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" Abstract .

NUCLEAR ORIENTATION OF SOME RARE-EARTH ISOTOPES
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NUCLEAR ORIENTATION OF SOME RARE-EARTH ISOTOPES
Garolyn Ann Lovejoy: - o
(Ph D Thesis)

« Lawrence Radiation'Laboratory
University of California
Berkeley, California.

June 1961
ABSTRACT

Nuclear orientation experiments were performedion_fiQe isotopes,
oD 6wl 561%0 ) ana sa'??, in crystals of Na(CHS0,), ‘,9H 0.
- The angular distribution of the 7ho-kev'y ray of Nal*3 was found
" to be W(0)= 1- (0.060 * 0.006) P (cos 9) at 0.02°K. Values for the mixing
ratio, &, of the ThO-kev -~y ray of Ndll6 were obtained as a function of the

143 for ground state spins of 5/2

113

magnetic moment of the ground state of Pm
and 7/2 The spin of the excited state of Nd was assigned as 9/2—
An absolute lower limit of Ip[> 1.0 was- set on the magnetlc moment of
lMB. The mixing ratio of the Th0- -kev y ray was found to lie in the
range 0.25 E2/Ml) S 0.35 if the ground state spin is 7/2 and in the
range O 255 2 (E2/Ml) 0.217 if the ground state spin is 5/2
The spin of the o0lko-kev level in Gd 156 populated by the decay
- of Tbl-56 was assigned as 4 and the spin of the 1620-kev level was assigned
as 5+. )The electron capture decay- to both the 2042-kev level and the
1931-kev level was foundlto be mainly L=1l. if the ground-state spin of -
Tb156 is 3 the nuclear magnetic moment was found.tq be p= l.h5 + 0.06 and
the nuclear quadrupole moment, Q= 1.40 + 0.16. Mixing ratibs of the
v rays were determined. The anéular distribution of the lhl?-kevly ray
- was found to be w(g) = 1- (0.206 + 0.016) P (cos Q) at 1/t= 58.5.
£ Explanations are advanced for the fallure of Tbl6l H 160 and

“ Sm155 to show a noticeable anisotropy at temperatures of around O.OEOK.
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I. INTRODUCTION

A knowledge of nuclear moments and spins is essential in order to

‘understand nuclear structure. One method of obtaining these is:- by nuclear.

_orientation. The. theoretical expression for the amount of orientation

involves the nuclear moments and ground-state spin of the parent nucleus
as well as the spins of One.or more levels of the daughter nucleus.

. The nuclear orientation method has been applied here t© the study -of
143 156

several isotopes of the rare earths.‘ Both Pm and Tb™ 7 . were success-
fully oriented, and some conclusions have been drawn‘about the spins and
angular momenta of the transitions involved in these decay . schemes.

Attempts: were made to orient Tbl6l 160 and Sm155

but without notice-
able effects. Some-p0551ble explanations are advanbed for the lack of

positive results.

II. THEORETICAL BACKGROUND

A nucleus is sald to be oriented if its spin has a preferred

<‘d1rect10n w1th respect to some axis in space. If the populations W(I )

of the magnetic substates I of the nuclear spin are such that > I W(I )
i : , Iz

% 0, *then the nucleus isvsaid to be polarized. If they are such that

b (BI - I(I+1>W(I ) X O, then the nucleus is said to be aligned.

z Although nuclear orientation may be achieved by dynamic methods,
studies of nuclear structure have generally. utilized static ones. These
latter methods depeud on meking the erergy separation between nuclear-
magnetic substates ef the order of kT.

Five ways of getting static orientation have been proposed.l’la
Tn the first method . the nuclei are polarized by applying a large external
magnetic.field that acts directly on. the nuclear‘megnetic moment. In

the second method an external magnetic field is used to line up the atomic

-maghetic fields  caused by the unpaired electrons of a paramagnetic ion;

“these atomic fields-.then act.on the magnetic moment. of their nuclei to

produce a:polarization.  The third_nethod:proposes;the use of crystalline
electric fields to orient the atomic magnetic fields. Since electric

fields do not split the * mj levels of the electrons, only an alignment

-is produced. In the fourth method the strong electric field gradients



set up by covalent bonds are used to line up the nuclear quadrupole moments.

- In the fifth method, an alloy of iron with a diamagnetic element is mag-
~ netized to saturation - by ‘a small external magnetic fleld & the strong
.internal magnetic.field set up in. the alloy then polarizes the nuclei
of the diamagnetic element. . o L o
Although:the;first.method is applicable to the most nuclei,
experimentally it is very difficult to get it to work. The second and

- third methods are particularly useful when working with the rare earths.

... The Hamiltonian for paramagnetic: rare-earth ions in a rare-earth ethyl-

- sulfate . with the applied field along the z axis is

o o L o 2 : : _ .
H = gnﬁﬂzsz-t-_‘ﬁgzIz—i-A:XSiX-!- 4ysy+ PFIZ - ;/3. “I-(I'f'l‘)]-f' c 8, (8),+5,,)

zThe ¢ term refers to the interaction between the ion and its nearest
‘neighbor rare-earth ions. It is appllcable in neodymlum ethylsulfate but
not in yttrium ethylsulfate The P term is negligible for Pm but not for
" 'Tb. The S is the effectlve electronic spln of the lowest doublet.

v Although the spatial'distribution of radiation from a single‘

: magﬁetic substate of a radioactive nucleus may be anisotropic, if the
.populations of all the substates are equal, the total distribution of
radiation will:be isotropic. .If the populatidns.arejunequal,‘the
»distribution may be anisotropic. ‘ | '

The distfibution of radiation can be written as:l
w(e) = B(T) U F P (cos 9).
(o) %V()Vvv(os)

. Here @ is the angle between the z axis and the direction of.observation;
the‘BV are orientation parameters; U& is a function ofﬂthe'multipelarities
- of the radiations; and the spins involved in the unobserved preceding
trensitions. Fv depends on the multipolarities of the observed radiation
and the initial and final spins of the observed transition. Pv is the
Legendre polynomial of degree v.- Odd-v terms drop out for -y radiation.
‘Since we have v- < the smaller of 2I,

limited to 2 or L.

“initi ia1 © 2Lobserved"lt is usually

W
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III. EXPERIMENTAL METHOD

A. Chemical Procedure

The radloactlve rare earths used in these experlments were produced

by bombardment of stable rare- earth oxides. After the bombardment the rare-

earth oxides were dissolved in a- small amount of aqua regla v Ammonlum

hydrox1de was added till the rare- earth hydrox1des formed 2 These were -
centrlfuged and washed several times, then ‘dissolved in HCl .The acidity
of the solutlon was adjusted to pH 1 and it was placed on a heated Dowex 50
100—200 mesh ion-exchange: column. The rare earths were eluted from the
eolumn by using O.h}M a—hydroxy—isobutyric acid buffered to about pH 4.5
The 0-hydroxy solution containing the activity was acidified to pH 1 and
was run through a small unheated Dewex—5O ion-exchange eolumn, The rare :
earth remained on the column. After thorough washing with 0.1 M HC1, the
activity was etripped off with 8 M HC1l. This solution was .evaporated to

dryness._. The residue was then dissolved in a drop or two of rare-earth

EEthylsulfate solution. A seed crystal of the appropriate rare-earth ethyl-
sulfate was added, and more solution was added whenever needed to keep the

‘crystal covered.

