucleus is an unknown. If the theory is accepted, a
value for this parameter can be deduced. This is
dependent, however, on the theoretical assumptions
being correct. For example, if the ground-state spin of
Co" is 4, as has been recently proposed, ' the experi-
ments referred to will need reinterpretation.

The similarity between the problem of the angular
distribution from aligned nuclei and the problem of
angular correlations has been pointed out. ' It is known
that magnetic coupling in the intermediate state can
aGect the angular correlation of successive nuclear
radiations' and that such eGects may yield information
about the magnetic moment and the lifetime of the
intermediate state. Where nuclei aligned at low temper-
atures decay, for example by a P—y cascade, distur-

bances, such as hfs coupling and external fields, may be
expected to inQuence the degree of alignment of the r-
emitting state and thus the angular distribution of the

y radiation. If the lifetime of the intermediate state is

II. GENERAL

The erst stage of this problem is similar to the
problem of angular correlations and our starting point
is the expression given by Biedenharn and Rose, ~ whose
notation is adopted, for the probability amplitude of a
two-stage transition as follows: The system ion plus
nucleus goes over from a gross state 2 having substates
n, emitting radiation p to a gross intermediate state 8,
substates P, and then emitting y radiation o to a final
state C, substates y. The nuclear spins involved are
successively J, J&, and J2. The probabi)ity amplitude
after emission is,
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The fundamental difference between the present

problem and that of angular correlations should here
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be noted. For angular correlations P =e'&, that is, it
can be assumed that both phases and spin orientations
are distributed at random so that for an assembly of
systems (P P )=8 . For the present problem the
probability amplitude for the state o. is P = ~P ~e'o~

and (P P )= ~P ~'8, that is, while we can assume
that the phases are randomly distributed, the spin
states u are occupied with a varying probability
[P.['=w. .

The angular distribution of the y ray o- is given now

by integrating (~ C»
~ ) over all radiation energies and

summing over polarization and final states in the usual
way and also integrating over all directions of the first
radiation, (fdic, ), i.e.,

I(8)=S„do,d,dco. P,(i C„,i')

The perturbation problem can now be solved for the
energy levels, Ep~ and the transformation coe%cients
(oM ~teF) of the system in the initial state. The (aM ~tIF)
are real and unitary and vanish unless te=o+M. If
H=O and A=B (which would result, however, in no
nuclear alignment at. all) (oM

~
teF) becomes the regular

vector addition coefficient, (JSMo.
~
JSFtt), in the nota-

tion of Condon and Shortley. ' Note that while pp& is
an eigenfunction of Fz Jz+S——z with eigenvalue te, it
is not (unless H=O, A=B) an eigenfunction of F'
=J'+S'+2J S. F is, however, a convenient label.

For the interaction in the intermediate state we
shall choose a static Hamiltonian X' of similar form
and label the intermediate states with Ii» and p, ~.

Equation (2) can now be rewritten replacing n by Fy, ,

P by Fttc&, etc., eptt by e(FrF&'p, &te&') and wo by w„
=exp( —E„~/kT) and transforming the matrix ele-
ments as follows:

dn, dco,dec. g w.
app'y

(~IH, IP) = 2 (~M I„F)(aM, lt,F,)(MIH, IM,),

X(o'Ms)t sFs)(M ~Hr. )Ms).

(~IH. I&)*(PIH.I7)*(~IH.IP')(P'IH. IV) (&IH IV)= E ( 'Mi'lt rFr)
X (2) MI, 'M2o'

(1+seep r)

where r=1/2y zis the mean life of the intermediate
state 8 and ~pp is the energy diR'erence between the
substates P and P'. Because of the Hermitian property
of the matrix elements we can replace (1+ietttt r) at
once by (1+etJtt'r')

We must now consider the type of interaction which
both is responsible for the initial nuclear alignment
and may cause reorientation in the intermediate state.
For the initial state ordinary hfs coupling with no
external Geld cannot give rise to nuclear alignment
since no direction in space is preferred. (It will be seen,
however, that nuclear alignment can arise solely
through the reorientation terms. ) We assume our source
to be a single crystal having an axis of magnetic
symmetry along which an external field H is applied.
The interaction Hamiltonian for the initial state is then,

K= gteHS, +g tl, HJ.+AS,J.+B(SJ,+S„J'„), (3)

where
S,=s component of ionic spin;

g, g„=ionic and initial nuclear g factors;

p, , p„=Bohr and nuclear magnetons.

