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Radiation patterns and linear polarization of gamma rays from decay of Co%” and Ce!*! aligned at low
temperatures by Bleaney’s method in cerium double nitrate were studied for evidence of intermediate-state
reorientation in this crystal. Influence of spin-spin interactions should be negligible on theoretical grounds.
Experimental results, expressed in terms of the mixing ratio 6= (E2/M1)12 for the M1+ E2 gamma
transitions and of an attenuation coefficient Qi in the angular distribution W (8) =2 Qw4 rPx(cos8), are as
follows: 123-keV gamma from Co% in Ce-Zn nitrate ¥ sites, §=+0.14840.010,(0.=0.8140.10at 1 /T*=157;
145-keV gamma from Ce* in Ce-Mg nitrate, § =40.08540.013, 0:=1.08-+0.08 at 1/7*=150. Comparisons
are made with Steenberg’s theory of intermediate-state reorientation by static, isotropic hfs coupling
in the hard-core limit, and with results of other nuclear alignment experiments involving the same isotopes.

INTRODUCTION

ERIUM double nitrate single crystals have seemed
ideal media for low-temperature nuclear orienta-
tion of radioactive nuclides in divalent and trivalent
ions of the iron and rare-earth groups.'~? Unfortunately,
every experiment carried out with this salt has shown
significant departures from ideal behavior, thereby com-
plicating the interpretation of the data and the extrac-
tion of precise nuclear information.* These nonideal
effects have been thought to result from spin-spin in-
teraction with the cerium ions and, in several cases, re-
orientation in moderately long-lived intermediate states
of the nuclear decay cascade. Such effects as the latter
have, of course, also been discussed for certain gamma-
gamma angular correlations.>~7
To obtain quantitative estimates of the intermediate-
state effect in the cerium double nitrate lattice, we have
studied alignment of Co%” and Ce'* nuclei, for which
some indications of nonideal behavior already existed.®?
Our choice was also guided by the availability of
sufficient auxiliary information on the decay schemes,
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nuclear spins, and hfs couplings for these isotopes to
enable us to isolate the departure from ideal behavior
with a precision limited mainly by the counting
statistics.

Additional interest attaches to the contrasts between
the two cases studied. One (Co%) undergoes axial
alignment!® in the ¥V sites" of Ce double nitrate, and de-
cays by electron capture; the other (Ce!) undergoes
planar alignment!® in the trivalent sites and decays by
electron emission. Both decays lead to excited states
with lifetimes of the order of nanoseconds preceding
mixed M1+ E2 gamma transitions, thus providing the
possibility of intermediate state perturbation by ex-
tranuclear fields.!?

We shall show that the influence of intermediate-
state reorientation in Co%” is appreciable, while in Ce!%*
it is practically negligible. In isolating this effect we
have used quantitative theoretical estimates indicating
negligible corrections for spin-spin interactions. The ex-
perimental results, though of moderate precision, com-
pare surprisingly well with an available theory of per-
turbation by static isotropic hfs coupling due to
Steenberg.!? These results, and the procedures illus-
trated, should be of considerable utility in designing
and interpreting future nuclear orientation experi-
ments with cerium double nitrate and other paramag-
netic salts.

I. EXPERIMENTS

Our experimental apparatus and methods are quite
standard,* and have been described at length in an
earlier publication.’® Experimental precautions of extra-
polating all bridge and counter readings back to the
time of demagnetization were observed in order to
eliminate the influence of inhomogeneous warm-up of
the sample. In the following two sections we shall de-
scribe some additional details pertinent to each in-
dividual case.
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¥1G. 1. Multichannel analysis of the gamma spectrum from the
decay of Co%7 in Ce-Zn nitrate at 1°K. The expected contribution
of the 109, 137-keV gamma ray was constructed from the Cel4t
145-keV spectrum in the same counter. Channels chosen to study
the 123 and 137 keV angular distributions are indicated.

A. Co¥

Approximately 20 uC of Co¥ activity, produced by
proton bombardment of nickel, was grown into a
single crystal of CesZn3;(NOj)q2-24H50. Shape of the
sample was that of a 1.1:1.1:0.90 c¢m ellipsoid with the
crystal axis parallel to the minor axis. Magnetic sus-
ceptibility was measured along a major axis. Using
appropriate demagnetization factors!® we computed the
shape-corrected magnetic temperatures 7*=7*(meas)
+0.29X107%°K; 7* should be practically equal to T
above 6 mdeg K2

As no magnetic field was applied following adiabatic
demagnetization, axial alignment of Co% at very low
temperatures by anisotropic hfs coupling was produced
in the Y sites of Ce-Zn nitrates.'® The X sites in this
crystal, being essentially isotropic,'® should yield negligi-
ble alignment in zero field and, hence, an isotropic
gamma background. Although the crystallographic
X:V site ratio is 2, cobaltous ions appear to have a
slight affinity for ¥ sites; the ion X:V ratio deduced
from paramagnetic resonance intensities is 1.84-0.2,1
the value which we shall adopt in this paper.

