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ABSTRACT

Radiocactive Pmlun was oriented at low temperatures in a single crystal
of neodymium ethylsulfate. The gamma rays at 475, 615, and 695 kev were found

to be anisotropic. The results confirm the decay scheme previously proposed

3

in this lattice. It is not

rossible to decide between spiﬁ 5 and 6 .for Bmlhu. Values were obtained for

as well as crystal field calculations for me

|A]/k and |u| of 0.0091%K and 1.68 + O.lhlnm for (I=5) or .0079°K and 1.75 %
3

0.1% nm for (I = 6). The lowest doublet of Pm'> was found to be split, pre-

sumably due to Jahn-Teller distortion.

*
Work performed under the auspices of the United States Atomic Energy Commission.

tﬁresent address: Bureau of Standards, Washington, D. C.
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INTRODUCTION

The known isotopes of promethium cover the range from a closed neutron
shell at N = 82 into{the region where nuclei exhibit collective rotational
behavior. Because there are»no stable isotopes, relatively little is known
about the atomic spectroscopy, and hence the hyperfine structufe, of this ele-

+3

ment. Tripositive Pm ~ has. the configuration kal‘L and, according to Hund's
rules, the ground term should be éIh' Using the theory of Elliott and Stevensl
with crystal field parameters interpolated from other rare earth ethylsulfates,
it can be predicted that the ground state of Pm+3 in the ethylsulfate iattice
is & doublet composed of an admixture of |J =+ k >and |J =+ 2> If the
hyperfine structure is large enough, the sensitive techniques of low-tempera.-
ture nuclear orientation can be employed to study the nuclear properties of
promethium. Ofer,2 and Toth and Nielson3 have studied the 300-day electron

1k

capture isotope, Pmlhu, and the nuclear level Fcheme of Nd has been established.
; ' |
In the present work promethium-1li4 was aligned and polarized in a crystal of

neodymium ethylsulfate.
EXPERIMENTAL

Promethium-144 was made by bombardlng a thick target of Pr 141 with -
20-Mev helium ions in the Berkeley 60-inch cyclotron The promethium was sepa-
rated from the praseodymium by elution of the tripositive ions with -0.4M
élpha hydroxyieObutyric acid adjusfed to pH ~_A.O from a Dowex.éC&ca$iQﬁ
exchange col]_umr;.LL Abouttlo;gc of Pml“u activity were grown into a 5-g single

crystal of Nd(C SOA) .

a5 3
to which a thermal guard of compressed Mpﬁou .

. 9H20. The crystal was mounted on a Z-mm glass rod
(NHA)BSOM . 34 H,0 was attached,
and the whole assembly was placed in a demagnetization cryostat and cooled to

l.lOK by contact with liquid helium. The magnetic field used in cooling the
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crystal by adiabatic demagnetization was applied parallel to the crystalline
c-axls. In order to obtain the temperature dependence of the anisotropies, the
crystal was demagnetized from various magnetic field stréngths. Thus, the
éounting could be done immediately following demagnetization, minimizing errors
caused by inhcmogeneous warming of the crystal. During each counting §efiod
the absolute temperature changed by no more than 1%.

The temperature of the crystal waé,measuredvthrough its paramagnetic

.l ; .
susceptibility by means of an a ¢ mutual inductance bri@ée.‘ This "magnetic

témperature? was corrected to absolute temperature usingvthe data of H.:Meyer5
and an appropriate demagnetization correction.

The gamma radiation was detected by 3 x 3-in. cylindrical Na(Tl) crystals
with a lOO—qﬁannel differential pulse-height analyzer. The sequence followed‘
during most runs was (1) demagnetization, (2) immediate gamma counting for a
short period of time (generally five minutes), simultaneously determining the
magnetic temperature of the crystal, (3) warming the crystal to the temperature
of the liquid helium reservoir by admitting helium gas.to the cryostat, and
(k) counting of the now isotropic gamma radiation for the same period as before.
Although warming of the crystal by stray heat leaks'was slight, a check on the
poésibility of inhomogenéous warming was made by determining the anisdtropy in
géd%éssive dbunting periods of one minute and of twentyffiyexmihutes duratién.
The aniébtrépy was the same in each case. Additional important information was
gained by_méking anisotropy measurements on the magnetically-cooled crystal while
a small polarizing field was.appliéd along the c-axis, using a battery-powered
iron-free magnet. Fields of 100, 200, and 400 gauss were used in these polafi—

zation measurements. Finally, the experiment .was repeated using a second crystal,

and consistent results were obtained.
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RESULTS

The gamma-ray spectrum of Pmllm consists of three gamma rays of similar
intensities and of energies 75, 615, and 695 kev. Pulse-height analysis of the
spectrum with a 100-channel analuzer (Fig. 1) permitted the anisotropies of the

individual gamma rays.to be determined simultaneously allowing direct comparison

among them. It was found that the anisotropies ¢ f{ W(9O ) - W O) of the
W(90°)