The nuclear interaction g„p„ is of the order of 10 ' times
the ionic interaction, and since it is found to play no
signi6cant part by itself for magnetic ions, it is discarded
in what follows.

In analogy with the theory of ordinary hfs, we label
the zeroth-order states of the system with quantum
numbers Ii and p and express them as linear combina-
tions of ionic and nuclear states as follows:

We now assume for simplicity that the erst radiation
is emitted with one value only of total angular momen-
tum j. It can then be shown that except for constants,

8, dn, (M~H, [M,)*(M'~H, ~M, ')

=(Jij MiM Mi~ Jrj JM)—
X (J,fM, 'M' M, '~ J,PM')—

X8 (M—Mr, M—M, '). (5)

It is further assumed that the p ray is a pure multipole
of order 1., then

&.2 / (Mi(H. IMs) ['=I(MiP),
M2

(6)

I(Mi,8) =1++ X (J )P (cos8)IIs(MtJi). (7)

where by utilizing Eq. (5) and Eq. (6) and the orthogo-

Here Xy, is a factor' depending on the transition and
the multipole order, Ps(cos8) is a Legendre polynomial,
and k takes even values 2, 4, . up to 2I. or 2J~,
whichever is smaller. It will be found that under certain
reasonable circumstances, only the term with 0=2 will

enter. Iis(MrJr) is related to (kJrOMr~kJrJrMr), in
Particular Ils(Mr) =3Mrs —Jr(Jr+1). The angular
distribution (2) can now be written

I (8)=Q W(Mi)I(Mi, 8),

' E. U. Condon and G. H. Sbortley, The Theory of Atotaec
(4) Spectra (Cambridge University Press, Cambridge, 1951).
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nalities inherent in the transformation coefhcients,

Wsrl= Q IOsr+p"
EM) p

X [(pM i p+MF) (p+XM Xj p—+MF)ES(pkoMI)

X (Jli MI+o pp—+M M—l ~
I JIPM)

X (Jlj Ml+o —
p
—)lM —Ml —o+p~ Jlj JM —)t)], (9)

and

H(phoMI) =5p,5I s—r'E(pXoMI),

e'(FIFI'M I+oMI+ o). .

E(p) oMI) = P
I"rI"r' [1+e'(FIFI'Ml+oMI+o) r']

(10)
X[(pMI+rr pi M&+—~FI) (oMI i MI+oFI)

X (p+) MI+rr p Xt M—l+—oFI')(oMI ~MI+oFI')].

This may be compared with a similar expression given
by Goertzel" in the theory of angular correlations. It
should be noted that H(pro MI) depends on properties
of the intermediate state only. W(MI) can be inter-
preted as the mean relative population of the nuclear
state M~ at the emission of the second radiation.

III. STATISTICAL MATRIX INTERPRETATION

It can be seen from Eqs. (9) and (10) that when
r=0, W(MI) reduces to

W(MI)=Q (JljMIM Ml~ Jlj JM—)'W(M), (11)

for example, the representation in which the inter-
mediate state is quantized, i.e.,

(O)=P W(MI)(M, ~O~MI),

if 0 is diagonal in 3f~, where

W(M I) = (M I
~

Tr' p ~

M I) (Tr p) '

=+sr(JIj MIM Ml
~

—Jlj JM)'W(M).

(Tr' p does not operate on coordinates of the emitted
particle. ) Thus Eq. (11) represents a change of repre-
sentation of the statistical matrix from one in which JIB

is a good quantum number to one in which M~ is a
good quantum nlllllbel'. Equatloll (11) gives W(MI)
where the intermediate state is not perturbed and
leads to an angular distribution which is identical to
that previously given. Where it is disturbed it can be
seen from Eqs. (9) and (10) that while our opera, tor,
the angular distribution from an intermediate state,
is diagonal in Ml [J(MI,8)] it is not diagonal in M.
Ke have thus chosen the 3f~ representation, and Eq.
(9) represents the change of representation. The coefli-
cient of r' arises from nondiagonal elements of [p] in
the M representation. It may be observed here that
the statistical matrix considered here develops in time,
tending in fact as will be seen, to an equilibrium value.

From this point of view we can define the mean
degree of nuclear alignment of the intermediate state
at emission in analogy with a previous definition' as
follows

where
W(M) =Q IoIr+p~(pM

~
M+pF)'.