Radiation patterns W (#) were measured, after de-
magnetizations from 7.0 and 25 kOe to final tempera-
tures of 1/7%=157 and 276, respectively, with single-
channel analyzers spanning the 123-keV photopeak.
Our 1-in.X1-in. cyclindrical-NaI(Tl) counters were
shielded by lead collimators to suppress gamma radia-
tion scattered from the tail of the cryostat, the attenu-
uating effect of which is particularly serious for low-
energy gamma rays.”

The apparent gamma isotropy observed at all tem-
peratures by the Oxford group® for Co% in a Tutton
salt was found also for the double nitrate. Although

1 Supplied by Nuclear Science and Engineering Corporation,
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exactly zero anisotropy can, in principle, result from
M14-E2 coherent mixing alone, it is clear that 137-keV
E2 radiation, which accounts'® for 109, of the decays
from the 137-keV excited state of Fe®” and is not re-
solved by our scintillation counters, could significantly
contribute to the apparent absence of anisotropy. In
fact, small anisotropies of the order of a few percent,
and of the expected signs, were detected when the win-
dows of the single-channel analyzers were narrowed to
span portions of the photopeak in which either 123 or
137-keV gamma radiation should predominate. Accord-
ingly, we undertook multichannel analysis of the line
shape in order to isolate contributions of the two gamma
rays, using an RCL 256-channel analyzer kindly made
available to us by Professor R. W. Krone.

Our procedure is illustrated by Fig. 1. Two five-
channel portions of the spectrum, chosen to detect
principally 123- and 137-keV radiations, respectively,
were studied for anisotropy as the sample warmed up.
The expected 137-keV line at 1°K was constructed by
scaling down, in energy and intensity, the spectrum of
Ce™ in the same counter (Fig. 1). The 137-keV back-
ground in the 123-keV portion was negligible; on the
other hand, the temperature-dependent correction to
the 137 keV portion from the 123-keV background
amounted to about 43%.

The angular distributions at 1/7%=1574-8 are shown
in Fig. 2 for the two gamma rays. We shall concentrate
on the results at this temperature because the interpre-
tation of the radiation pattern is more straightforward
just above the magnetic transition temperature of
Ce-Zn nitrate.’® Least-squares fits to the patterns with
Legendre-polynomial expansions yield the following
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results at this temperature:

W (123)= 1+ (0.0324--0.0038) Ps,
W (137)=1— (0.216--0.045) Py— (0.023-20.052) P;.

A Compton polarimeter of the type first described by
Metzger and Deutsch? was utilized for determing the
degree of linear polarization of the gammas, and hence
the mixing ratio == (E2/M1)'”2 of the 123-keV transi-
tion. The magnitude and sign of § have a strong in-
fluence on estimating the reorientation effect from data
on this gamma ray. As operation of this type of polarim-
eter has often been described in the literature, ‘we
shall omit further description of our particular experi-
mental arrangement except to mention our use of a
NaI(Tl) crystal, % in. in diameter by 1 in. long, as a
scatterer, instead of an organic material.2® To our knowl-
edge this is the first time that use of sodium iodide for
this purpose at so low a gamma energy as 123 keV has
been reported; we found that it works quite satis-
factorily, in spite of the increased absorption of scat-
tered gamma rays due to the high photo-electric cross
section of Nal. The spectrum of Compton electrons in
the scatterer in coincidence with gammas scattered into
the side crystal showed a hump in the appropriate
energy range, with little of the lower energy background
often seen in Compton spectrometers.?> Another ad-
vantage of Nal is that its photopeak gives a better
energy calibration of the scattering counter than does
the Compton edge typically encountered in organic
scintillators.

The linear polarization P of the 1234137 keV radia-
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F16. 3. Normalized coincidence rates N from Compton polar-
imeter at §=75° for (123+4137)-keV gamma radiation from Co%7
in Ce-Zn nitrate following magnetic cooling to 1/7*=157 and sub-
sequent warmup. NV corresponds to side counter perpendicular to
plane of gamma-ray direction and alignment axis; Vy; is for side
counter in this plane. The empirical curves, with the appropriate
theoretical temperature dependence, are used to extrapolate the
data to conditions just after cooling.

.