Two types of crystalswere used in the experlments, neodymium

‘ethylsulfate and yttrium ethylsulfate. The rare-earth ethylsulfates were
obtained by adding the desired rare-earth sulfate to barium ethylsulfate.

After barium sulfate was filtered off the solution was allowed to evaporate.

The rare-earth ethylsulfate was purified by several recrystallizations.

‘Since the rare-earth ethylsulfates form an isomorphous series of crystals,

‘it is possible to grow small amounts of any rare earth into the ethyl-

sulfate of any other rare earth.

Yttrium ethylsulfate was used in these experiments because yttrium
is not paramagnetic. In neodymium ethylsulfate the radloactlve rare-
earth ion experiences a magnetic field due to the magnetic moments of its
two nearest neighbor neodymium ions. This field may be opposed or parallel
to its own magnetic moment, In yttrium ethylsulfate this splitting of 7
the ground state in the absence of an external field does not occur. Since
yttrium ethylsulfate does not cool by adiabatic demagnetization, it has to
be cooled.by contact with neodymium ethylsulfate, grown on the outside of

an- yttrium ethylsulfate crystal. The activity was grown into a small
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yttrium ethylsulfate crystal; then an inactive layer of the ytirium ethyl-
sulfate was grown‘on the outéide, so that none of thé activity could get

into the neodymium ethylsulfate.,>Thé drystal was-afterWard placed in a »
-'miied éolution:of ﬁeodymium and yttfium ethylsulfate,_and'the percentage
of_héodymium ethylsuifafe in the.solﬁtion‘covering'it wéézgradually &
increased. Finaiiy,‘the Erystai was piaced in‘pufe neodymium ethylsulfate

and a 1ayef of this was gfdwn~on.thércrys£ai. The gfadual transiﬁion from
-yttrium ethylsulfate to nebdymiﬁm ethylsulfate wasvneceSSafyvfor good ‘

éhemal contact between the inner yttrium ethylsulfate erystal and the outer

shell of neodymium ethylsulfate.

B.. Appératué

Two demagnetiZation cryostaﬁszere uéed in these experiments.
They are quite s‘imilar , and the féllowing descr;iptiop applies to both.
A large outer Dewar vessel (Fig. 1) containsvliquid.nitrogen,at 779K, open
. to the air, Inside this is a Dewar containing liquid helium. By-pﬁhping
on the helium its temperature is lowered tovabout'lQK.. Inside,this Dewar
is the vacuum jacket containing the crystal (Fig. 2). The vacuum jacket
is soft-soldered to a brass cap.. This cap is. attached to énd supported
by the tubing through which helium gas is pumped. The gas'is used for &
. thermal contact between the crystal and the liquid helium. The crystal
is mounted in a glass holder (Fig. 3) sealed to a tungsten wire that isv
hard-soldered to the brass cap. _ |

The magnet (Fig. 4) used for the adiabatic demagnetizations rolls
. along tracks in the floor. It can be raised and lowered and its pole gap
can be changed. The iron-free polarization magnet (Fig, 5) is on a wheeled

table that can be rolled into position after demagnetization and locked

. there.
The magretic temperature of the crystal‘was measured by an ac ~
mutual-inductance bridge (Fig. 6). Meyer's data were used to convert
5 b

‘magnetic temperature to absolute temperature.
In order to get the temperature dependence.of_the'anisotrOPy,

demagnetizations were made from fields of different initial strengths.

This method ensured that all parts of the crystal were at the same tem-

perature.



ZN-2799

Fig. 1. Cryostat with counters and polarization magnet around it. In the

foreground is a vacuum jacket with mutual-inductance coils on it.



ZN-2800

Fig. 2. Vacuum Jacket with coils for measuring mutual inductance on it.
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ZN-2801

Fig. 3. Nd(CzHESOu)3’9H20 incorporating a radicactive rare-earth isotope,
mounted in a glass holder with a manganous ammonium sulfate pill

mounted above it.
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ZN-2803

The 18-kg magnet in place about the cryostat.

L.

Fig.
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ZN-2802

Fig. 5. Air-core polarization magnet and NaI(Tl) scintillation crystals

in place around the cryostat. The crystals have magnetic shielding
around them,
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ZN=2797

The ac mutual-inductance bridge.

Fig. 6.
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Counting (Fig. 7) was done by 3x3-in. cylindrical NaI(Tl) crystals.
The signals from these were fed into 100-channel differential pulse-height
analyzers. The crystals, with their photomultipliers and preamplifiers,
were mounted in soft-iron Jjackets with mu-metal shields. These assemblies
were placed on the wheeled table and rolled into position after each

demagnetization.

IV. CORRECTIONS

A. Counting Corrections

In order to get B2U2F2 for a ~y ray in a particular experiment,
several corrections must be made to the observed ratio of cold counting
rate to warm counting rate (c/w).

In some cases, the counters' gains drift between the cold and
warm counts. The total area under the peaks is still the same as it would
have been if the drift had not occurred, but the number of counts within
& given number of channels is different. Since the c¢/w ratio is obtained
by using the same few channels near the peak in both spectra, this effect
gives a false c/w. Even if a peak were really isotropic, it would appear
to have more counts in the spectrum in which it was centered in a lower
channel because the spectrum would be compressed along the abcissa. To
correct for this effect, one takes the product of two factors. The first
is the ratio of the apparent shift of the peak to the energy of the peak.
Usually the shift is no more than one-quarter channel. The second factor
is the ratio of the number of counts in the channel immediately above
or below the channels included in the peak to the average number of counts
per channel in these peak channels. Since one tries to choose the peak
channels so that the first and the last ones have approximately equal
numbers of counts, the two adjacent channels--one above, the other below
the peak channels--should also have approximately equal numbers of counts
in them. Therefore, either could be used in the correction. This product
of the two factors is added toc unity to give the correction factor. The
correction factor multiplies the counting rate in the spectrum in which

the peak appears in a higher channel;

éﬁ) ‘counts (adj) o
E counts (av) -‘
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Fig. 7. Electronic racks for counters, pumps and magnets
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The change in dead time between cold and warm counts makes the
differerice in -counting rate appear less than it is. To obtain a first-
order correctién for this effect, one finds the change in dead time with
counting rate; and then multiplies this by the change in counting rate

between the entire cold and warm spectra. The correction factor for this

‘effect is the resultant number plus one:

G

The finite-detectoresize correction depends on the detector's

DT l o
G g) CRW - CRc + 1.

size and its distance from the source. Graphs of these corrections have
been.made.6 This correction acts to increase the size of the effect.

