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PHYSICAL REVIEW

Directional Correlation of Gamma Transitions in Promethium-147

BABULAL SArAF, R. JAMBUNATHAN, AND M. R. GUNYE
Atomic Energy Establishment, Trombay, Bombay, India

(Received May 31, 1961)

The angular correlations of five different gamma-ray cascades, involving the states of Pm'7, excited in
the decay of Nd¥", have been studied. The observed correlation functions for the various cascades are as

follows:
W (599091 ) = 14 (0.05640.028) P2 (cosf) — (0.0497F0.034) Py(cosb) ;

W (b1 ) =1+ (0.0650.020) P5(cosf) — (0.03550.025) P, (cost) ;
W (100400) = 1 — (0.05420.020) P5 (cos§) + (0.04370.025) P4 (cosh) ;
W (198401) = 1+ (0.095-£0.028) P3 (cos6) + (0.0147F0.034) P4 (cost) ;

and
W(1200322) = 1+ (0035:t0020)P2 (COSO) - (OOOl?OOZS)I{;(COSG)

The analysis of the above correlation functions with the ground-state spin of Pm' as Z, and the consid-
eration of the logft values for the beta transitions from Nd¥" state of spin §, give the spin values for the
91, 413, 491, 533, and 690-kev excited states as §, I, I, §, and $, respectively. The data of Bishop et al.
and Ambler ef al. on nuclear alignment experiments have been reanalyzed. The results are consistent

with the above spin assignment of § for both the 91- and 533-kev levels.

INTRODUCTION

HE excited states of Pm'¥7 at 91, 413, 491, 533,

690, and 723 kev, which are populated in the
decay of Nd“¥, are shown! in Fig. 1. The ground-state
spin of Nd¥" has been measured by Kedzie et al.? by
paramagnetic resonance method and by Cabezas et al.?
using the atomic beam method. Both the authors have
assigned the spin § for this nucleus. The ground-state
spin of Pm!" has been measured by Klinkenberg and

Tomkins* by optical spectroscopy as 3. The angular
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F1c. 1. Energy levels of Pm!7 excited in the decay of Nd7,
with the probable spin values. The intensities of the beta transi-
tions in percent followed by logft values in parentheses are also
given.
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correlation of the 322-91 kev gamma-ray cascade was
studied by Lindquist and Karlsson.? Recently, Boden-
stedt et al.® have investigated the angular correlation
of seven different gamma-ray cascades; and have as-
signed the spin values for the excited states at 91, 413,
491, 533, and 690 kev as §, § or %, § or %, § or Z, and
or %, respectively. It has been shown that there is an
unresolved gamma-ray peak at 310 kev, between the
277- and 322-kev gamma-ray peaks in the scintillation
spectrum, and that this gamma ray is in coincidence
with the 91, 322, and 413-kev gamma rays.! Hence
some of the correlations of the previous workers® are
distorted by the interfering cascades and their conclu-
sions could be in error.

The angular distribution of the 91- and 533-kev
gamma rays, emitted from aligned nuclei of Nd¥7, has
been studied by Ambler ef al.” The polarization asym-
metry and anisotropy of the above gamma rays emitted
from the aligned state have been studied by Bishop
et al.® For their analysis, these authors used the spin
values of 9/2 and § for the ground states of Nd"¥” and
Pm¥. In view of the now measured spin values of §
and % for these nuclei, respectively, their conclusions
regarding the spins of the 91- and 533-kev excited
states, and other properties of the gamma transitions
and nuclear states, are in error.

In view of this situation, a study of the angular cor-
relations of relatively clean gamma-ray cascades was
undertaken; and the results of the nuclear alignment
experiments have been reanalyzed and interpreted.
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Fic. 2. The asymmetry parameter W (0)/W (90°) at vari-
ous angles and the least-squares fit curve of the form, W (9)=1
4+0.234 cos?0—0.157 cos', for the 442-91 kev gamma-ray cascade.

EXPERIMENTAL PROCEDURE

Sources of Nd"” were obtained by irradiating spec-
pure samples of neodymium oxide in Apsara reactor
(Trombay) for a period of 12 to 15 days. In some cases,
the active samples were purified in an ion exchange
column to remove other active impurities; while in
other cases the samples were allowed to decay for over
a month to suppress the Pm'* and Pm?%! activities.

