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The angular distributions of y rays emitted from traces of Co58 aligned in single crystals of 
(#Ni, (1—x) Zn, Co58)SiF6'6H2O have been studied with various nickel fractions (x) between 0 and 0.19. 
The nuclear alignment is found to be strongly influenced by the presence of paramagnetic nickel ions in 
the nickel-bearing crystals. Crystals of 0% nickel show evidence of a small dealignment of the 10-11 sec 
intermediate state which just precedes emission of the 810-keV 7 ray. This is due to the highly ionized and 
optically excited electronic shell which is present after the K capture. 

INTRODUCTION 

THE technique of nuclear alignment of radioactive 
elements in paramagnetic crystals has been ex­

tensively used to study such nuclear properties as mag­
netic moments and spins, as well as 7-rays multipolari-
ties. It has also been pointed out that such techniques 
are potentially useful for the study of crystalline prop­
erties when the properties of the nuclear processes 
studied are sufficiently well known. As illustration, the 
present experiment, begun to study a particular nuclear 
problem, concluded as a study of the ionic interactions 
of the paramagnetic crystal used and their effects on 
nuclear alignment studies. 

The experiment was initiated to study the^allowed p 
decay of Co58 to the first excited state of Fe58. The decay 
scheme is shown in Fig. 1. This decay may proceed 
either through the Gamow-Teller interaction, in which 
the spins of the p particle and the neutrino combine to 
carry away one unit of angular momentum, or through 
the Fermi interaction, in which no angular momentum 
is carried away. The parameter X, which is defined as 
the fraction of Fermi p decays, was originally studied 
by Griming and Wheatley.1 Their experiments required 
a higher degree of precision than these because they 
used Co57 aligned in (0.23 Cu, 0.66 Zn)K2(S04)2- 6H20 
which has two nonequivalent cobalt lattice sites, each 

Fe" 

FIG. 1. Decay 
scheme of Co^8. E.C. 
is electron capture. 
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with an uncertain alignment axis direction. They ob­
tained \ = 0.11 ±0.04. Later, Boehm and Wapstra,2 who 
studied the circular polarization of the 7 ray following 
P decay, obtained X< 0.012. This number was not ob­
tained directly, but relied on the non-parity-conserving 
theory of p decay. Later, and simultaneously with part 
of these experiments, Dagley et al? using Co58 aligned 
in (Ni,Zn)SiF6-6H20 obtained X= -0.003±0.005. This 
result is much more accurate than the older Griffing and 
Wheatley result due to the choice of a salt. All the 
cobalt lattice sites in (Ni,Zn)SiF6-6H20 are equivalent. 

However, this report demonstrates that even these 
results can be improved in accuracy if an even better 
salt is chosen, namely, ZnSiF6-6H20. Because Co58 is 
present only in trace amounts, there is no appreciable 
interaction between magnetic ions to give an unpre­
dictable initial alignment to the Co58 nucleus as is the 
case when Ni ions are included. 

The physical effect of interest in this experiment is 
the deorientation of the initially oriented Co58 nuclei as 
a result of the P decay. Since the Gamow-Teller decays 
contribute to such a deorientation while the Fermi 
decays do not, this is a sensitive measure of their ratio. 

The deorientation can be studied by observing the 
angular distribution of the succeeding 7 rays about the 
axis of nuclear alignment. The computation of X from 
this result then depends only on a knowledge of the 
spins and multipolarities involved, and the initial align­
ment, provided only that no other external influence 
acts to reorient the nucleus during the lifetime of the 
intermediate state. 

The 810 keV 7 intensity is a function of polar angle 
(0) with the alignment axis case and can be written from 
equations given by Cox et al.* as 

W(0) = 1- (5/7)/2(l+X)P2(cos0) 
+ (80/9) jf4(l - 5X/2)P4(cos0), (1) 

where /2 and /4 are parameters specifying the original 
alignment of the Co58 nuclei whose computation is dis­
cussed in the theory section. 

In this experiment, Co58 nuclei were aligned in single 
2 F. Boehm and A. H. Wapstra, Phys. Rev. 109, 456 (1958). 
8 P. Dagley, M. Grace, J. Hill, and C. Sowter, Phil. Mag. 3, 

489 (1958). 
4 J. Cox, S. deGroot, and C. Hartogh, Physica 19, 1119 (1953). 
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crystals of (Zn,Ni)SiF6-6H20 with nickel concentra­
tions varying from 4 to 19%. Values of X were obtained 
by fitting the observed 7-ray angular distributions to 
curves obtained from Eq. (1). The values of X obtained 
by this process ranged from —0.12 to +0.02 as a func­
tion of temperature and nickel concentration. This 
result can be interpreted as a breakdown of the simple 
spin Hamiltonian theory (used to predict the initial 
alignment) due to the interactions of Co ions with 
neighboring paramagnetic Ni ions. 