_ The most important correction is that for background.‘ In a com-
plex spectrum it cannot be assumed that the Compton background from other
peaks is isotropic, so this background must be subtracted separately for

cold and warm counts. This complete resolution of the spectra needs to

be done only once because, under the same experimental conditions and

when only the B, term is important in the orientation, the anisotropy

2 ) :
of the background is related to the anisotropy of the peak by a constant

factor.

B. Temperature Scale

The magnetic temperature of the paramagnetic salt, neodymium
ethylsulfate, was determined by magnetic-susceptibility measurements

using an ac mutual inductance bridge. The susceptibility X is related

' to the magnetic temperature T* by the equation X= C/(T* + K). The term

K is small and may be ignored at temperatures above lOK. The C is deter-
mined by taking readings of the susceptibility while cooling the sample A
from 4°K to 1°K by pumping on the helium bath. The K is determined by

i * = T . *(H. i i -
setting T (Hi/Ti) +K="T HM(Hi/Ti) T (Hi/Ti) is the magpetchtempera

‘ture reached experimentally when demagnetizing from the initial value,

(Hi/Ti)’ of magnetic field over absolute temperature. T*HM(Hi/Ti) is
' 5

the magnetic temperature which Meyer” showed a single spheriéal crystal
of neodymium ethylsulfate would reach when demagnetizing from (Hi/Ti)'
To get highest accuracy, the data from the lowest temperature were used

to determine K.
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. The: average value of X during the counting period was used to
compute 1/T*. Then l/T*HM was. calculated by using K. Meyer's data were
used to convert l/T*HM to 1/T (here T is the absolute temperature). s
If the measurement of susceptibility is made in a.field, as is
done in polarization experiments, it is necessary to convert. 1/T*(H) to e
1/T#(H=0) before making the correction for K. The correction is derived |
as follows: where H is the polarizing field, h is the measuring field,
g“ is the atomic g factor parallel to the polarizing,field along~the
z axis, %L is the atomic g factof'perpendiCularAto the'ﬁolarizing field
and parallel to the measuring field along the x axis, B is the Bohr v
7>magneton, S and S -aré the components of the effectlve electron spin
‘along the z and X axes respectlvely, W ig the energy of the atomlc 1evels,

and N is the total-number of atoms; then the Hemiltonian is

"

"

" 'Then we have

=
fl

, o o\ 1/2
* (1/2)@“61{) j“-_(glﬁh‘)> ’
the partition function is

=2 ¢ogh W/kT),

and the free energy is.F = -NkT In Z. The perpendidular magnet;zation

is expressed by
M, = '-(aF/ah)T - (NKT/Z) (az/a‘h)T = [(gLQB?Ti)/(EkTg|IBHﬂ
x NkT sinh (lwl/kT)/cosh (|w1/kT)— [Ngl Bah)/(hkT)]
Ccanh(w kT))/ (W=KT) .

The susceptlblllty'x is expressed as

L4

X = 11m Ml/h (tanh x) /x (Ngl B /lka),

where x = g BH/2KT .
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If there is no applied field, we take H= gLBhSX;SO W= +(1/2) %Lﬁh,

and Z = 2 cosh _lsh/ekT Then we have-

Ml = (NkTgiB/sz) tanh (glah/ekr),

and if we.obtain ngh/EkT << 1, then M = (Nglaﬁeh)/hkT, 50 Xy -@J 25 ~JiKT)
Then _ N . , : .

X (o = (tanh x)/x = (1/7%,)/( l/T 1eo) = (T )/(Txy).

IV. ISOTOPES SHOWING NO GAMMA-RAY  ANISOTROPIES AT LOW TEMPERATURES

A. Introduction

Nuclear orientation experiments were -performed on several isotopes
that proved not to have statlstlcally significant <y-ray anisotropies.
That is, any anisotropies seen were small enough to fall within the statis-
tical limits of error. At least two experlments were done with each iso-
tope, and duriné each experiment several demagmetizations were made.
These‘experiments'were all done in neodymium ethylsulfate at temperatures
_down to O. OBOK' Although ‘the anisotropies cannot deflnltely be said to

‘be zero, some upper llmlt can be placed on them.

B. Terbium-161

Tbl6l was produced by irrédlatlng Gd160 with thermal neutrons.

The 3-min Gdl6l decays to T-day Tbl6l. Neither the Th.5-kev transition

nor the 106-kev transition showed any anisotropy. An upper limit of 2%

may be set on both B2 oo 's. The Tk.5-kev transition goes from a 5/2-

N “state to a 5/2- state. ' The 106-kev transition goes to a 5/2é state from
" a state that is probably 5/2-: The ground state spin of Tb 1 s 3/o+

by analogy with Tb 159 ' o 7 ' -

Nucleer systematics 1nd1cate that the magnetic moment of Tb161

159

" should be &bout equal to that of Tb . ' A magnetic moment of this size
would give a B2

of about 0.42, at a temperatureof 0.02%K. ' Thérefore
USF, would have to be less than 0.0L48.
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The U2F2 of. the lQé—kery ray would be less than this value if
the B decay to this level carried off one unit of angular momentum, and
if the 106-kev-transition were between 9% and 17% quadrupole or between
95% and 99% quadrupole. |

Conver51on coefflclent data indicate that the 8L. 5 kev'y ray
is prlmarlly dlpole "If no angular momentum were carrled away in the
B decay, the U2F2 of a pure dipole transition would be 0.10. " If one unit
of angular momentum were carried away in the B decay, then U F of a pure
dipole tran51t10n would be 0.02. In the flrst case, there would have to
be less than 1.5% of quadrupole admixture if U F_ were to be less than

2 2 v
0.048. In the second case, there would have to be less than 11% of quad-

'rupole admixture. .

. The half life of the Thi5:kev state is 2. 5x10'9 sec. This is
long enough for an dppreciable fraction of the nuclei to reorient, causing
an attenuation of the'eXpécted aniéotfopyf The half life of the 132-kev

state, the initial state for the '106-kev transition, is not known.

€. Holmium-160
The 25 6- was produced by the reaction Tb159 ( 5 ) 160. There

is a 5-hr isomer of Hol_6O that makes a 60-kev tran51tlon to the 28-min

ground state. Both states decay to ex01ted states of Dy 160° by EC and B+
emiséion. No anlsotropy was found in the'y rays from the exc1ted states.

An‘upper limit of 1% may be set on B U.F,. for all the Y rays investigated.

2" 22
Since a large effect has been seen in some of these -y rays in the decay
of Tbl6o, the Ug-s and the F2 s cannot all be small, so either B2 must be

'small or there must be attenuation effects.
For at least: two redséns,_the B2 could.bewsmall or zero: first,
- the spin aof the parent nucleus could be zero; secondly;. the nuclear moments
rare small. _
- © It appears that the spin is not zerb.'The-deéays_pOPulate states

with spins of % and 4. The neutron is probably in a 5/2--state. The spins

of 22Gd157, 22Dyl6l 2i 55 are 3/2-. 'The proton is probably in a
7/2- state, since the spin of 67HO 165 is 7/2-'V The proton and neutron can

couple to resultant spins of 5 or 2. The former seems more likely because

the decay is to high spin states.
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" Using the wave functions for a deformed nucleus and the formula

7

“for magnetic-moménts-given by Nilsson, ' one obtains p = 3. 9 h.m. This
momént is large enough to produce a noticeable alignment.