6'=(IIs(JI))/3JIs=p W(MI)IIs(MIJI)/3JIs. (12)

It will be recalled that W(M), the relative population
of a given substate of the initial nucleus is the function
to which special attention has been paid in previous
treatments of this subject. "W(M) [or more correctly,
perhaps, W(MM)] is a diagonal element of the sta-
tistical matrix referring to the nuclear spin system
alone, i.e.,

W (M) = (M
~

Tr' p ( M) (Tr p) ',

where Tr' implies a sum over non-nuclear quantum num-

bers and p is the statistical operator p= exp( —R/kT}.
From this point of view the mean value of any nuclear
observable 0 is calculated from the formula

(0)=Tr[op](Tr p)-',

which, if 0 is diagonal in M, becomes

(0)=+sr W(M) (M io iM).

However, (0) is independent of representation so that
if it is more convenient (it generally is not, from the
point of view of numerical computation) we can choose,

"G. Goertzel, Phys. Rev. 70, 897 (1946).
"N. R. Steenberg, Phys. Rev. 93, 678 (1954).

It has been shown previously' that v here r is zero
and (A/kT)'«1 the angular distribution depends on
(IIs(J)}alone, Itis. ,

I(8)= 11Xs(J)Ps(cos9)(IIs(J)).

In this approximation the anisotropy, e= 1—I(0)/I(tsar),
is given by

e= ——,s Xs(J)(IIs(J)). (13)

The same result is obtained if the J~ representation is
used in place of the J. Since Ils(MI) =Iis(—Ml) for k

even, so far as I(9) or 6' are concerned, it is suflicient
to consider W (Ml) =-', [W(MI)+W( —Ml)]. In what
follows we shall deal exclusively with W~(MI).

IV. TWOFOLD IONIC DEGENERACY

We now restrict our discussion to ionic systems which
at low temperatures can be described by a fictitious
"ionic spin, " 5=-,', a situation of frequent occurrence
and obtaining in the experiments already carried out
on nuclear alignment. With this assumption the trans-
formation coe%cients and energy levels of the initial
system become

E„+= -', [2)tp,—-',2 &-',AQ (p)],
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where

Q(p) = L(2~—2~+2l )'+4x'(J+ s+p) (J+ 2
—l )]',

6=AH/A, X=g„p H/A, x=B/A,

(k, l —
s ll+)= ( s, P—+s IP )—

25—2)t+2p, +Q(p) &

2Q(l )

(—4, i+s Ip+)= —(s, p —
s ll

—)

2x(J+ s p) (J+—s+p)

L2Q(i ) (2~—2) +2l +Q(l )))'

The + and — signs correspond to F=J+ ', and-
Ii =J—-'„respectively.

There now arises the difficult problem of the repre-
sentation of the interaction in the intermediate state.
While the choice made here of a static interaction, such
as is assumed in the theory of the attenuation of
correlations, is open to the objections discussed in VIII,
it does have the merit of a straightforward, easily
interpreted solution. The Hamiltonian for the inter-
mediate state is then

K'= g'pHS, '+g„'p„HJt,+A'S.'Jt,+B'(S,'J&,+S„'Jt„),

where the constants have the same meaning as those
given for Eq. (3) except that they refer to the inter-
mediate state, and again we take 5'= ~.

The perturbation problem for the intermediate state
is now identical to that for the initial state and the
energy levels and transformation coeKcients are given
by expressions analogous to Eqs. (14) and (15). It
then follows that the quantities K(pkoMt) Eq. (10)
are given by

E(-,'0-,'Mt) = —E(——,'0-', Mt) =G(Mr);

E(-',0—-', Mr) = —E(—-', 0—-', Mr) = —G(Mt —1);

EP,—1-',Mt) =E(—-', 1-',Mt) = —F(Mr);

E(-', —1—gMr) =E(—-', 1——',Mr) =F(M) —1);

r'G(Mr)

—2x'sns(Jr+Mr+1) (Jt—My)LI+n Qs(M+ r)]
r'F (Mr)

'x'n(L&J+M+1) (Jr—Mt)]'(28' —2)t'+2Mr+1)

l 1+ 'Q'(M+-,')]
where x'=A'/B' and n= rA'/2A. n may be thought of
as the mean angle precessed through by the nucleus
under the inAuence of the hfs 6eld, analogous to the
Larmor precession in an external field.