To eliminate such interaction effects further studies 
were made of Co58 nuclei aligned in nonparamagnetic 
surroundings. The results of these experiments, dis­
cussed in detail below, indicate the presence of other 
deorienting effects during the lifetime of the inter­
mediate state since negative values of X are still ob­
tained. I t is probable that these effects must be 
attributed to high magnetic fields generated as after­
effects of K capture and the following Auger cascade. 

Because of the difficulty in accounting for ionic inter­
action effects on the nuclear alignment and the apparent 
presence of other perturbing influences, it is possible to 
conclude only that X^O. The experiment provides an 
interesting light on the nature of ionic interactions in 
(Zn,Ni)SiF6-6H20 and illustrates the strong effects of 
such interactions on the results of nuclear alignment 
experiments in this substance. 

EXPERIMENTAL TECHNIQUE 

The experiments used single crystals grown from a 
water solution of ZnSiF6 and NiSiF6-6H20 plus a trace 
of Co58Cl2. The crystals were usually perfect hexagonal 
columns of about 2.5 g. Each crystal was mounted on a 
pedestal supported by a thin glass rod from the bottom 
of the glass sample chamber. A KCr(S04)2*12H20 
guard salt was also mounted on this rod to keep the 
heat leak small. The demagnetizations were made from 
a magnetic field of 20 000 G at a temperature of 1°K. 
The final temperature of the salt varied from 0.006 to 
0.02°K depending on the percentage of nickel in the 
crystal. 

An array of four Nal(Tl) scintillation crystals was 
used to measure the angular distribution of 810 keV 
7 rays. One counter was placed along the axis of nuclear 
alignment and another at 90° to this axis. The second 
two counters were placed at 45° positions, either in the 
plane of the 0° and 90° counters or in the plane deter­
mined by the vertical axis and the alignment axis, and 
were used to ensure that the counters were correctly 
placed with respect to the alignment axis. 

In a typical run counts in each detector were recorded 
for 100-sec intervals over a period of about J h after 
demagnetization. Transfer gas was then put into the 
sample chamber to bring the crystal to 1 °K and several 
further counts were taken. The normalized counting 
rate W(d) was obtained by dividing each count by the 
average warm counting rate. Corrections were made for 
the effect of the weak competing Co58 7 rays, the finite 

W ( 9 0 ° ) 
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FIG. 2. W(0°) vs W(90°) for 6,12, and 19% Ni uniform crystals. 
The number in parenthesis associated with each point represents 
the average time in minutes for the sample to warm up to that 
temperature. The size of the point represents both statistical 
counting error and uncertainties associated with shifts in the 
electronics, etc. Theoretical curves are for no interactions or 
iT-capture dealignment. 

solid angle of the counters, the measured counter noise, 
and the Co60 contamination in the sample. These cor­
rections were generally less than 0.02 in X. The data 
from the 45° counters were found to be consistent with 
the 0° and 90° data within the limits of error, i.e., ± 2 ° 
misalignment. A x2 test for each crystal showed the data 
to be statistically significant and internally consistent. 

The results were plotted on a graph as in Figs. 2 and 
4 and compared to curves plotted from Eq. (1) using 
values of / 2 and f± derived on the basis of simple spin 
Hamiltonian theory as discussed in the theory section. 
Values of X as a function of temperature and concentra­
tion were, thus, obtained. 

EXPERIMENTAL RESULTS 

The first set of data was taken using crystals which 
were uniform in nickel and Co58 concentration. Three 
separate studies were made of crystals containing 6, 
12, and 19% molar nickel concentrations, respectively, 
as determined by chemical analysis. These crystals con­
tained approximately 15 /xC of Co58 and were grown 
from saturated water solutions with molar Ni-Zn ratios 
of 0.043, 0.085, and 0.17, respectively. 