The angular correlation studies have been carried
out with two scintillation spectrometers having 1.75-
in. diamX 2-in. thick NaI(Tl) crystals as gamma de-
tectors and single-channel analyzers for selection of
pulse heights in the proper energy region. A standard
fast-slow coincidence circuit with resolving time 27
=0.04 usec was employed in the experiments. The crys-
tals were surrounded with lead cones of thickness 1.5

o |- 5/2
599 kev \
- 5/2 t
8 91 kev -
Srosf—1-72 o 1
~
]
= .

1 1 1
10055 120 160 180

ANGLE 6 —DEGREES
Fic. 3. The asymmetry parameter W (8)/W (90°) at vari-

ous angles and the least-squares fit curve, W (6)=1-+0.250 cos®
—0.191 cos?0, for the 599-91 kev gamma-ray cascade.
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F1c. 4. The asymmetry parameter W (8)/W (90°) at vari-
ous angles and the least-squares fit curve, W (6)=1+0.055 cos?
—0.004 cos’d, for the 120-322 kev gamma-ray cascade.

cm, having a conical aperture of half-angle about 8°
viewing the source mounted along the axis of the
moving arm. Active neodymium chloride solution, in
water, in a Perspex container with a cavity of 5-mm
diam and 2-mm wall thickness was used as source in
these experiments. Thus the perturbation of the angular
correlation, if any, where the 91-kev level having a half-
life of 2.4X107° sec forms the intermediate state, was
avoided. In the study of angular correlations of the
199-400 kev and the 199-491 kev gamma-ray cascades,
a 3-mm lead absorber was placed just upon the crystal
detecting the 400-kev or 491-kev gamma rays. In this
way the coincidences due to the back-scattering radia-
tion from the crystal detecting the higher energy gamma
rays, into the other crystal, were minimized.

In all, five different cascades of gamma transitions,
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Fic. 5. The asymmetry parameter W (9)/W (90°) at vari-
ous angles and the least-squares fit curve, W(0)=1-—0.210 cos%
+0.156 cos’d, for the 199-400 kev gamma-ray cascade.
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TABLE I. Details of the angular correlation studies of the various gamma-ray cascades and the corrected coefficients
of the P;(cosf) and Ps(cosf) terms in the corresponding correlation function W (6).

Corrected coefficients of the terms

Gamma- Accepted energy intervals

ray in channels—kev in the correlation functions W (8).
cascade 4) (B) Ny Py(cosh) Py (cost)
442- 91 80- 95 430-460 5000 4 (0.065+-0.020) —(0.035F0.025)
599- 91 85- 95 585-615 2000 +(0.056£0.028) —(0.04970.034)
199-400 190-210 390-420 5000 — (0.0544-0.020) +(0.04350.025)
199-491 190-210 475-500 2000 +(0.09540.028) +(0.014F0.034)
120-322 120-135 300-340 5000 +(0.035+:0.020) — (0.00170.025)

a N1z denotes the total number of coincidences collected at each angle.

involving the five excited states of Pm'7, have been
studied. In the study of all the correlations, the number
of coincidences were recorded at each of the angles in
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F1c. 6. The asymmetry parameter W (9)/W (90°) at vari-

ous-angles and the least-squares fit curve, W (8)=14-0.095 cos?
+0.052 cosd, for the 199-491 kev gamma-ray cascade.

90 120

succession for 10 minutes and the set repeated. The in-
fluence of any drift in the equipment is thus minimized;
also the correction for the source decay was reduced to
less than 0.39,. The integrated values of asymmetry,
W (6)/W(90°), at various angles for the different cas-
cades, are shown in Figs. 2 to 6. The data were analyzed
by the least-squares fit method for the Ps(cosf) and
Py(cosh) terms in the correlation functions, which were
further corrected for the angular resolution of the de-
tectors. For each correlation study, the number of co-
incidences collected at each angle, the accepted energy
intervals in both the channels, and the coefficients of
the Ps(cosf) and Ps(cosf) terms obtained from the
analysis are summarized in Table I. The coincidence
spectra reported in reference 1 show that there are no
major contributions of the gamma-ray coincidences other
than those of interest, when the detection channels
are fixed in the regions shown in the table. In one par-
ticular cascade of 442-91 kev gamma rays, the inter-
ference due to the 400-91 kev gamma-ray cascade is
suppressed by fixing the channel above 430 kev. How-
ever, no correction has been made for the little inter-
ference that might be present.