B F, Metzger and M. Deutsch, Phys. Rev. 78, 551 (1950); see
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Fic. 4. Radiation patterns W (6) of 145-keV gamma rays from
decay of Ce™! in Ce-Mg nitrate at 1/7%=150 (upper curves) and
290 (lower curves). The open circles are data taken with pulse-
height selector windows spanning full peak of spectrum; the solid
points correspond to data with windows across only the upper half
of the spectrum to minimize detection of scattered radiation.

tion was determined at §="75° and at the same tempera-
ture as were the patterns in Fig. 2. The same side counter
was placed alternately in (Nu), and perpendicular to
(Ny1), the plane of the alignment axis and the scattering
counter axis for successive demagnetizations to 1/7*
=157. Coincidence rates, averaged over the temperature
interval 1/T*=75 to 157 to improve statistics and nor-
malized by dividing by the rates at 1°K, were extrap-
olated to 1/7*=157 by fitting with empirical curves of
the form 1+4asB2(T)+a4B4(T), where Bi(T') are the
orientation parameters tabulated in Ref. 4. This extrap-
olation, illustrated in Fig. 3, was carried out to mini-
mize inhomogeneous temperature distribution effects; it
offers a procedural compromise between, on the one
hand, using unextrapolated rates which necessarily
correspond to a large temperature interval and, on the
other, making a linear extrapolation which might well
overestimate the initial influence of temperature in-
homogeneity on the coincidence rates. Normalization
corrects for possible small residual misalignment of the
polarimeter axis. The results are

Ni/N1=0.693-:0.090 at 1/T*=157.

The statistical error quoted also spans the uncertainties
in normalization and extrapolation procedures, but does
not incorporate them.
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Finally, we obtain P from the relation
P= (17\7[|—N_|_)/(ZV11+Z\71)7_" y

where 7=[&(80,90)—&(80,0)]/[#(80,90)4(80,0)] is
the analyzing factor for our polarimeter geometry.
Here &(8,§) is the Compton cross section averaged over
angular ranges of the scattering angle 8 and azimuthal
angle ¥ determined by the crystal geometries and pulse-
height selector settings of the scattering counter and the
side counter. Performing a simple unweighted average
over the angles, which in our case were estimated to be
B=280°%(20°45°), y=0°, 90°+(25°+5°), we obtain
7=0.7620.04. Therefore, P=—0.24040.040 at 1/7*
=157, with the quoted uncertainty determined by
counting statistics; the uncertainty in 7 has not been
folded in, but lies within this range.

B. Cet

A spherical single crystal of Ce;Mg;(INO;);2- 24H,0
containing initially about 10 uC of Ce!!, produced by
neutron bombardment at Oak Ridge of CeO: and con-
verted to cerous nitrate, wasstudied. The specimen shape
should insure equality of 7% and T at 1/7*=150. Planar
alignment in zero magnetic field was induced after
magnetic cooling below 1°K. No multichannel analysis
was employed in this experiment, but the technique of
setting the pulse selector windows on the upper half
peak to discriminate against scattered radiation was
utilized. Collimation would have been preferable be-
cause the high threshold decreases the counter stability
and the counting rate unnecessarily.

The angular distributions of 145-keV gamma radia-
tion with the full peak and upper-half-peak window
settings, after 7.0 and 25 kOe demagnetizations to
1/T*=150 and 290, respectively, are shown in Fig. 4.
We find that at 1/7%=150, the patternis well accounted
for by a P, term alone—consistent with the coefficient of
Py being very small when the £2 admixture is small. On
the other hand, a most interesting result is that the
pattern at 1/7%=290 departs strongly from a P, dis-
tribution; nor can it be fitted by the addition of a P,
term. Note that we were careful to verify that scatter-
ing is not causing this. Unfortunately, because of our
lack of understanding of the magnetically ordered state
in Ce-Mg nitrate, we are unable to say whether this
pattern might be a consequence of spin-spin inter-
action.’® Therefore, we shall concentrate our analysis on
the higher temperature pattern:

W (145) =1— (0.106==0.011) ;.

At 0=90° the linear polarization of the 143-keV
gamma was determined using a chronologically earlier
version of the Compton polarimeter discussed in Sec.
IA. The principal difference lay in the use of a 1-in.X1-
in. Pilot B scatterer. The window on the scattering
counter was set across a low huamp in the expected
energy range of the coincidence spectrum as a function
of electron energy, and the entire coincidence output in
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this range, corrected only for accidentals, was taken to
be a measure of the polarization. In this experiment a
large low-energy background, which we tentatively as-
cribe to multiple scattering, was present in addition to
the hump. However, multiple scatterings which could
satisfy the energy limitations imposed by the pulse
height selectors ought to have roughly the same polariza-
tion sensitivity as does the single Compton scattering
process upon which the polarimeter’s operation is based.
Therefore, we applied no multiple-scattering correc-
tions or background subtractions to our data.
Applying the sameaveraging, normalizing, and extrap-
olating procedures as were discussed for Co® previously
to the relative rates N;=1.2004-0.060, N,=0.783
=:0.040 in the interval 1/7*=66— 150, we found

Nu/Ni=1.65+0.10 at 1/T*=150.