After electron capture and-Auger processes the resultant atom may
be multiply charged, and the electric and magnetic fields at the nucleus
may be changing rapidly. If most of the decays went through a high:eﬁergy
long-lived (10_8 sec) state, a-large percentage of the nuclei would lose

their orientation. ‘Recent work  indicates that a large enough percentage

of the decays go directly to the 966.L4-kev and the 1048-kev states (which

are known to be fast) to invalidate this hypothesis. That is, .an effect

'should be seen just from direct decays to these levels.

D. Samarium-153
An upper limit of-1% may be set on the B2U2F2_of the idB-kev
Y ray of Smljj.' The level scheme .has been worked out by Sund and
153 45 3/2-.7% 0Of the decays,26% go to the
172-kev level in Eu155 and 55% go to the 103-kev level. The l72-ke# level
(spin 5/2) decays to the 103-kev level (spin 3/2) by a mixed M1 and E2

Wiedenbeck,9 The spin of Sm

transition. Several measurements have been made of the conversion coef-
ficients:gf'the T0-kev ahd the 103=kev transitions. Sund and Wiedenbeck
did an angulaf corfelation measuremeht on the 70-kev— 103-kev cascade.
Their results were in agreement with the conversion coefficient data.
The multipolarities of 98.2% M1 and 1.8% E2 for the 70-kev <y ray and
98.4% M1 and 1.6% E2 for the 103-kev -y ray were used: The F, for the
103-kev -y ray on the basis of this multipolarity is 0.044. About a third
of the population of the 103-kev level comes through the 172-kev level.
The U2 for this third is 0.559 if one unit of angular momentum is carriedA
off in the B decay to the 172-kev level, and the U2 for the 2/3 coming
directly from Sm 153 is 0.20 if the angular momentum carried off in the
decay is one, and is 1.0 if no angular momentum. is carried off. The total
U2 is then 0.320 in the first case and 0. 85% in the second. This gives
(103) as 0.01k4 in the first case and 0.0%75 in the second. To be
con81stent with the present results, in the first case lB (1/7=50)|
would have to be less than 0.82, and in the second case less than 0.26.

The ratio of the B term to the A term in the Hamiltonian has been measured
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'in lanthenum ethylsulfate and found to-be 4.16.. At 1/T= 50 this would

give B 5:-0.1&.: Although this is an approximate calculation, it would

2
seem’ to explain the absence of an effect in both cases.

VI. PROMETHIUM-14%

A. Introduction . o
.Several authors have described the-decay Of‘Pmlga.f_The_most
detailed work was done by Ofer.lo~ This investigation included <y-ray
spectra, y-ray— x-ray coincidence spectra, and internal-conversion
coefficlents. Ofer observed only one 7y ray, which had én energy of
ThO kev, and he determined that L45% of electron capture went to the
excited level, and 55% diréctly td the SPin-7/2-‘grouhd_state of Ndlu5.
' " Recent ekpéfiménts have shown that-prbmethium nuclei can be
oriented. in the ethylsulfate lattige;ll Lo&itemperature nuclear orien-

143

tation experiments to study the decay of Pm have been carried out.

'B. Results

The angular distribution of the T7LO-kev -y ray_wés found to obey
the equation W(0) = 1- (0.060% 0.006)P,(cos 6) at 0.02°K (Fig. 8), where
@ is the angle between the direction of propagation and the crystalline
c-axis. .The ratio of cold to warm counting rate at 8=O,deg_as a-function.

of reciprocal temperature is shown in Fig. 9 and Table I..
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~2h-

Temperature ahd magnetic-field dependence of the anisotropy

-

(gauss)'

0

0

1T

©11.
11.
12,
19.
27.
29.
31.
N
35.
38.
42,
h,
7.

N ® O O O F ® O O =N o W v o

50.

(@]

-51.0

54 4

0 deg,1°K

1. Hodes. )

)

0

0.

.008
.00k
.003
017
.019
.028
.026
L0k2

.031

oko

0049

0.

0

0

051

055
.061
.068
.072

071
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~ Table I (continued) .

Temperature and magnetic-field deperidence dfrfﬁéﬁéhisotropy

s e 1(0deg, 1)
(gauss) - ‘ 7 1(0 deg, 1%)

'103® ' 200 o B »o.oiuv
103 I 26,4 ."' - | w 0.02k .

103 S 29;2"’;~ :" | O 0.033
103 ,1;532;6 T o 0.046
103 '3éj6 '7-  | 0.047
200 20.5 R o | 0.018
200 - ié§;3 T 0.015
200 | 246 o027
200 | 246 o . 0.028
200 - ' 'és.h o | - 6.029
60 18.9 - 10.028
30 . 180 |  o.oe7

390 9.0 - | 0.020
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C. Discussion

The interpretation of nuclear orientation eXperiments is greatly
facilitated by paramagnetlc resonance data  on atomic energy levels and
hyperfine structure. In the absence of such work for promethlum, inter-
polation of crystal-fleld parameters from ne;ghborlng rare-earth elements
was used. ' ,
The energy levels of the tr1p051t1ve PmlLLB in neodymium ethyl-
sulfate may be calculated by using the Hamiltonian:-

2

H= g“BHZSZ + AS I, + A S + 455y+ P[I 1(1+1)] + csz(slz+ ng>'

e

The last term represents dipole-dipole interactions with the two nearest-
neighbor Nd+5 ions,12 and the other terms have their usual signifieance.
The term.in P can be.shown to bé negligible in this case for purposes
of nuclear alignment..LL A value of 0.0039 cm-l was used for c, and a
value of 0.01k- cm - was used for A, where A2 A 2+ A 2

TrlpOSltlve promethlum is a non-Kramer s 1onyW1th the configura-
tion hfu.' By Hund's rule, the ground term of the free ion is 5 h’ and
“calculations indicate that in the ethylsulfate lattice the lowest level
is a doublet composed of admixtures of the states ]J =+ k> and |JZ= ?2>.LL
The magnetic hyperflne -structure constant A was calculated to be (0.019

+ 0. OOQ}(u/I)cm by use of crystal-field theory. b

"Experimentally, Ofer found the 740—kev'y ray to be predominantly
M1, lObut experimental uncertainty precludes an accurate determlnatlon of
how much E2 admixture may be present. The K-conversien coefflclent
reported is (6.5il) x 10-5.
sables of S1iv and Band™> is 5.5 x 10

The theoretical value interpolated from the

_3 . )

for an Ml transition and 3.4 x 10
for an E2 transition. Thus; the spin and parity of the excited state of
NdllLB may be 5/2-, 7/2-, or 9/2-. - )

The spins of Pml 5 and of the excited state may be inferred from

the following evidence: James and Bingham have found M4 isomerism in

8l—neutron'Smlu5,lu which strongly suggests that the ground state of

SmllLB is d like its isotones, 1\Idlul,'C'el59,'Ba.l-57 xe>? 153
5/2 143 |

" The" log ft ~ 5 for p081tron decay of SmlLLB

, and Te
to Pm indicates allowed .