TasLE I1. Results of the analysis of the various gamma-gamma angular correlation functions. Nature of the gamma
transitions for the three possible spin sequences are given.

Energy Gamma

Range of the permissible £2 components in gamma transitions for different spin sequences

level rays Sequence 4 Sequence B Sequence C
(kev) (kev) Spin £29, Spin E29, Spin E29, (E29,)»
690 599 3 98-100 3 98-100 2 80-90
199 10- 30 20- 40 15-25 10
533 442 2 98-100 3 98-100 3 85-95 30
120 10- 25 0- 20 100 2
or 80-100 or 90— 95 (if 413-kev level is §)
(if 413-kev level is )
0- 10
0- 10 or 94-100
or 100 (if 413-kev level is §)
(if 413-kev level is )
491 491 1 70- 85 2 . 80- 90 1 60-80
400 97-100 95-100 85-95
413 322 - 80-100 3 0- 20 z 94-100
or 10~ 25 or 90— 95 or 0- 10
or 3 100 . or$ 100
or 0- 10
91 91 s 25-100 3 25-100 2 5- 25 1
0 0 1 .. 1 ... 1 ..

a The values of E2 components are recently reported by Ewan ef al.? for some of the gamma transitions from the study of the internal conversion

measurements.
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TaBLE ITI. Results of the analysis of Bishop’s work on aligned Nd*? nuclei. The values of p/e for the 533- and 91-kev
transitions were taken as —0.68_o, 209 and +0.0540.025, respectively.

Permissible values of § for

Permissible values of & for

Spin of
the'533. o the 533-kev radiation and the 91-kev radiation and the
91-kev corresponding values of By (T) corresponding values of Bz (T)
level ) B, (T) ) B,(T)
$ —0.64» 0.38 0.0 to 0.12 0.75 to 0.34
3 1.6t01.85 0.16t00.17 (Solution suppressed)
9/2 0.56 to 0.9 0.24 t0 0.13 —0.13 to 0.07 0.15 to 0.19

a Solution was obtained for only lowest limit of p/e = —0.88.

ANALYSIS OF THE DATA

The ground-state spin of Nd*" is §. The logft values
for the beta transitions to the various excited states of
Pm! lie between 7.0 and 9.0. Hence it appears that all
beta transitions are of first-forbidden nature, of the
type AI=0 or 41, yes; and the spin of the various
levels could be %, 5§ or %. To allow for the possibility
of some abnormally low logjt value for a AI=42, yes
type of first-forbidden transition, the spin values of
% and 9/2 were also considered for any of the states.
The observed intensities of the gamma transitions from
all the excited states to the ground state of spin %,
rule out the spin value  for any of the excited levels.
Hence a detailed analysis of the angular correlation
data with the spin values £, §, %, or 9/2 for each state
has been carried out. The gamma transitions were
considered as mixtures of M1 and E2 wherever possible.

The correlation function for the 442-91 kev gamma-
ray cascade is analyzed first. The positive sign of the
coefficient of P4(cosf) term is outside the error region,
since the maximum possible value is —0.01. This elimi-
nates the possibility of spin £ for the 91-kev level and
% or % for the 533-kev level. Similarly, the negative sign
of the coefficient of Ps(cosf) term in the correlation
function for the 599-91 kev gamma ray cascade, sug-
gests the spin value % or 9/2 alone for the 690-kev level.
On the other hand, the positive sign of the coefficient of
Py(cosf) term in the 199-400 kev gamma-ray correla-
tion function rules out the spin value % for the 91-kev
level, if the 690-kev level is assigned the spin value §
or 9/2, irrespective of the spin value for the 491-kev
level. Thus there are four spin sequences possible for
the 442-91 and 599-91 kev gamma-ray cascades, which
are as follows: (a) 5-3-1%; (b) 9/2-9/2-%; (c) $-9/2-%;
and (d) 9/2-%-%. In the cases (c) and (d), the first
transition is pure E2 in nature; and no possible ad-
mixture of M1 and E2 in the 91-kev transition yields
simultaneously the measured values of the coefficients
of the Ps(cosf) and Ps(cosh) terms, within the permis-
sible errors for the 442-91 and 599-91 kev gamma-ray
correlation functions. Thus the spin values for the 91,
533, and 690-kev states could all be either § or 9/2.