The results of these experiments, obtained in 11, 4, 
and 4 demagnetizations, respectively, are shown in 
Fig. 2. The points shown are obtained by averaging 
results from all runs for the same crystal which fall in 
the same apparent temperature ranges. The ranges 
chosen were 0<1.OO; l .OO<0<1.3; 1 .3<0<1.6; 
1.6</3<2; and 2</5 ((3 = A/2kT, where ASJZ gives 
the hyperfine interaction energy due to the z component 
of the nuclear spin). 
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FIG. 3. Structure of 0% crystals. Cross section perpendicular 
to the axis of alignment. 

The results obtained from these three experiments 
indicated that the observed value of X depended 
strongly on Ni concentration and it was felt that an 
attempt should be made to study the behavior of Co58 

nuclei in an environment free of Ni ions. For this 
purpose two separate layered crystals were grown. 
Figure 3 shows the construction of these crystals. The 
first weighed 2.3 g with 4 juC of radioactivity, the 
second 1.4 g with 1.8 /xC of radioactivity. The results 
of these experiments, grouped in temperature and 
averaged as previously discussed, are shown in Fig. 4. 
It must be noted that the impurities present in the Co58 

sample as obtained from Oak Ridge could be as con­
centrated as | molar percent when grown in a thin layer. 
These impurities include paramagnetic Ni, Fe, Co, etc., 
whose interaction with Co is not well known and could 
possibly affect the alignment parameters somewhat in 
these cases. We believe, however, that the results should 
closely represent the^condition of zero concentration. 

THEORY 

The angular distribution of y rays from aligned Co58 

nuclei is given in Eq. (1). In this formula, f2 and /4 and 
A are to be determined. The parameters f2 and /4 

specify the orientation of the parent nucleus and depend 
on crystalline properties, while the parameter X depends 
on nuclear properties. In terms of expectation values of 
powers of the z projection of the nuclear spin, IZy f2, 
and /4 can be defined as 

form, 

W/k=grfH£,+gtf(HJSx+HvSy) 
+ ASJ,+ B(SJ*+SyIy). (3) 

Here S is the equivalent electron spin, which is J, and 
/ is the nuclear spin. Sx,Vf, and IXtVt9 are quantum-
mechanical operators, A and B describe the hyperfine 
interaction, and Hx>y,z is any external magnetic field. 
Here ($ is the Bohr magneton. 

The adequacy of this theory has been checked for 
dilute paramagnetic crystals by paramagnetic resonance 
and values of the parameters have been obtained.6 Using 
these values of ,4 = 0.0403°K, J3=0.0103°K, g„0=3.91 
Xl0~4OK/G, and ^=2.31X10- 4°K/G; diagonalizing 
the energy matrix to obtain the eigenstates and their 
eigenvalues; and then assuming a Boltzman distribution 
across these levels, the parameters f2 and /4 can be cal­
culated as a function of p=A/2kT. The results of this 
calculation used in Eq. (1) yield the solid curves shown 
in Figs. 2 and 4. 

In the actual crystals used for our experiments, the 
assumption made above that there is no interaction 
between neighboring ions is not clearly justified since 
the density of paramagnetic ions is relatively high. The 
Hamiltonian of Eq. (3) can be modified to include these 
interactions. In the absence of external fields it becomes 

3C = A ( o ozl oz)~T~'B'(o ox* ox~T & oyJ- oy) 

+Zy* P(Sj<Sk)+Zi*o D(Si)+Zi*o Q&Ji). (4) 

The subscript "o" is now taken to designate a par­
ticular Co atom and the subscript "i" any neighboring 

/2=-«/*2>-2), 
4 

1 / 31 72\ 

16\ 7 35/ 

(2) 

One can calculate /2 and /4 as a function of the tem­
peratures in a straightforward way if the hyperfine 
levels of the nucleus in the crystal are known. The as­
sumption is usually made that only the lowest electronic 
level of the crystal is populated for temperatures of 
interest (T< 1°K) and that there is no significant inter­
action between different ions in the crystal. The hyper­
fine levels are then well predicted by the spin 
Hamiltonian which for Co58 in ZnSiF6-6H20 has the 
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FIG. 4. W(0°) vs W(90°) for 0% Ni layered crystals. The 
number in parenthesis associated with each point represents the 
average time in minutes for the sample to warm up to that tem­
perature. Theoretical curves are for no interactions or iT-capture 
dealignment. 

5 K. Bowers and J. Owen, Repts. Progr. Phys. 18, 304 (1955). 
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paramagnetic nickel ion. The significant additional 
term is the P term describing the interaction of the Co 
ion with all neighboring ions. This interaction could be 
either a magnetic dipole-dipole interaction or an ex­
change interaction. 