Scattering angle ranges for this experiment were esti-
mated to be =90+ (15°£5°), ¥=0°, 90°+ (32°+5°),
which yield #=0.7140.04. Thus, we obtain P=-40.350
+0.033 at 1/T*=150.

II. DISCUSSION OF RESULTS

Our analysis of the experiments just described will be
based on the expression for the angular distribution of
linearly polarized M1+4+E2 gamma radiation from
aligned nuclei in the form given by Blin—Stoyle and
Grace*: the relative intensity per unit solid angle emitted
in a direction making an angle 9 with the axis of align-
ment and with plane of polarization at an angle ¢ with
the plane containing 6 is

W(0,6) =14+ MeBrU Qs
XLF' TP r(0)+F" T P (6) cos26]. (1)

In this formula 2= 2,4. B} is the temperature-dependent
orientation parameter calculated, assuming thermal
equilibrium, from the Boltzmann populations of the hfs
energy levels characterized by the spin Hamiltonian

H=AIS, 4B S,+I,S,). 2)

A number of useful special cases are tabulated in Ref. 4.

The factor U represents the effect of an unobserved
preceding transition—in the present cases, a beta
transition—and are proportional to Racah coefficients.
F}/ and F;"" are factors dependent on the parameters of
the gamma transition, and quadratically on the degree
of coherent mixing 6. They are easily evaluated using
the tables of Ferentz and Rosenzweig.?

In Eq. (1) the Px(f) and Py (6) are the Legendre
and associated Legendre functions, respectively. J; and
Jy'" are factors correcting the intensity distribution for
effects of finite detector acceptance solid angle; the
graphs presented by Stanford and Rivers® are useful in
estimating these corrections.

2 M. Ferentz and N. Rosenzweig, Argonne National Labora-
tory Report ANL-5324, 1955 (unpublished).

% A, L. Stanford and W. K. Rivers, Rev. Sci. Instr. 30, 719
(1959).
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Spin-spin interactions are introducted by the tem-
perature-dependent factor Ag. This mode of representa-
tion contains the implicit assumption that the interac-
tion of the ion containing the aligned nucleus with all
its neighbors neither destroys the axial symmetry of
the nuclear radiation pattern nor introduces another
axis into the pattern. (A separate investigation of the
cylindrical symmetry of the radiation pattern substanti-
ated this assumption to within statistics.)

Finally, we represent intermediate state reorientation
by a temperature-dependent factor Q, which should
also depend on the perturbing mechanism and on the
mean life of the intermediate state 7. Again, this
assumes that the cylindrical symmetry of the radiation
pattern is not altered by the reorientation mechanism.

In this paper we shall employ conventional definitions
of anisotropy e and degree of linear polarization P,
which are:

e=[W (90,45)— W (0,45) ]/ W (90,45) 3)
P(0)=[W(6,90)—W (6,0)1/[W (8,90)+W (6,0)]. (4)

We now proceed to the interpretation of results for
the two nuclides individually.

A. Co% in Ce-Zn Nitrate

The radiation pattern W (6,45) of the 137-keV gamma
may be written

W (137) = yW (¥ 137) 4 (1— )W (X,137)
= 14-yNoBoU 9QoF o o PoA-yNsBoU sQuF oS 4Py,  (5)

where y=fraction of Co* in ¥V sites=0.3574-0.025;
By, are the orientation parameters* for Co®” in the ¥V
sites at 1/T=157, using I=%, A(Y)/2k=0.0209°K,
B(Y)=0inEq. (2); J2=0.974, 74,=0.920 in our counter
geometry; Fy(137)=—0.53452, F,(137)=—0.61721.
We assumed the beta decay to be of the allowed un-
favored type?25 Z(1)3, for which U,=0.875, U,=0.581.
The pattern of Co®” radiation from the isotropic X
sites has been set equal to unity in Eq. (5), which con-
tains the presumptions that neither spin-spin interac-
tions nor intermediate state reorientation disturb the
spherical symmetry of the X ion at the temperature of
this experiment. The first can be justified empirically,
in that the anisotropy of Co® gamma rays showed
negligible departure from the ideal curve down to the
transition point of Ce-Zn nitrate.”® The second presump-
tion is at least plausible from Steenberg’s theory? of
reorientation, which predicts no effect from the mecha-
nism he treated (static isotropic hfs coupling) if the
X-site environment for both the initial and intermediate
nuclear states is indeed spherically symmetric. Finally,
we set A2(¥V) and N\4(¥) equal to unity, since 4 (Y)>B(Y)
makes this ion relatively insensitive to interactions.