It should be observed here that W(Mr) can be

written in the form

W(M&)=+sr(JtjM&M —Mtl J&jJM)'W(M)

—r'LA (M )—A (M —1)], (16)

A(Mt)= P tusr~, ~
E3A, p

XL (pM l
p+MF) (p+ XM—X

l p+ MF) K(pX M)—

X (J&j Mx p+ ',—p+M-Mt —',
l
J,—j J-M)

X(JrjMt p+2—)p+—M M —sl Jtj—JM X)].—(17)

Thus, since

Z (JtjMtM Mtl—JtjJM)'W(M)=» 2 W(Mr)=1
MMI

as should be expected on the interpretation of W(M&)
as the probability of a nucleus to be in the state 3II&.

Two important features can be seen here. The first is
that for a suKciently strong external field E(p) aM&)
vanishes. Then, as is the case in angular correlations,
the angular distribution is independent of interaction
in the intermediate state. It is found that for typical
values of the constants LA = 10 "erg (~5X10 ' cm ')
and g=3] the effect of reorientation vanishes for
H &10' gauss. The second feature is that the eQ'ect of
reorientation vanishes altogether if x'=A'/B' is zero.
The intermediate interaction is then diagonal in M~
and 0 so that no transitions are possible which acct
W(Mt).

V. EXPANSION IN POWERS OF I/frT

For arbitrary temperatures no further reduction of
the above expression, Eq. (16), for W(M, ) is possible.
However, it has been found that the leading terms in
an expansion in powers of 1/kT, i.e., for relatively high
temperatures, contains explicitly nearly all the features
which enter the exact expression and is often suflicient
to interpret experimental results. XVhere this is not the
case the series expansion does give an indication in
direction and order of magnitude of the effect of
introducing factors neglected in the simple theory.

Therefore, expanding the exponentials, m „~
=exp( —E„~/kT) in powers of y= A/2kT, it is found—
that the sums indicated in Eq. (17) can be performed
with the aid of the Racah sum formulas. "This expan-
sion requires that gpII be of the order of A or less.
%hen f,pH))A, the leading term in the nuclear align-
ment is" (A/2kT)' rather than (A' — ')B(2k )'T." For
such a field the eGect of reorientation is of course
eliminated.

The 6rst feature to emerge is the rather surprising

"See, for example, L. C. Biedenharn, oak Ridge National
Laboratory Report ORNL-1098 (unpublished).

"In reference 11, due to an error on the author's part, it is
stated that as ff +~, as~(1—x')/8.—This should read instead
a,~L and hence Eq. (20) of reference 10 should read

Wsra~(2I+1) '(1+-'(A (2kT)'14(M) }.
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result that arising from the eGect of reorientation there
is in.„"W (Mi) a term of order y. This is in contrast to
previous results where the first term was in all cases of
order y'. To order y,

W (Mi) = (2Ji+1) '{1—yn'x'[2(5x' —xb'Si) 0'(Mi)

+Si(x'—x)y(Mi)]+ }, (18)

where S&——Si(JijJ) is related to the Racah coefFicient

(2Ji—k)!(2J+k+1)! *

Sa(JijJ)=
(2Ji+k+1)!(2J—k)!

X(2J,+ 1)W(J&kJ, ) J,J),

0~(Mi) =-', [g(Mi) —g'( —Mi) —g'(Mi)+g( —Mi)];

~(Mi) = 2[(g(Mi)+g'( —Mi)) (2Mi+ 1)

—(g'(Mi)+g( —Mi)) (2Mi —1));

g(Mi) = (Ji+Mi+1) (Ji—Mi)[1+n'Q'(Mi+-')] '
g'(Mi) =g(Mi —1).

It should be noted that where all variables ('p IJ x,
and x') are arbitrary +~i 0(Mi)11i,(MiJi) and
+~i y(Mi)11i(Mi Ji) are both finite for all values of k
except k=0 and k&2J~. An important consequence of
this fact is that even at the highest temperatures the
eGect of reorientation is to introduce cos'9, cos'8, etc. ,
terms of order y into the angular distribution [provided
of course that they are present in I~i(8)). In the
absence of reorientation cos'8 terms only appear in
terms of order p4. This cos48 term may be large enough
to provide a decisive test as to whether reorientation
is tak. ing place.