615~ @nd 695 -kev gamme. rays were 1dent1cal while that of the 475-kev gamma ray
was about 20% less. The temperature dependence of the anisotropy of the two
higher energy gamma rays is shown in Fig. 2. Thé square root of the anisbtropy
is.plotted against the reciprocal of the absolute temperature  to show that the
anisotropy is very mearly a linear function of (1/T)

Fig. 3 shows the anisotropy as a. function of the angle between the
crYstalliné c-axis and the direction 6f progagation at the lowest temperature.
The uncertainties indicated for the data points,plotted in.¥Figs. 1, 2, énd 3
are Jjust those due to the statistical error in each count. In each casé any
necessary corrections have bheen made for background, finite source and counter
size, drift in the scintillation spectrometer energy calibration, and change-in
block time of the lOO—channel pulse-height analyzer. The'uncertainty in the

corrections was much less than the statistical error, and the corrections were

never more than 1% of the total counting rate.

DISCUSSION

+3

The relevant spin'Hamiltonain6'for Pm - is

g“BHS + AT +AS + AS +P[I —(l/3)II+l)]+cS (51,+ 85,05 (1)

where the last term represents dipolé—dipole interaction with the nearest neigh-

bor neodymium ions and the other terms have their usual significance}&

N
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Fig, 1, Gammarray spectrum of Pmll'rlL taken during a typi'cal run, The counter
- was placed along the crystalline c axis, The lower curve is a plot of the
_difference between "warm" and "cold" counting rates, :
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Fig. 2. Temperature dependence of anisotropy of the two higher energy gamma-
rays. Error flags represent rms statistical errors.
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Fig., 3. Angular distribution of the two higher energy gamma rays atb O.OZOK.
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For a quadrupole moment of ~.5 barn, éstimated.from nuclear systematics,
' i
P is easily shown to be negligible gn the theory of Elliott and Stevens, and
7

may be neglected. Using this theory and interpolated crystal field’paraméters

with estimated limits of error AZO;E = (60 t 10) ijl’ Aho§h; -(80ilO)cm_l,
A6°?6 = -(40 £ 10) cm'l, and A6656 = (600 * zo)cm'l, the ground state is cal-
culated to be 63 |J = i)g>i:.78[JZ = + 2), with g = 47 % .0k, and A/k =
(.027 = .OOZ)Ipl/I. Here p and I are the nuclear magnetic moment and spih,
respectlvely,.and the off-diagonal terms (ﬁksx + Aysy) are due to the Jahn-
Teller distortion effect,6 and they tend to decrease the nuclear orientation.
These terms split the lowest doublet and cause. the hyperfine structure splitting
to be unequally spaced. In the limit of A << A the energies of the hyperfine
structure levels are proportional to IZ2 rather than as IZ as in the case

A=0. It is easily shown8 that the nuclear alignment parameter B, is unaffected

2

by application of an external magnetic field along the crystalliné c-axis in the
absence of off-diagonal terms in the Hamiltonian. In the presence of a Jahn-

Teller interaction, however, the alignment can be substantially increased,

9

with a consequent enhancement of the gamma-ray anisotropy,” on application of

a magnetic field along the c-axis. P
[ /

The tefm in ¢ 1s introduced to account for spin-spin interactions /

between the promethium ion and the two nearest neighbor neodymium ions which lie
0 .

at & = 7.07T A in either direction along the c-axis. The six next nearest neigh-
bors lie at angles giving rise to negligible spin-spin interaction.uspzpaﬁd
S22 are the effectivé electronic spin projections of these neodymium ions
(taken as + 1/2 according to "spin Hamiltonian" convention), and ¢ =
N 2,.3. . : .. 10,11
=2 g“ (Pm)g”(Nd)B /d”. The value of c can be calculated from existing data

apd the value of g“(Pm) derived earlier in this paper. The value of c/k used

in all our calculations is .0056°K.
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Using the above Hamlltonlan, and neglectlng P, the energles of the
3(21 + 1) hyperfine states of the lowest doublet (5+ = £ 1/2) are given by

the formula
' 5 , 1/2
E(SleESEEIz) =-SZ {A + [g“ B HZ + AIZ + C(Slz + ] } (2)

where A Ak Ay The'effects Qf the variousltefms governing th§ leV¢lHQQ
spacing are illustrated in Fig. k.

The gamma.-ray intensity in this type of experimentldépends on both the
temperature of the crystal and fhe angle'e betweeh the direction of-propagétion
and the crystalline c-axis. Thus it issalways necessary to separate these
functionél dependences experimentall§’beforeléhe maximum information can be
obtained from such an experiment. The procedure employed in this laboratory
is described below. First it is hoted thgt in most nuclear alignment experi-

ments the angular distribution of gamma radiation is given byvthe.expression'

.w‘(e) =1+ BJUF.P, (éos-e) + ByUF Py (cosve)*.