2 L. S. Cheng, Rev. Mod. Phys. 28, 45 (1956).
2 J. G. Dash, R. D. Taylor, D. E. Nagle, P. P. Craig, and W. M.
Visscher, Phys. Rev. 122, 1116 (1961).
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Comparing the theoretical pattern at 1/7'=157,
W(137)=1—0.239Q:P>—0.084804P,, (5"

with the observed pattern quoted in Sec. IA, we ob-
tain Q2=0.904-0.19, Q4=0.2740.60. The rather large
uncertainties are consequences of the relatively large
subtractive corrections for 123-keV radiation in the
137-keV channels, and of the lower number of counts
recorded in these channels.

For the 123-keV gamma ray,

W (123)=yW (V,123)+ (1— )W (X,123)
= 1+y)\232U2Q2F2'J2P2+y>\4B4U4Q4F4,]4P4a (6)

where all the symbols have the same meaning as before ;
F'(123)=(0.37417—1.897376—0.190906%)/ (14-6?), F.
=0.705398%/ (14-6%). In order to get an idea of the value
of 8, let us first consider the condition that the 123-keV
pattern be isotropic, i.e., Fo’=0; the corresponding
6=+-0.19. Next, consider the combined pattern

W(123+137)=b0W (123)+ (1—0)W (137).  (7)

Here the intensity branching fraction of 123-keV radia-
tion 6=0.9040.02.'% This pattern would be isotropic
at 1/T=157 if Fo'=—(1—0)F»/6=0.0620, implying
6=-0.16. Of course, these approaches offer no chance
to determine Qs, and, in fact, represent rough approxi-
mations to the real situation. Therefore, we determine §
more accurately by combining the polarimeter and
angular distribution data.

The total linear polarization at angle § and tempera-
ture T is

P(1234-137) = — y{ NoB2U :Q>J »"!
X[0F " — (1—b)F3/2]Py® (0)+NuBsU sQu] &’
X[0F "+ (1—b)F4/12]Ps® (0)}. (8)

This is the quantity determined because the two gam-
mas cannot be resolved in the polarimeter. In this re-
lation we have used the following additional quantities:

J'=0.993, J/'=0.980;
Fy’ = (0.1870840.316235—0.095456%) / (14-6%) ,
Py =—0.058786*/ (148).

Actually, for |8| near 0.16 the terms in W (123) and
P(123+137) involving Q4 are so small that this quan-
tity remains undetermined.

Using our values of 17 (123) and P from Sec. TA we
obtain = 4-0.148-+0.010, Q;=0.8140.10, or 6= —12.1,
Q.=—2.94; the latter are not compatible with pre-
dominantly M1 radiation. The value of § disagrees with
that of the Oxford group® (0.194-0.02) but is in excellent
agreement with a recent determination (0.1540.035)
by de Waard and van der Woude.?® The statistical range
of Qs spans also the uncertainty in y. Qs is much closer

26 H, de Waard and F. van der Woude, Phys. Rev. 129, 1342
(1963) ; the apparent disagreement in sign of § results from their
use of a sign convention for the relative phase of M1 and E2
matrix elements opposite to that which we employ.
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F16. 5. Attenuation coefficient Q2 due to intermediate state
reorientation following decay of Co% in ¥ sites of Ce-Zn nitrate
at 1/T*=157, compared with a curve computed from Steenberg’s
theory of reorientation by static, isotropic hfs coupling in the
hard-core limit. The open circle is Qs from the 137-keV data; the
closed circle represents Qs from 123-keV results.

to unity for Ce-Zn nitrate at this temperature than
in the case of the Tutton salt at a higher temperature
(Q2=0.11) 8; at least part of this difference appears to
be due to the discrepancy in 6 values, however. Although
the temperature dependence of Q. would also be of some
interest for comparison with theory, we have not been
able to get reliable data at higher temperatures because
of the small heat capacity of Ce-Zn nitrate and the
consequent faster warmups.

These values of Qz at 1/7=157 for Co% in the double
nitrate V site are compared in Fig. 5 with a curve com-
puted from Steenberg’s theory of intermediate state
reorientation by static hfs coupling with the assump-
tion of isotropic (4’= B’) hyperfine interaction between
the electron shell and the nucleus in the intermediate
state (second excited state of Fe®); the coupling is
assumed sufficiently strong that for 7=12X10"9 sec®
the “‘hard-core limit” (precession angle a=7A4"7/h— )
is approached. The contact hfs interaction between the
nucleus and an s electron or hole would have such
properties.