A further interesting point which is shown by Eq. (18)
is that nuclear alignment in the intermediate state can
arise through the reorientation terms alone where none
would be present if the intermediate lifetime were zero.
In the first place, where H=O and x=1, isotropic hfs
in the initial state, no alignment would normally
be expected. However, W~(M, ) will still differ from its
isotropic value 1/(2Ji+1) unless x'=1, that is unless
the hfs in the intermediate state is isotropic also.
Secondly, if the initial nucleus has spin 2 no alignment
under any circumstances would be expected on the
simple theory. This is shown in the formula for W~(Mi)
by the fact that S&(Jij2)=0 for k&2. However, forj L,

a (-', —+ Ji~ J2) transition where Ji)-,', Si(Jij-', ) does
not vanish. In particular if

Ji= j+k, Si(Ji, Ji—2, 2) = I/(2Ji).
It should also be noted that the sign of alignment to

order y will depend on the sign of magnetic moment of
the initial nucleus through the coupling constant A.

While under some circumstances the term in 1/kT
will be important, in general both this and the term in
(1/kT)' will have to be considered together. To order y',

W '(Mi) = (2Ji+1) '{1—yn'x'[2(8x' —8'xSi) 0(Mi)

+Si(x'—x)y(Mi))}

—~gymn2(2Ji/1) —i{2Si(xx'$'—x'i$) (~) (Mi)

—[Six"(1—x') —Sixx' (1—xx') ]g (M i)}
+-,'y'(1 —x')S)IIg(Mi) (2Ji+1) '+ . (19)

The last term will be recognized as the only term
responsible for nuclear alignment where the e6'ect of
reorientation is neglected.

We can now consider several reasonable situations
for which the above formula simplifies considerably.
If the first emission is a y ray which does not appreciably
disrupt the electronic system we can assume x=x',
i.e., that the intermediate state "sees" much the same
held as does the initial state. Then in zero field the
term in y vanishes altogether and

WE(Mi) = (2Ji+1) '[1+i&2n z(Mi)xm(1 —x')(S2—S,)

+ i6y'(1 —x')S2II2(Mi)+ .], (20)
'

where

g (Mi) =g (Mi) (2Mi+1) —g'(Mi) (2M, —1),

g(Mi) =g'(M i+1)

(Ji+Mi+1) (Ji—Mi)

1+n'[ (2M i+ 1)'(1—x')+ x'(2J'i+ 1)']

Note in Eq. (20) how the alignment given by the
simple theory may be either enhanced or diniinished

by the eGect of reorientation through the factorj L
(S2—Si). In particular for a (Ji+j~ Ji ~ J~)
transition ($2—Si)=2(Ji+j+1)j/[(Ji+1)(2Ji+3)7
which is always positive and thus causes a diminutionj J
of alignment; and for a (Ji—j~Ji~ J2) transition
(S2—Si)= —2(Ji—j)j/[J, (2Ji—1)) which is always
negative causing enhancement, g x(Mi)II2(Mi) being
always negative.

It may be thatpar, ticularly where P emission
initiates the cascade, the interaction in the intermediate
state is better described by an isotropic hfs coupling
x'=1. Then in zero field with x'= 1, Q'(p) = (2J,+1)'
and

x(M,) = —2112(MiJi)[1+n'(2Ji+1)')—'.

Here, and indeed wherever the M~ dependence of
W~(Mi) is through 112(Mi) alone, the angular distri-
bution will contain only the cos'8 term, i.e., P2(cos8).
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W~(M&), Eq. (19) is now

Ils(MiJi) 2'.'Si(1—x)
Ws(Mi) = (2Ji+1) '+

(2Ji+1) 1+rr'(2ji+],)s

ysnsLSs (1—x') —Six(1—x)j+-' '(1—')S . (21)
1+ns(2Ji+1)' I

For this situation we can write the mean degree of
nuclear alignment for the intermediate state 6', defined
in Eq. (12), to order (1/kT)' for an arbitrary lifetime
and show that for very long lifetimes 5' approaches a
finite limit. Thus

(Jr+1)(2Ji+3) (2Ji—1)
t

~'(1—x)
gl

15Ji I 1+a'(2Ji+ 1)'

XL2ySi —p'Ss(1+x)+Sip'x J+sy'(1 —x')S, , (22)

which approaches an evident limit as n —+~, i.e., as
a'/$1+n'(2 Ji+1)'$~1/(2Jr+1)' When A = 10 "erg,
the requirement that n'(2Ji+1)s))1 implies a lifetime
r & 5 X10 '/('2Ji+1) sec. It may be borne in mind that
for very long lifetimes the effects under discussion may
overlap the effects of thermal relaxation.