decay and precludes a spin change of greater-than one. ‘Ofer gives an
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estimate of log ft = 858 for the decay of Pmlui to the 7/2— ground state
of NdluB, and log ft = 8.5 for decay to the excited state, indicating
first-forbidden decay. ' | ' o

No nuclear vy rays have been observed in the deéay of PrluB, and
Starfelt and Cederlund set an upper limit Of.10’5%~on>y rays in the
inner’bremsstrahlung spectrum (E < 600 kev)}l5 A similar limit may be
set on the ThO-kev <y ray in thigydecay,l6 and a lower 1limit of log ft >
10.5 may thus be obtained for B branching to the ThO-kev state of NdluB.
This B decéy therefore probably involvés a spin- change of at least 2.
The most likely ground-state assignment of the odd proton in PrlLLB is
5/2+w Then only spin and parity 9/2— seem admissible for the excited
'state of Ndl 5, involving the odd neutron. in an h9/2 brbit.

Way et al. have suggested that there is a low-lying 5/2+ level
n ijfu5 17 |

143

This would account véry well for the fast P decay from
Sm , with subsequent y-ray de-excitation to a 7/2+ ground State“
These two states are energetically close.in other:odd promethium
isotopes.17 The only le&el scheme compatible with-all the data is shown
in Fig. 10, and one analysis of the results will be based on this
scheme. An analysis will also be based on the theoretical work of
Kisslinger and Sorensen, which predicts that the ground state of Pmlu3
is 5/2+, with the-7/2+ level an excited state.l8

On shell-model grounds it seems unlikely that the ThO-kev state
in 83-neutron NdlLLB would be other than 9/27, corresponding to the
,h9/2 orbital. It is not possible to be quite so confiiigt of the
p-decay ft-value arguments that the ground state of Pm is 7/2+
and not 5/2+. The log ft of 8.5 for decay of Pmlu5 to the>excifed‘
.state is highyenough that AI= 2,yes character is not precluded.

The analysis td'follOW’is based on the assumption that the
S spin is 7/2+.

The anisotropy of the radiation as a function of: temperature
was fitted to the theoretical function W(6) = 1 + BE(T)UEFQPQ(CQS e).

- At this point the -interpretation of this Work becomes some -
' what tentative, because the anisotropy of the57h0-kev'y ray depends on
" the mixing ratio 8(E2/Ml) and on the magnetic moment of the ground

143

state of Pm In Fig. 11 is shown the functional relationship between

d and lu| as derived from-the anigotropy data (Table II). ILower limits
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MU-22708

Fig. 10. Proposed level schemes for several nuclei with A=143. Numbers
on arrows denote log-ft values. Only indirect evidence is available

for the excited state of Pmlu3,

fie



_28-

0360

0.320} .

«w 0.280

0.240

-

. \ _
0200 2 3 7 5

(¥73]
MU -23965

Fig., 11. Functional relationship between the magnetic moment of Pml18

and E2/M1 mixing ratio of the Th4O-kev y ray of I\leh?’ , as determined
by this experiment. Width of line includes experimental error. It

is assumed that I = T/2+.
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Table IT

Theoretical .and

experimental BZ(T)UZFZ’ assuming

a spin of 7/2 +

1/T
| (Héo)

10
215
20
25
30
35
4o
L5
50

1/T
(H=200)

10
15
20
25

1/T
~ (H=L00)

10
15
20
25

OO‘OOOOOOOO..

Exptl A
N W
UF

o O O O O

o O o O O

.0005
.0031
.0070
.0140
L0214
.0295
.0385
.oh?s
L0567
.0650

.003
.007
012
.019
.027

.00k
.011
.018
.026
.036

o =N

.01350
1.
.31160
.337
.364

72

.00081
.00322
.00715
.01249
.01910
.02680

03541

.okL76
05467
.06500

.00081
.00322
00715
.01249
.01910

.00081
.00322
.00715
.01249
.01910

01400
79
.29270
.316
.350

.00082
.00325
.00722.
.01260
,01923
. 02695
.03557
.0L489
.05476
.06500

.00082
.00325
.00722
.01260
.01923

.00082
.00325
.00722.
.01260
.01924

1.

.0}500
o1

26040

282
.328.

.0008k
.00332
,00735

.01281

.02951
.02728

£03590

.0Ls517

.05493
.06500

.0008k4
.00332
-00735
.01281
.01952

.0008L
.00332
.00735

.01281

.01952

.01700
16
.21205
.229
.29k

.00087
.00346
.00765
.01327
.0200L:2:.
.02798
.03660
04577
.05529
.06500

.00087
.00346
.00765
.01327
.02013

.00087
.00346
.00765
.01327
.02013'

01900
2.h2
17813
193
272

42

.00092
.00362
.00798
.01378
.02079
.02873
L0373k
.04639
.05566
.06500

.00092
.00362
.09798
.01378
.02079

.00092
.00362
.00798
.01378
.02079

02100
.68
.15343
.166
.256

.00096
.00380
.00834
L0143k
.02150
.02952
.03812
.0k703
.05604
.06500

.00096
.00380
.00834
,0143h
.02150

.00096
.00380
.00834
.01434
.02151

.02400
.06
.12728
.138
241

.0010k
.00Lk09
.00893
.0152k
,02265
.03078
.03933
.04801
.05661
.06500 -

.0010k
-.00409
.00893
.0152k
.02265

.0010k
.00409
.00893
L0152k
.02265
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of 8> 0.23 and |u|> 1:0 may be set,from this work alone. -According to
the conversion-coefficient data, this transition -is essentially pure M1,
with the limits of error just including this multipolarity. The results
presented here necessitate an E2 admixture of at least 5%. Indeed, a
pure M1 transition would require the aniéotropy fo haVe”é sign opposite

b3

to that observed. Assuming the magnetic moment of Pml td lie between
the Schmidt and'Dirac limits of 1.72 and'B.ll, réspectively, we find
0.2%3 < 8(Ee/M1) < o.57.f Thus the transition is 8 * 3% quadrupole.

If the spin of Pm116
8 (Table III) would be that shown in Fig. 12. Assuming that the magnetic
moment of PmllLB falls between the Schmidt and Dirac limits of 4.79 and

3 respectively, thése resuits give 0.255 25 > 0.217. This means that

‘were 5/2+, the relationship between p and

the amount of quadrupole admixed would be less than 6.2%.. Unlike the spin

7/2+ case, wherein the theoretical curves of B, Vs 1/T for large |u|

© fit the data bést, for a‘spin of 5/2+ the purvis for the smaller u were
better. o | |

When a hOO-gauss polarizihg field was applied, tne anisofropy
was enhanced. None of the‘theofétical curﬁes predicted a noticeable

enhancement.



29620°0

0TT20°0

Crrse
T0TO0

22900°0
-£9100°0

0069070
9€650°0

96250°0.