Equation (21) of Ref. 12 gives the intermediate sub-
state populations to order (1/£7)? in this limit:

(NtNom)/N=5{1+(1/24) (12m*— 35)
X[1.607n*— (n/6)(2.5714-1.607n)+--- ]}, (9)

with m=%, §, 5 and y=A(Y)/2kT=40.0209/T. Since
in the intermediate state U.B, is proportional to
(4/25)%" m*(Nw+N_,)/N—17/15, we can formulate the
expression Q.= (U2B32)*/(U2Bs), where the asterisk re-
fers to the calculation including the correction term
(n/6)(2.5714-1.6074).

The agreement shown in Fig. 5 is surprisingly good in
view of the limitation of the theory to a ‘high”-
temperature approximation which may not yield an
accurate answer at 1/7=157 (in this case our use of
the ratio Q2 may serve to extend somewhat the tempera-
ture range of the theory). If we were to accept this agree-
ment, it would suggest that the mechanism described by
the theory—static isotropic hfs coupling—may be re-
sponsible for the attenuation. Such a coupling could
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arise from 1s, 2s, or 3s holes formed during the transfer
of the extra cobalt 3d electron to fill a hole in the iron
K, L, or M shell following electron capture decay. In
view of the short K-shell hole lifetimes estimated by
Tolhoek et al.,”” the effective holes would probably have
to be in the outer shells. It does seem that this mecha-
nism should be important in electron capture decays
such as that of Co%.

Nevertheless, it must be recognized that dynamic
effects of nuclear recoil and/or electron shell de-excita-
tion might be able to induce transitions between hyper-
fine levels during the intermediate-state lifetime. Such
mechanisms, the quantitative effects of which have not
yet been evaluated theoretically for oriented nuclei,
might also be able to account for the observed attenua-
tion. If these were operative on Co% nuclei in X sites,
they might destroy the isotropy of this contribution and
shift the estimate of Q.. In the absence of theories of
attenuation by these mechanisms or of a more accurate
treatment of the static hfs coupling effect at low tem-
peratures, we are prevented from reaching a firm con-
clusion about the perturbing mechanism in this
experiment.

B. Ce'* in Ce-Mg Nitrate
For the 145-keV (M 14 E2) angular distribution,

W(145) = 1+)\282U2Q2F2,]2P2
+NBUQuFTsPs, (10)

we obtain Bj for I=% as a function of |B|/2kT
=0.00908/T from the tables of Ref. 4. Here we have
used the resonance values?® of | B|; |4]| in Eq. (2) was
too small to observe but is probably less than 109, of
| B| .28 Thus, neglect of 4 should not lead to errors larger
than 19,. We note that B is proportional to the nuclear
moment of Ce* and hence is negative in this case,
since u(Ce') is indicated to be negative from the sign
of the 580-keV beta anisotropy.? The beta decay fac-
tor U,=0.970 was obtained from the angular distribu-
tion of 440-keV beta particles,?® the transition being
classified as first-forbidden with A7=0and contributions
principally of tensor rank zero. This value of Us implies
U4=0.932.

In this experiment J»=0.970, J4,=0.903. The gamma
transition factors are now

Fy'=(0.32733—1.88985—0.077948?)/ (14-8) and
F{=0.636735%/ (14).

Here again the smallness of § precluded detection of the
k=4 term.

27H. A. Tolhoek, C. D. Hartogh, and S. R. de Groot, J. Phys.
Radium 16, 615 (1955).

28 R. W. Kedzie, M. Abraham, and C. D. Jeffries, Phys. Rev.
108, 54 (1957).

2%D. D. Hoppes (private communication); see also D. D.
Hoppes, E. Ambler, R. W. Hayward, and R. S. Kaeser, Phys. Rev.
Letters 6, 115 (1961). The 440-keV beta transition has also been
studied by J. P. Deutsch, L. Grenacs, and P. Lipnik, J. Phys.
Radium 22, 662 (1961).



INTERMEDIATE-STATE REORIENTATION OF NUCLEI

For the linear polarization we write

W (90) P(90) = — 3\aBol 50:F 2" T
— (15/2)\BU QW F TS, (11)

with J»"=0.983, J4/'=0.950; Fy"'= (0.16366-0.314975
—0.038976%)/(14-6%) and F4'=—0.053066%/ (1+62).

Using the experimental data of Sec. IB and the
numbers just quoted, we can solve simultaneously for
the values of N2Q2(1/T=150) and §: A\Q2=1.0840.08,
6=-40.085+£0.013; the possible solution §=—49+35,
NoQo=—4.620.4 is excluded by the mainly M1 char-
acter of the gamma rays.