From Eq. (22) an idea can be obtained. of the mini-
mum lifetime necessary in order that reorientation be
appreciable. If we take as our criterion that the first
term in the square bracket be at least 4 of the second
and put x=0, y=4, Si=S2=1, we 6nd that n must be
at least 0.08 for Ji=1 or at least 0.15 for Ji——5. This
imp] ies for A 10—is erg lifetimes of 1 6y 10—io and
3)(10 "sec, respectively.

Another plausible assumption is that n is small
enough that in an expansion in powers of n terms in n4

may be neglected in comparison to terms in cP. This
approximation must be used with care, however, since
the most stringent criterion would require that n'

«1/(2Ti+1)', see Eq. (22), while ns must still be
appreciable in order that reorientation have any effect
at all. The two requirements are all but mutually
exclusive. Nevertheless, if we discard terms in n, i.e.,
replace n'/L1+rr'Q'(M&+ —',)j by n' we obtain

IIs(Mi)
W~(Mi)= (2Ji+1) '+ 2''x'(x' —x)Si

(2Ji+1)
—y'o.'[Sex"(1—x') —Sixx'(1 —xx')j

+ iy'(1 —x')Ss+ ~ ~ . (23)

This expression is independent of the externa1 field.
Where both the term in y and that in y' must be

considered, the expression Eq. (13) for the anisotropy
must be modifmd. When I(e) = 1+Xs(Ji)&s(cos&)

X(IIs(Ji)) and (IIs(Ji))= (Cp+Dps), c is given by

e= —s Xs (Ji)L(IIs (Ji))+ s &s(Jim'7'j

in place of Eq. (13). When W~(Mi) is such that the
angular distribution involves a cos48 term, this will
also a6ect ~.

VI. AN APPLICATION

To illustrate the ideas discussed above, they may be
applied to the experiment of Ambler et a/. ' There Co"
was used in a Ce-Co salt and a high degree of alignment
was obtained with an external fmld. The stable Co ions
in this salt are found to be magnetically of two types, "I and F in the ratio 2:1.The X-type ions have very
nearly isotropic hfs at 20'K while the hfs of the I" ions
is strongly anisotropic, A=286.6)&10 4 cm ', 8&1
)&10 ' cm '," i.e., x~0. When reorientation e6ects are
neglected the theory predicts a substantial degree of
alignment in zero, field arising from the I' ions alone.
In fact, for 1/T=46 (deg) ', the anisotropy of y
radiation should be a=0.11,"whereas the experimental
result in zero field at this temperature was &=0.0&0.03.
At an external 6eld of 430 oersted, however, experiment
and theory were in good agreement.

Let us now assume a 6nite lifetime for the first
intermediate state in the decay of Co", i.e., the second
excited state of Ni", and see for the I" ions what effect
this has on the zero-field angular distribution of the
first only of the two p rays. It has been seen that if
x'=0 there can be no reorientation at all. Since the
6rst stage is a P emission it is reasonable that the
coupling in the intermediate state (insofar as it can be
described by a static interaction) should be different
from that in the initial state. For simplicity then we
take x'=1. The mean degree of nuclear alignment of
the intermediate state is now given by Eq. (22) with
x=0. The decay scheme of Co" is here taken to be

1 2+ 2+
(5 —+4 —+ 2 —+0), whence St=6/5, Ss ——78/55. A, to
refer to Co", must be scaled according to the gyro-
magnetic ratios of Co" and Co"; thus for a nuclear
magnetic moment of 3.5 nuclear magnetons for Co~, '~

A =3)&10 "erg, larger in this case than that previously
taken as typical. Taking n=0.3 and 1/T=46 deg '
(i.e., y= ——', ), it is found that the mean nuclear align-
ment and the anisotropy is reduced by 30 percent. Ij
we assume that the alignment in the second intermediate
state (first excited state of Niss) is disturbed by the
same amount, the average reduction in the anisotropy
is 38 percent, and e is reduced from 0.11 to 0.068.
For n=0.3, n'/(1+8in') and thus the degree of reorien-
tation is very nearly at its maximum value. Thus we

must conclude that on this basis, while reorientation

"R.S. Trenam, Proc. Phys. Soc. (London) A66, 118 (1953).
's R. S. Trenam (unpublished).
's N. R. Steenberg, thesis, Oxford University, 1953 (unpub-

lished).
'r M. A. Grace and H. Halban, Physica 18, 122'I (1952).
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may be responsible for part of the disagreement, it
cannot account entirely for it.