795100
661£0°0
29620°0
60T20°0
TOETO 0
22900°0
£9T00°0

912°0
2960°0
61
2250

68820°0
#%020°0
#6210°0

96500°0.
-9GT00 0

00590 0
21650°0
£6260°0
2251070
L2LEo’0
68820°0
402070
#62T°0
96500°0
9510070

Q12°0
:L660°0
TL Y
TG00 0

¢1820°0
0g6T0°0
802100
TLS00°0

.m:Hoo.o

.OOmwo.o

Lggso "0
90260°0
850" 0
:mmmo.o
€1820°0
0g6T0 0

~ Q02100

TLG00°0

" 6K/T00°0

ONN.o
901 0

S
0gh0"0

g£L20°0
#16T0°0

T9TT0°0
9150070

ZHT00°0

00690°0
098%0°0
9G6T60°0

T6E40°0

L16E0"0
g€L20°0
HT6TO O
TOTTIO 0
9hS00°0
2HT00° 0

£22°0
180T "0
€y
g5to" 0

29920°0
618T0"0
GTTI10°0
22500°0
¢eT00°0

00$90°0
2£Q50°0
701600
22E410°0
66H£0°0
2992070
6%8TO"0
¢ITTI0°0
22600°0
GET00° 0

922°0
BETT 0
T
9€%0°0

98520°0
9RLIO"0
TLOTO"0
6610070
62T00°0

00$90°0
€0g50°0

T6050°0

25210°0°

22%€0°0
9g5620°0
9gLT0"0

TLOTO' O

66100° 0
62T00° 0

622°0
2021°0
68°¢
#THO O

21620°0

42,1070
§20T0°0

LLr00"0

£€2T00°0

00590° 0
€LLGO" O
L66%0°0
28THO 0
6€2€0°0
21520°0
#2L10°0
820T0°0
LL1x00°0
€2100°0

#£2°0
LLlzT o

89°¢
26£0°0

2th20’ 0

L9910°0
68600°0
LG700°0
Lt100°0

00$90°0
#7LG0°0
SH6R0°0
#TTHO™ O
1L2£0°0
21h20°0
L99T0°0

- 68600°0

L5700 0
Nﬂaoo.o

6€2°0
Hmma.o
ghe
T.E0°0

11£20°0

609T0°0
0560070
gEH00° 0
2TT00° 0

00$90° 0
£€TLS0°0
68810 0
£HOHO* 0O
#6TE0 0
TLE20°0
609T0°0
066000
gE1700°0
21T00°0

&H2°0

LORT O

ge ¢t
61£0°0

20£20°0
£65T10°0

21600°0 -

6TH00" 0
£8000°0

00$90° 0
1895070
£E€gH0°0
£L6£0°0
6TTE0 0
' T0£20°0
£65T0°0
2T600°0
- 6TH00 0
€8000°0

€620
S H6STCO0
Lot€
0L2£0°0

L20°0 62
610°0 02
210°0 ST
Loo*0 . 0ot
€00°0 &
., 002=H
05900 0%
L9%0'0 - Sn
¢lno'o  of
€g€0'0 <€
- G620°0  Of
7120°0 G2
OHTO'0 02
0Lo0"0 - 6T
TE00'0 0T
G000°0 ¢
R
Q
K

+2/¢ 3o urds B Butunss® .N&ND mm Tejusutaadxs pue TBOIF3I03Y],
L) €

III ST9BlL



_Bla_

€9620°0 6g920°0 $TQ20°0 65£.20°0 mmmwo.o 1862070 .mﬁnmo.o EHK20°0 .wwmmo.o momwo.o 9€0'0 42
OLT20°0 170200 0B6TO’0 HTETO'O 619T0°0 9LTO"0 #2LT0°0  L99T0°0 _QOmHo.o £6510°0 . 920°0 0%
TOETO'0 #62T0°0 g62TO°0 TYITO'0 <TTTO"O ,HN@Ho,o @Noao.o 69600°0  0$600°0  2T600°0 gT0'0 ST
mmmoo.o 96500°0 TLS00°0 91500°0 2250070 6610070 LL700'O LG700'0 gEHO0'O  6THOO"O ~T10°0 0T
€9T00°0. 9STO0'0 6HTO0 0  ZHTOO™ O mmﬂoo.o _mmaoo.o €2100°0 LTTO00 2TT00°O £€8000°0 joo.o G
_ O0h=H

¢ .3

+2/¢ 30 utds ® Supumsse ‘z°n(g)°

g Tejusuwriadxs pue TBOT1SI0SY],

(ponuTquo?)-ITT STYBL:



_32-

0.280 A T— ‘ T - T : T

o260 | - 1

© 0240} ©
0220}
] | | 1 1
0200~ Lt L — l
- e '
MU 23966
143

Fig. 12. Functional relationship between the magnetic moment of Pm
and E2 /M1 mixing sratio of the ThO-kev Y .ray of Ndlus, as determined
by this experiment. .Width of line-includes»experimentalAerror. It

is assumed that I = 5/2+.
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VII. TERBIUM-156

A. Introduction

Terbium- 156 was conuldered a sultable 1sotope for a nuclear-
‘orientation experlment for several reasons. Flrst, stable Tb 159 had been
studied in_en ethylsulfate lattice by paramagnetlc resonance, so the atomie
parameters were known. Second,. an orientation experiment had been done
on Tbl6o in which a large effect was observed. Third, the decay scheme
of Tb156‘had been thoroughly investigated by Ofer19 and by Hansen, Nielsen,
and Sheline;go From their work enough was known about the decay scheme
to make it possible to interpret the orientation results It also showed
that the.ground-state spin of Tb 156 was not zero. '

The v‘]."‘b.5 ion has elght vaelectrogs and'the configuration 7F6.

In the ethylsulfate lattice a doublet J + 6 lies lowest. Paramagnetic-
resonance experlments2 give g”— 17.72 £ 0.02, A= 0.387 + 0.001 cm-l,
or 0.5569 t;0.00l °K. It has been calculated that A/k O.25h n/I oK,

P/k = 0.192 Q/b1(21-1) °K and c = 0.211 %k.*%

B. Results

’Fiffeen photopeaks of‘Tbl56 were resolved iﬁ the spectrum and all
appeared to be-anisotropic. -It‘was not possible -to find values‘of the
anisotropy for any vy of energy less than 53k kev, because the correction
for Compton background wae too large to allow any sort of accuracy.
Anisotropies were calculated (Table IV) for the 184l-kev, the 1643-kev,
the 1h417-kev, the 1220-kev, and the 53lU-kev -y rays. The 53k-kev <y ray

was the most prominant peak in the spectrum and was used for determining

B,..
° + It may be noted from the decay scheme (Fig. 13) that both the

1841 -kev end 164%-kev transitions originate ih the 19%1-kev level, whereas
the 1417-kev and the 1220-kev transitions originate in the 1507-kev level.
Transitions ariginating-in the same level have'the same U2's; Also, it
may be seen that about 95% of the population of the 1507-kev level comes
through the 55M-kev‘transition. The 20&2-kev and - 193%1-kev levels are

populated dlrectly by the electron decay of Tb156

-
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Table IV
- Experimental B'ZUZF,Z&'S at 1/T=56 for T15156 in
neodymium ethylsulfate |
'Gamma,' ehex:gy ' ' o , B?.UZFZ
(kev)
53k -0.3170.011
1220 - ~ 0.1335#0.0045
" 1&17 : o . -b.zo6io.016
1643 0.095%0,005
1841 10.20540,025