The observed correlation function for the 120-322
kev gamma-ray cascade does not allow the spin value
9/2 for the 413-kev state, if the 91- and 533-kev levels
are both assigned the spin value §. Unfortunately all

other spin values, namely §, 5, and  give a suitable
correlation function for proper admixture of M1 and
E2 in the two transitions. Similarly, if the 91- and 533-
kev levels are both assigned the spin value 9/2, the
413-kev state could have a spin value §, Z, or 9/2.

The nonzero coefficient of the Ps(cosf) term in the
199-400 kev gamma-ray correlation function rules out
the spin value § for the 491-kev level. Since the coeffi-
cient of the Pi(cosf) term in the above correlation
function is negative, the spin value 9/2 for the 491-kev
level is not permissible if the 91- and 690-kev levels
are both assigned the spin §; similarly, a spin § for the
491-kev level is not permissible if the 91- and 690-kev
states are both assigned the spin value 9/2. In the latter
case, a spin 9/2 for the 491-kev level is ruled out by a
detailed analysis of the 199-400 and 199-491 kev
gamma-ray correlation functions. Hence, the spin of the
491-kev state could be § or Z, if the 91- and 690-kev
levels are assigned the spin §; or it can have a spin
%, if the latter two levels are assigned the spin value 9/2.

The results of the analysis of all the correlation func-
tions are summarized in Table II. The possible admix-
tures of M1 and E2 in the various transitions are given.
The nature of the various gamma transitions, as ob-
tained from the internal conversion data by Ewan
et al.,? are also given in the same table for comparison.

Since the information derived from the study of the
533- and 91-kev gamma emissions from the aligned
nuclei of Nd*¥, as reported,”® is not tenable, the ob-
served data of these experiments have been reanalyzed.
A summary of the observed quantities and the informa-
tion derived from them with the now known spin values
of § and % for the Nd¥” and Pm nuclei, respectively,
is reported here.

ANALYSIS OF THE NUCLEAR ALIGNMENT
EXPERIMENTS ON Nd#’

The Nd*" nuclei were aligned by Bishop et al.? in a
crystal of neodymium ethyl sulfate along the axis. At
the low temperature of 1/40°K, the anisotropy e
[defined as 1—1(0)/1(x/2)], for the 533- and 91-kev
gamma radiations, was found to be 40.2004-0.005 and
—0.0934-0.005, respectively. The polarization param-
eter p (obtained after taking into account the efficiency

9 G. T. Ewan, R. L. Graham, and J. S. Geiger, Bull. Am. Phys.
Soc. 6, 238 (1961).
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TaBLE IV. The observed parameters of the 533-kev gamma emission from aligned Nd? nuclei by Ambler ef al. at T=0.00308°K, are
compared with the calculated values for the permissible values of spin for the 533-kev level and the § for the gamma emission and at

T=0°K.
Spin of & for the . .
533-kev 533-kev Theoretically calculated values® for total alignment at T'=0°K.
level gamma ray 1(0°) 1(90°) —¢(90°) —¢(50°)
5 —0.64 1.31 0.85 0.54 0.26 (for Alg=1)
1.51 0.77 0.96 0.41 (for AI=0)
3 1.60-1.84 1.44-1.40 0.94-0.97 0.53-0.44 0.50-0.48
9/2 0.56-0.90 1.75-1.55 0.72-0.78 1.43-1.03 0.71-0.47
Experimentally observed®
values at 0.00308°K 1.21 0.87 0.39 0.16

a J(9) is defined as the ratio of gamma ray intensity at angle § with the reference axis from the aligned system, to that from isotropic system. e(f) is

defined as [1 —1(0°)/1(0)].