For a precise value of the factor A\, we have used a
theoretical approach. As the high temperature approxi-
mation®®! cannot yield a reasonable answer at 1/7'= 150,
we calculated the effect on Ce! of a Zeeman term
gBHS, added to Eq. (2), where H represents the local
magnetic field due to the neighboring Ce ions. We have
previously found this model useful for Co in Ce double
nitrate.!®16 In the present case it can only be considered
an approximation to the actual distribution of local
fields experienced by Ce ions in the paramagnetic state
at any instant. The value H=50 Oe was taken to be
typical of the rms field in the paramagnetic state, as
reflected in the resonance line widths.!:*6

The matrix of (3)g.8H (S4+S_)+ 3)B(SI-+S_1,)
on the basis |S;)|7,) was diagonalized by aa IBM-650
computer, yielding eigenvalues and eigenstates from
which (N,+N_)/N can be computed. Now By(T) is
proportional to (4/49)>" m2(Nm+N_.)/N—3/1, so
we form the ratio N\o(T)=B(H,T)/B:(0,T). In this
discussion we assume a distribution in the directions of
H in the plane perpendicular to the crystal axis'®:16 such
that (I,)=0=(I,)=(I.I,), {I.2)={2), etc., so that
(I.%), or B, fully specifies the (axial) orientation of the
nuclear ensemble.?!+32

The result is found to be, for H=>50, that A.=1.00
=+0.01 in the entire temperature range 1/7"= 100 to 300.
That spin-spin interactions should be small in this case
may be seen on the following physical grounds. Attenua-
tion results from energy level shifts and state ad-
mixtures caused by H ; these will be of second order in
g18H/B~1/3, and thus of the order 109%,. Furthermore,
the lowest energy level spacing is increased by H so that
the population of the ground state at temperature 7" is
increased. This happens to cancel, approximately, in
this temperature range the attenuation due to increased
admixture of higher states into the ground state through
the H term. In this connection note that the mixing of
the nuclear substates is already relatively extreme be-
cause B>>A.10 Therefore, even though the local field
model is not realistic in detail for Ce-Ce interactions, we
expect it to be a sufficiently reliable index of the
effectiveness of interactions. In this case, it suggests
that the disturbance should not be more than 1 or 29,

% W. R. Wright, Ph.D. thesis, Harvard, 1957 (unpublished).

3 J. M. Daniels, Can. J. Phys. 35, 1133 (1957).
2§, R. de Groot and J. A. M. Cox, Physica 19, 683 (1953).
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FiG. 6. Intermediate L4}
state reorientation co-
efficient Q. from de-
cay of CeMl in Ce-Mg L2}
nitrate at 1/7*=150,
compared with curves
calculated from Steen- 1.0}
berg’s theory of static,
isotropic hfs reorienta-
tion in the hard core .8}
limit, for hfs constant

B>0 (lower curve) B>0
and B<0 (upper &}
curve).
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at most. Accordingly, we shall take A\o=1in our analysis,
and thus Q;=1.084-0.08. As for Co%’, we were unable to
obtain values of Q. at higher temperatures.

In Fig. 6 we show the comparison of Q, with Steen-
berg’s theory for static isotropic hfs coupling in the hard-
core limit, as would be appropriate if, for example, the
electron configuration changed to 4/25s'5p% The com-
putation proceeds as for Co®, except that now

(Vo Ne) /N =1 1=} (2= 63/ 12— Ee++ T},

with m=1%, %, 5, 7 and {=B/kT=—0.0182/T. Q:(T) is
calculated as before. Disturbance appears to be negli-
gible but, due to the limited precision of the experiment,
we cannot exclude a small enhancement at 1/7=150
in accord with the Steenberg theory. Note that
7=3.9X107? sec here,® about one third of the lifetime
of the Fe® state discussed above. Also as in the case of
Co%, the accuracy of the Steenberg theory is question-
able at this temperature, and dynamic perturbations
such as recoil and electron shell excitation should also
be considered.

Our data on Ce*! presented above differ markedly
from those reported earlier by Ambler, Hudson, and
Temmer,® whose results had indicated serious attenua-
tion of the alignment. In our study the following experi-
mental improvements were introduced: (i) one single
crystal of spherical shape, instead of several natural
crystals, minimized the 77— 7 difference and the pos-
sibility of crystal misorientation; (i) many demag-
netizations from different initial conditions and extrap-
olation of bridge and counter readings back to the
time of demagnetization eliminated the influence of in-
homogeneous temperature distribution in the sample;
(iii) study of the full radiation pattern prompted us to
focus our attention on an intermediate temperature
where the angular distribution offered the most straight-
forward interpretation; (iv) the gamma linear polariza-
tion measurement on the same sample determined the
E2/M1 mixing ratio independently; (v) experimental
precautions minimized scattering from the]tail of the
cryostat which can seriously attenuate the gamma

# H. de Waard and T. R. Gerholm, Physica 21, 599 (1955).
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anisotropy. On the theoretical side we had the benefit of
additional information on the spin and hfs coupling
of Ce! and on the inner beta transition which has re-
cently become available.