2002 ' ~ 0.154%0,0L0
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Fig. 13. The decay scheme for Tb™”" — G4 . The transitions are labelled
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The angular distribution of the lhl7-kev'y'ray was found tovobey
the equation W{O) =1 + X2P2(cos &), where 0 is the angle'Between_the
direction of propagation and the crystalline c axis (Fig. lh).' At
0.017°K we find X, = -0.206 + 0.016. Here X, is the experimental

coefficient of the P (cos 6) term. if:there areeno”effectsetending to

2

attenuate the orientation, it 1s equal to B2U2F2 -Novevidence for a

'Bu term could be found, even at thls pemyerature.

2 C. Discussion

The decay scheme as. worked out by Hansen, Nielsen, and “helinezo

and Ofer19

the spiﬁ of the 1620—kevvlevel; the~existence»oi the 199535-kev trans1tlon,'
the ground-state spin of Tb 56, the angular momenta carried away in the

156

electron capture decay of Tb , and the mixing ratios of the -y rays.

has several unknown quantities: the spin of the 20k2- kev level,

The ‘nuclear orlentatlon work can determine some but not all of. these,
since they are not independent of one another; that is, in some cases
there are just too many unknowns. _

~ Both Ofer and Hansen, Nielsen, and Sheline have determined
multipolarities of some of the transitions by eonvérsion coefficients.

The results are:

Energy~~“v B - - Hansen, Nielsen and Sheline ‘ Ofer

(kev)- ' T . . -

534 . - o Em . El (3°= 0.03%2)

. . o ' e -2.7

1220 E2. E2 + M1 (8= '2‘5+o.8)
1417 . E2 - E2

1643 El

1841 El

B "1955" o Bl

1.. The Spin of the 20L2-kev ILevel:

Both Ofer19 and Hangen, Nielsen, and Shelinego‘ﬁentatively assign
a spin of 4- to this level. The 534 -kev tfansition, which is primarily
El, goes from this level to the bt level at 1507 kev. The spin of this
level could also be 3 or 5. 1If the 534 -kev transition were pure El, its
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Fig. 14. Dependence of -Xsz (cos 6) for the 1417-kev ¥ ray of. Tot? 6 on

the angle 6 between detector and crystalline axis;' The curve is

1 0.206 P,(cos 6). 1/T =58.5.
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" F_ would be positive in both these cases. It.would require more than

2 .
0.9% M2 admixture in the first case, and more than 2.4% M2 admixture in

‘the second case, to make the Fp negative. If the spin of the 20L42-kev

level were %, the spin of Tb156 would probably be 3. If the spin of
the oOkp-kev level were 5, the spin of Tb 0 wowld probably be k. The
ratio of the X2vof the 53k-kev y ray to the X, of the 1841-kev <y ray is

(-0.317 £ 0.011)/0.205 £ 0.025) = (-1.55 + 0.25).. Since the BETs are
the same, this is also the ratio of the U232(55u) to the U2F2(18u1).
The U2’s depend on the spin of Tbl56, the spin-of the level.to which
they are going and the angular momentum which they carry away. There-

fore if ‘the F2(18u1) is known, the F

2
of the ground-state spin of Tbl56, the spin of the 2042-kev level, and

(534) can be found as a function

the angular momentum which the two electron-capture decays carry away.
If the l8hi—keV'y ray is pure El, then F2(18u1) = 0.346. The following
extreme cases are possible, as well as those in which the electron-cap-
ture'transitidns:amamixed. The L(kev) is the angular momentum carried

away in the elecfron capture to the designated level.

feoiz) 1Y) Lleoke)  L(1931)  Fy(53h) % M2 (534)
3 3 0 0 - - 0.536 impossible
3 3 1 1 - 0.536 . impossible
3 3 0 1 - 0.485 3l
3 3 1 0 - 0.593 - impossible
5 L 1 1 - 0.548 22

All these possibilities contradict the conVersioﬁ'coefficient
data, therefore a spin of either 3 or 5 is ruled out for the 20h42-kev

level.

2. The Spin of the 1620-kev Level:

It is possible to say from the nuclear alignment experiments

that the-B2U2F2 of the U22-kev +y ray is positive, and therefore that

'-FE(MQE) is positive. This is consistent with an El transition going

from. a b- state to a 5+ state— the state at 1620 kev-— and is incon-

sistent with an El transition going from a L+ state to another spin 4 state.
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Although also consistent with an-El transition going. from a §pin h- to
a spin 3+ state,-a'spin of 3 can be ruled out.for this level because

an appreciable fraction of, its decays go to a spin:6_state,‘

3. Eiisﬁence of the 1953-kev Transition:

Ofer includes a transitionAof 1953 kev -in the decay scheme,
which goes from the 20L2-kev state to the 89-kev state. . Hansen, Nielsen,
and Sheline find several transitions with energies between 1990 and

- 2030 kev which seem tovbe El in character, but find no transition with
an energy of 1953 kev. In the experiments reported here, there was a
peak which appeared. to have an energy of about 2002+5 kev. Although .

- no particular effort was made to determine the energy accurately,'it is
.felt that the energy of the apparent peak in the -y spectrum“is.definitely
greater than 1953 kev. It is not possible for us to say whether this is
a single or multiple peak. Both Ofer and Hansen, Nielsen, &and Sheline
-find the peak invcoincidenée with the 89-kev transition only, so it must
go to, the 2+ state of the ground-state band.. The sign. of the experi-
mentai F2 is positive, which seems to rule out the possibility that

the transition is between a 4- and 2+ state, since at least 2&% octupole

character would be needed to make F positive.