The parameters BV’Uf’ and Fv.are described élsé&here,lz and R? is the
Legendre polynomial of ordef ¥ The important point here is that the entire
dependences on T and & are contained'ianv‘and Pv’ respeétivéﬁy. The experi-
mental proceduré is the following:_ (1) Measure the compiete angular distri-
bution at the lowest tempéréture attainable, where the relative contribution of
the term in B) is expected to be greatest, (2) calculate from these data the
approximate magnitudes of the B, and B, terms at all temperatures, and (3)
_measure the temperature dependence of W(€&). If, as is often the case, the Bh
term is negligiblg even at the lowest attainable temperature, then the angular

distribution goes as P, (cos &) at all higher temperatures and need not be

2

studied as extensively at these temperatdres.
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Fig, 4, Partial energy level diagram of Pmlhh in neodymium ethylsulfate,
showing the effect of each term in the spin Hamiltonlen.



|-

-12- UCRL-9276

In the present experiment it was found that the term in P_ (cos ©)

2
provided an adequate description of the angular'distribution at the lowest
tempe;gture (Fig. 3).

| 0t is clear from the form of the spin Hamiltonian. that states of maxi-
mum lI%l lie lowest. Thus the signs of the anisotropies are meaningfmlfﬁbr

establishing the signs of the F, .coefficients. Then from the signs and rela-

2
tive magnitudes of the anisotropies alone it is possible to confirm substan-
tﬁﬂly,the levelsscheme of Ndllm proposed by Ofér2 (Fig. 5). The spins of the
ground sﬁate and firﬁt excited states are well established as O+ and 2+ because
the nucleus is eveh-even and the 695 -kev tigﬁsition.is E2. The sign of the
anisotropy of_the 695-kev gamma ray also supports these assignments.

The sign and relative magnitude of the anisotropy of the 615-kev E2
gamma ray proceeding from thevl.Sl-Mev level definitely ﬁﬁles out all spin
assignments other than 3+.of b+ for this .level. Spins.gf lf'or 2+ would

require F_, >0 contrary to experiment for both the 615- and the 695-kev trans-

2
itions, and a spin of O+ would of course allow no anisotropy. Ofer obtained
an unambiguous assignment of 4+ for this level.

Interpretation of the anisotropy of the W475-kev gamma ray is less
straightfdrwarde .. becauée the unobserved preceding electron capture transition
affects this anisotropy in a different way than those of the other gamma rays.
The observed anisotropy is 20% less than £hat,of the other two gamma rays, and
the only plausible explanations seem to be (a) the 1780-kev level has a lifetime
of the order of lO_9 seconds and the changing extranucleaf fields following

electron capture decay attenuate theicorrelation by a factor G, = 0.7, or

2

3,

(b) a considerable fraction of the daddy to the 1780 kev level is of the L = 2

type, thus reducing the alignment in this state sﬁbgtantially. If (b) is
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Fig. 5. Decay scheme of Pm ',
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- 2> 6 for the electron capture decay to the 1780 kev

correct, the sequence 5 L
state would fit the alignment data quantitatively. Regardless of this ambiguity,
the anisotropy definitely excludes all possible spins other than 6+ and 2+, in
support of Ofer, who pbtained an unambiguous assignment of 6+.

The existence of a Jahn—Teiler distortion is established by an increased
anisotropy in the presencé'of an éxternal axial magnetic field. The accuracy
of th¢ temperature measurement in the field, which involves a 10% saturation
correction, was .checked by observing the anisotropies.of gamma rays following
the decay of Nd;%7 in the same lattice in several fields. The effect of magne-
tic fields on this aﬁisotropy is readily calculdted, and good agreement was
obtained. , |

The anisotro;y data were fitted ﬁsing the Hamiltonian (equation 1) and

_ the decay scheme proposed by Ofer2 (Fig."5). The value of A depends on which

spin is assumed for Pmlhu. The results are
|A|/k = (0.0091 + .0003)7K, for I =5
or |A|/x = (0.0079 % .0003)%K, for I =6
Ak = (0.020 kx .010)K.
The nuclear magnetic moment of Pmllm may be'calcuiaté&;from A using the

. M
theory of Elliott and Stevens and the value of.<a/r§> 36. 8 X lO 3 13

The result is |u| = 1.68 £ 0.14 nm for I = 5 or lu] = 1.75 £ 0. 14 mmxfor I=6.
The error in the calculated value of |u| is principally due to consi-

derable ﬁncertainﬁy in the estimation of the crystal field parameters. Since

A is proportional to g“, a direct determination>of g“ for any promethium isotope

in the ethylsulfate lattice by paramagnetic resonance would be Very desirable.

The present'expgfiment verifies the approx1mate value g” .47 and the finite

value of-A;sggges$s that the-trans1tlon probabilities for resonance should not

be too smallﬁ' :/;
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Shell-model considerations suggest that the odd neutron is in an

by orbital and that the odd proton is in either a d or a state. The
7/2 proter %/ /2 5
magnetic moments expected on the simple vector-coupling model are listed in
Table I. f
TABLE I
Magnetic moments of Pmluu. )
Proton state . I : . Htheo
a 2.8
5/2 ° - | ?
dg. , - 6 _ 2.25
512 > | < —
' I -0.138
6 - -0.16
Thus the d5/2 proton state is favored, although a strong mdmixture of g7/2 is
likely in view: of the proximity of these two states in the heavier odd isotopes

1k

of promethium.
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