Our conclusion that disturbance of this alignment of
Ce*! in Ce-Mg nitrate is small, essentially zero, is in
agreement with a recent report of the Oxford group.3
To their comments concerning the probable influence
of temperature inhomogeneity on Ambler, Hudson, and
Temmer’s data, we should like to add the following:
since even the lowest temperature point (e=129)) in
Ref. 9 lies considerably under our data (e=149%) at
1/T%=290, it seems possible that scattering played a
role in attenuating Ambler, Hudson, and Temmer’s
results. Also, the complete radiation pattern at the
lowest temperature, where they did their study, shows
a departure from explainable behavior, possibly due to
onset of magnetic ordering.!

Finally, it is of interest to compare Ce'! alignment in
double nitrates with that in ethyl sulfates.®*%7 Since g,
is small in the latter crystal, Ce'*! is relatively insensitive
to spin-spin interactions (\y=1). The experimental re-
sults have customarily been fitted assuming Q.=1.
However, in principle Ce'*! could be susceptible to inter-
mediate state reorientation in this salt by, e.g., the
Steenberg mechanism,'? as was Co®" in the ¥ site of
Ce-Zn nitrate. It is important to note that, because the
hfs constants for Ce!* in Nd ethyl sulfate have not been
directly measured by paramagnetic resonance, 4 and B
as well as 6 (and Q) have to be determined from the
alignment data. As the purely nuclear parameter &
should be the same in all experiments on Ce'¥!, the agree-
ment among experiments with different salts is satisfy-
ing (see Table I below).

III. SUMMARY

We have investigated two instances in which nuclear
alignment in cerium double nitrate might be expected
to be disturbed by intermediate state reorientation. In
Co?% evidence for a (194-10)9, attenuation at 1/7°'=157
was presented; a possible enhancement of no more
than (8+8)9, was found for Ce'!. These results are

3 M. A. Grace, C. E. Johnson, R. G. Scurlock, and R. T. Taylor,
Phil. Mag. 7, 1087 (1962).

3% C. F. M. Cacho, M. A. Grace, C. E. Johnson, A. C. Knipper,
R. G. Scurlock, and R. T. Taylor, Phil. Mag. 46, 1287 (1955).

3 J. F. Schooley, D. D. Hoppes, and A. T. Hirshfeld, J. Res.
Natl. Bur. Std. 664, 317 (1962).

37 J. N. Haag, D. A. Shirley, and D. H. Templeton, Phys. Rev.
129, 1601 (1963).
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TaBLE I. Summary of experimental values for mixing ratio &
and intermediate state reorientation coefficient Q2 from nuclear
alignment experiments in double nitrate (D.N.), ethyl sulfate
(E.S.), and Tutton salt (T.S.) crystals.

Nuclide Crystal 6 =(E2/M1)1/2 Q2(1/T%) Ref.
Cos? Ce-Zn D.N. -+0.148 +0.010  0.81 +0.10 (157) s
(123 keV)  Cu-Rb T.S. +0.19 +0.02 0.11 (80) 8
Celst Ce-Mg D.N. +0.085-:0.013  1.08 £0.08 (150) a
(145 keV) Nd E.S. +0.08 =0.02 (1)b 34,35
Ce-Mg D.N. (+40.08 =£0.02)b (1)b 34
Nd, Ce E.S. -40.068 =-0.008 (1)p 36
Nd E.S. 40.066 =0.022 (1)p 37
s This work.

b Assumed value.

displayed, along with values from other nuclear align-
ment experiments, in Table I.

A theory of reorientation by static, isotropic his
coupling, due to Steenberg, agrees reasonably well with
the experimental results, surprisingly so in view of the
high temperature approximation of the calculation. Al-
though this mechanism is a most reasonable one, it
would be desirable to have theoretical treatments of
nuclear recoil and electron shell de-excitation also avail-
able for comparison before attempting to identify the
dominant mechanism or mechanisms in the case of Co®.

Note added in proof. The high temperature approxi-
mation can be eliminated by using Egs. (16) and (17)
of Ref. 12, instead of Eq. (21). For Co" at 9=3.28,
a=0.10, we find Q,=0.82, 04=0.40; both are in excel-
lent agreement with experiment. For Ce!# at {= —1.36,
a= o, Qy=-40.94; if a small enhancement is occurring,
it cannot be due to static hfs coupling.
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