The value 0.3 for n=A'r/2h implies if A' is taken
equal to A, a mean life of r= 2)&10 '" sec for the second
excited state of Ni". Engelder, "by delayed coincidence
studies finds for this state r(10 ' sec. Aeppli et al. ,

'9

as a result of failure to restore an attenuated angular
correlation, conclude that the mean life of the first
excited state of Ni~ is of the order of 10 "sec.

If the electronic g factor for the intermediate state
is assumed to be the same as that for the initial state
g= 7.29,'4 a field of 500 oersted is ample to restore the
anisotropy to its unperturbed value.

These arguments are not materially affected if the
original experiment'" is reinterpreted as the basis of
spin 4 for the ground state of Co".' This would require
a magnetic moment of between 3.33 and 3.63~0.5
nuclear magnetons depending on the relative contri-
butions of Fermi and Gamow-Teller selection rules.

The considerations in this paragraph are put forward
primarily to illustrate the arguments in the body of the
paper. Before further speculation on this experiment
is justified, certain additional experimental data are
necessary. In particular, the hfs constants A and B
should be remeasured at helium temperature and if
possible it should be discovered if there is an antiferro-
magnetic transition between 4' and 0.01'. Furthermore
it would be highly desirable to measure the spin and
magnetic moment of Co' by conventional methods in
order to resolve the present ambiguity. As these experi-
ments may serve as a pattern for future developments,
they should be understood as fully as possible.

VII. DISCUSSION

This analysis, even if incomplete, at least shows
clearly that the eGect of finite lifetime and consequent
nuclear reorientation must not be neglected in the
theory of nuclear alignment at low temperatures. H
the properties of the intermediate state are similar to
those of the initial state, these effects may appear for
lifetimes of the order of 10 "sec and will certainly be
present for lifetimes greater than 10 ' sec. A number
of nuclei suitable for nuclear alignment fall into this
class.

If the foregoing treatment is substantially correct,
then we know further that the effect of reorientation
reaches a maximum for 7~10 ' sec and that thereafter

rs T. C. Engelder, Phys. Rev. 90, 259 (1953).
"Aeppli, Frauenfelder, Heer, and Ruetachi, Phys. Rev. 87,

379 (1952).

the alignment of the intermediate state is constant
until the e8ect of thermal relaxation becomes appreci-
able. The application of an external magnetic field of
the order of 10' oersted will eliminate the eGect of
reorientation. The effect on the anisotropy may be of
the order of 40 percent, and it may either enhance or
diminish the anisotropy. The e8ect may depend in
part on the sign of the magnetic moment of the initial
nucleus.

Abragam and Pound" have drawn attention to the
importance of nonstatic interactions. A static pertur-
bation for the intermediate state in a single crystal is
most plausible when the first transition is a y emission
which does not disturb the electronic system. %Ye

would then expect the intermediate nucleus to see
much the same field as the initial nucleus except for the
change in nuclear spin and magnetic moment. In this
case only the effect of nuclear recoil is neglected. For a
nucleus of mass 60 the recoil energy from a 1-Mev p
ray is approximately 9 ev or 10' degrees. This may
affect our assumption that the intermediate state can
be described as an ionic doublet.

Where P emission initiates the cascade, the disruption
of the atomic shell, autoionization and change of Z,
are serious objections to a static perturbation. It would
not be expected that the electronic structure would be
settled into its final state as an impurity atom in the
lattice of charge Z~1 in times comparable to those we
are considering, 10 ~ sec. But how far the process
would advance in this time, and what forces the atomic
system mould exert on the nucleus during the process
are the questions involved.

The case of E capture is even more obscure. Here,
until the E shell is ulled, a time of ~10 " sec, the
intermediate nucleus is in the 6eld of the one odd E
electron, of the order of 10' gauss. This field would be
expected to produce pronounced eGects even for very
short-lived nuclear states. However, the results" for
Co" decaying 85 percent by E capture are very similar
to those of Co". It may be that this 6eld must be
thought of as in fact oscillating so rapidly that it
averages to zero.
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