These experimental results show that these terms are 
large enough to influence the experimental results a 
measurable amount. Very crude theoretical estimates 
of the sizes of these terms show that even in the dilute 
(6% Ni) salts it is reasonable for these terms to in­
fluence the measured X an appreciable amount. These 
estimates are based on the magnitude of the interaction 
terms obtained from the final temperature reached after 
demagnetizing (from 1°K and 20 kG in our case). 

However, while it is not surprising to get unreal 
negative measured values for X in salts containing mag­
netic Ni ions, it is surprising that X is negative in the 
0% Ni crystals. This leads us to the problem of K-
capture dealignment. 

There is very little known about the short-lived state 
which follows K capture. In the case of Fe it is expected 
from x-ray linewidths that the K shell is vacant for 
about 4X10-16 sec.6 The theory of Fermi7 leads us to 
expect hyperfine levels spread over 0.02 eV (assuming 
the nuclear g factor is 0.4 in the intermediate state as 
predicted by the vibrational model). On the basis of 
any picture of the intermediate state, this is much too 
weak a coupling to cause significant nuclear precession 
in4Xl0-16sec. 

However, the excited ion will undergo an Auger 
cascade which lasts for about 10~14 sec and leaves the 
ion highly ionized and optically excited. It takes the 
order of 2X10-11 sec for the y ray to be emitted, and it 
is during this time that we expect nuclear dealignment 
to take place. 

The details of the Auger cascade are not well enough 
known to permit a theoretical calculation predicting 
the effect of the nuclear precession on the alignment. 
However, the theory of Steenberg,8 and the theory of 
Tolhoek et al.9 indicate that dealignment effects will in­
fluence the measurement of X by the order of ±0.04 
when 

(i4V2ft)2«0.02. (5) 

Here A' is the coefficient of the assumed I S hyper­
fine coupling in the intermediate state and r is the life­
time of the state («2X10 - 1 1 sec). If the coupling con­
stant A1 in the ionized and excited intermediate state 
is only twice that of the Co58 ground state, the condition 
of Eq. (5) is satisfied and we can expect errors in the 
measurement of X of ±0.04. 

This equation is approximate. The right-hand side 

6 S. Allison, Phys. Rev. 44, 63 (1933). 
7 E. Fermi, Z. Physik 60, 320 (1930). 
8 N . Steenberg, Phys. Rev. 95, 982 (1954). 
9 H. Tolhoek, C. Hartogh, and S. deGroot, J. Phys. Radium 16, 

615 (1955). 

will certainly be influenced by the details of the excited 
electronic state following the ejection of three (on the 
average) Auger electrons. Weidenmiiller10 gives a rigor­
ous theoretical treatment of this problem in the special 
case when the dealignment of the intermediate state 
is due to the short-lived hole in the K shell. While his 
treatment is not exact in our case (our dealignment is 
due to excitations and holes in the optical shells follow­
ing the Auger cascade), it is in agreement with Eq. (5). 

DISCUSSION 

The results we have obtained indicate that inter­
actions between neighboring ions in paramagnetic 
(Zn,Ni)SiF6*6H20 cause significant deviations from 
predictions of the simple spin Hamiltonian theory for 
the alignment parameters of Co in this salt. Estimates 
of the magnitude of the interactions from thermo­
dynamic data show that they are indeed large enough 
to be significant. The thermodynamic estimates of the 
interaction together with a simple model allow predic­
tions of the magnitude of the deviations in alignment 
which are in qualitative agreement with experimental 
observations. 

It does not seem reasonable that the negative values 
of X found in the 0% crystals are due to ionic inter­
actions since the density of paramagnetic ions should 
be very low in the neighborhood of the Co ions. Effects 
of temperature inhomogeneities likewise do not seem to 
account for these results.11 A possible explanation of these 
measurements is further deorientation of the inter­
mediate state caused by the high fields resulting from 
K capture and the subsequent Auger cascade. This 
hypothesis could be checked by measuring the angular 
distribution of those y rays following 0 decay only. 

These experiments demonstrate that ionic interac­
tions can influence the results of a nuclear alignment 
experiment even when the salt is dilute in paramagnetic 
ions (6%). Secondly, these experiments point out how 
such effects can be eliminated as a source of error. 
Thirdly, they suggest that the intermediate state of the 
Co58 nucleus undergoes an appreciable precession in its 
10~n sec lifetime due to the very powerful forces 
exerted on it by the ionized electronic shell following 
K capture. 
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