b The experimentally observed values of 7(0°) and I(90°) are estimated from Fig. 11 of reference 7.

of the polarimeter) was measured as —0.136_¢.0100%""
and —0.0554-0.025 for the same gamma transitions,
respectively. For different spin values of the 533- and
91-kev excited states, the mixing parameter & for the
M1 and E2 mixture in the gamma transitions as ob-
tained from the above-measured quantities, and the cor-
responding values of the By(7") functions, are shown
in Table ITI. Only those solutions are given for which an
approximately common value of Bo(7") function is ob-
tained from the values of € and p for the 533- and 91-kev
radiations. In case of the 533-kev state having a spin
% it was observed that the mean value of p/e(=—0.68)
does not provide a real solution for 8. However, it has
been found that just near the lower limit of the value
for p/e(=—0.88), a real solution is permissible and
that is given in the table. The value of Bs(7") functions,
as given in Table III, are to be compared with the value
of 0.39 which is calculated from the values of 4 and B,
the hfs constants, for Nd**7 in neodymium ethyl sulfate
crystal as estimated by Kedzie et al.,> and for tempera-
ture T=1/40°K. However, it should be mentioned that
the temperature value of 1/40°K is taken from Figs.
2 and 3 of reference 8 for proper values of p and ¢; but
in the text of the same reference the same values of p
and e are mentioned to be at 7=1/25°K. Corresponding
to this value of temperature, the value of B2(7") function
is 0.23.

Ambler et al.” produced the alignment of the Nd“
nuclei in a single crystal of cerium magnesium nitrate.
In this experiment the alignment was produced in a
plane. The anisotropy of the 533- and 91-kev gamma
radiation at the recorded temperature of 0.00308°K
was studied. It was observed that the 91-kev gamma
radiation is emitted isotropically within the limits of
59%. The 533-kev gamma radiation shows an enhanced
emission of 219, along the direction normal to the plane
of alignment. The anisotropy €(90°), as defined earlier,
of about —0.39 was observed. The anisotropy e(50°)
was found to be —0.16. For different spin values of the
533-kev level, the E2 and M1 mixing parameter § was
chosen from Bishop’s work as given in Table III; and
corresponding to those values of §, the values of 1(0°),
1(90°), €(90°), and €(50°) were calculated for the ideal

10 N, R. Steenberg, Proc. Phys. Soc. (London) A66, 399 (1953);
A65, 791 (1952).

case of total alignment, i.e., 7=0°K. These quantities
are compared with the measured values in Table IV.

CONCLUSIONS

The mixing ratios for the gamma transitions of energy
120, 199, and 322 kev, given by the analysis of the angu-
lar correlation data for the sequences 4 and B of Table
II, are in fair agreement with the values obtained from
the internal conversion data.’ The value of 209, E2
component in the 322-kev transition is inconsistent
with that for spin sequence “C.” The mixing of E2
components in the 91- and 442-kev transitions, as ob-
tained from angular correlation studies, is too large
in comparison to the values obtained from internal con-
version measurements. It has not been found possible
to improve upon the accuracy of the 442-91 kev and
599-91 kev gamma-ray correlation functions to deter-
mine the Ps(cosf) terms more accurately.

A spin value 9/2 for the 91, 533, and 690-kev levels
would make the beta transitions to these levels of the
form AI=2, yes; and consequently the observed log f¢
values of 7.4, 7.0, and 7.0 for these transitions would be
all too low. This supports the assignment of spin se-
quence “A4” and “B” of Table II.

Ambler’s observations’” for the gamma-ray intensity
distribution, as given in Table IV, rule out the spin
value % for the 533-kev state; but the spin values § and
9/2 are equally probable. The calculated value of 0.39
for the Bo(T) function (for T=1/40°K), if compared
with the values given in Table III, favors the spin value
£ for both the 91- and 533-kev states.

On the basis of all these considerations, the preferred
spin values for the excited states of Pm'" at 91, 413,
491, 533, and 690 kev energy are 3, Z, Z, 3, and §; and
they are shown in Fig. 1. The sequence “B” of Table
IT with spin § for all the states, although possible, is
unlikely.
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