L. The Other Unknown Quantities:
The muitipolarity of the 55h—keV'y ray, the multipolarity of

the 1417-kev vy ray, the multipolarity of the 1220-kev -y ray, the angular
momenta carried away in the electron-capture decay to the 20h2-kev ahd
the 1931-kev levels, and the spin of the ground state of Tb156 all
depend on one aﬁbther. In particular, the assumptions made about the
multipolarities of tiie 534-kev and 1417-kev y rays determine the values
of the rest of fhe.duantities. There are at least three'ways of looking
at the data. An assumption common to all three is that the 1841 -kev

Y ray is pure El.

a. First Method of Interpretation— Assumptions:

The 1417-kev transition is pure E2. The 53k4-kev transition
may have some M2 mixed with the El. There is ngd-reason to ‘believe

that the 1417-kev transition should be pure E2. The transition is
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between a L+ and a 2+ state. Hansen, Nielsen, and. Shelinego found
~ (9.6 +3) x 107
1.0 x 1077 and o (M3) = 5.8 x 10

data allow as much as 3.1% M2 in the 55h—kev'transition; it is also

. The values given by Sliv and Band are @, (E2)=
-3 15

Ofer! s-conver51on—coeff101ent

agssumed that there is no reorientation during the lifetime of the
' ) -10

1507;keV'level. This level has a meaSured_half life of 1.9 x 10 sec.
Results: ’
With thesevassumptions, the F (lhl7) would Be‘—O.HH8. The ratio
of X,(53%) to X,(1417) is (-0.317 * 0. 011)/(0 206 + 0,016) = 1.539 *
0.187. This ratio theoretically also equals F (55&)/[U x F (lhl?)
Here Ug' describes the reorientation of the nucleus‘durlng the 534 -kev
transition. It is a function of the‘spins_of’the'20h2-kev and 1507-kev
levels, and of the multipolarity of the transition. Both F2(551+)
and U27'are.functions;of ®, the ratio of the quadrupole to the dipole
matrix elements in this transition. When one solves for & it is found
to be @‘523.16)’ which means that the 534-kev trensition is (93“:; 2)
% M2. With the ‘assumptions that the 1417-kev transition is pure E2,
and that there is no attenuation in-the intermediate state, the angular
correlation data of Ofer allow between 4 and T% M2.
The ratio X, (534 ) /x (18&1) is (-0.317 o 011) f0.205 *+ 0.025) =
(- 1. 55 0. 25) The B.'s are the same, so if one computes U, 55u/U2(18_il;l)
using the F,(534) of (o 568Jro 0“5)
to be @ 9&&*0 221)

calculated above, this ratlo is found

156

T(To ~ L(20ke) n(19%1) U, (534) /U, (184)
) 0 R 1.104
L, 1 1 0.939
3 1 0 0.905%
3 1 1 1.208

The experimehtal ratio of the U.'s is séen to be closest to the fheo-
retical value for the case in which Tb156‘has a spin of 4, and one unit
of angular momentum is carried.away in the decay to both the 2042-kev and
l951-kevllevels.
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The experimental value of X2(16h5) is 0.095 *°0.005. From the
ratio of this quantity to X (18&1), it is found that F2(16u5) = 0.160 _
+ o.oo8._1The ratio X.(1220 /x (1h17)= (0.1335 * o;oous)/(_o.eoé + 0.016) ~

2 .
gives F_(1220) = 0.290 * 0.030. This implies that the 1220-kev transi-
tion is (?9 8+O 2 % gquadrupole. ' o S -

Although most of the data fit this assumptlon, the’ convers1on-
coefficient data for the 53& kev transition seem contradlctory. It
v/
_ this transition were <? 5 6. é) % M2, then ak would be (Q 0095 -0. OOM)
The lower limits of this error do fall w1th1n the upper limits of
‘Ofer's error, ‘but not within the limits of error of Hansen, Nielsen,

: aﬁd Sheline.

b.. Second Method of Interpretation— Assumptions:

V'The 534-kev transition is pure El. This is Justified on the
‘basis of conversion-coefficient data. Hansen, Nielsen; and Shelinego
“found = 0.0030 * 0.008 and ofer’? found @, = 0.0042 £ 0.0015. Sliv
and Bandli‘give theoretical Valuesvof_ak(El)e= 0.0038 and,ak(ME) =
'0.0632. The former results indicate that there can be no M2 admixture

- #n ‘this transition, whereas the latter results ellow as much as_§.2% M2.

‘Results: _

" With these aseumptions, the Fé(55u)'ﬁou1d be -0.439 and the
F (1815) would be O. 346. We find the ratio U, 55&)/U'(18u1)= (-1.55 *
0. 25)(0 346/+40./439) (lFQl + 0.19). This experlmental value is seen
to be closest ito the theoretical case in which the spin. of Tb156
5, and one unit-of angular momentum-is carrled away in the decay to
“both the 20L2-kev and the 1931 -kev levels.
: Since it is assumed that the 53h-kev transition is pure E1,
U,' would be 0.850. Using this figure, we determine F,(1417) =
-0.336 % o.o2u and F2(122o) 0.217 * 0.005. For the 1417-kev transi-
tion this would mean &(M3/EZ2) = <0.11 * 0.03 or that the transition is
1.2 * 0.5% octupole. For the 1220-kev transition if would mean o e
e (E2/M1) = 14.9 + 1.6, or that it is 99.5 * 0.5% quadrupole.
Although the amount of octupole admlxture in the. 1417-kev

tran51t10n is small, 1t seems rather unllkely that there would be any.
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However, Hansen, Nielsen, and Sheline tentati#ely assign a K quantum
number of 4 to the 1507-kev level. The 89-kev level has a K quantum
number of O, which means that there would be A K = 4 for this transition.
This would tend.to hinder it and might allow this much octupole admixture.
The single-particle model predicts that the ratio of the half llves would
" be greater than lO7 ,

A spin of 3 for the ground state of Tb seems the more llkely
from decay-scheme considerations. Hansen, Nlelsen, ‘and Sheline have
tried to balance intensities, and they find that 64% of the EC goes to
the 2042-kev level, which has a spin of 4, 6% goes to the ‘spin 3 level
at 1931-kev, and 10% goes:to the spin 2 level at 1152‘kev. The: proton
‘state, as found in other Tb isotopes, is probably 3/2+ (hll). The
Nilsson diagram shows that there is & 3/2- (521) state available for the
91st neutron. There is also a 5/2— neutron stafe nearby, but its asymp-
totic quantum numbers are (523), so that it would couple antiparallel,
leading to a spin of 1-. A 5/2+ [642] neutron state is available which
would couple to I=k.

¢. Third Method of Interpretation-— Assumptions:

The 53L4-kev transition is pure E1l. The 1417-kev transition
is pure E2. The Ue' reflects the possibility that some reorientation
- may.be taking place during the lifetime of the 1507-kev level.

Results: ,

The ratio between U2(55M) and U2(1841) is derived as in the
second method above (b), so a spin of 3 is favored for Tb156. ‘The F,, of
the 1220-kev traﬁsition.is the same as it was in the first method (a).

To give these results, U2' would have to be 0.637. If the
intensities are correct, and 95% of the population of the 1507-kev level
~comes through the 554-kev'transition, the remaining 5% wouid have to have
a U2 of —3.&. No reasonable assemblage of angular momenta couid give
this result. Therefore the only explanation for this apparent U is
that some reorlentatlon is taklng place durlng the lifetime of thls level.
The lifetdime has been measured as 1.9x10 -10 sec. Ofer finds that F2(1417)
\is 0.55 of the_value for a pure tran51t10n. In this work, we find that

F2(1h17) is 0.75 of the value for a.pure.trahsiﬁion. Ofer's angular
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correlation work was done in a dilute aqueous. solutlon of Tb(N05)5’

and the nuclear orientation was done.in a crystal of neodymium ethyl-
sulfate. . It is possible that the amount of reorientation occurring
during the . lifetime of this state would be different.in the two
environments. It is somewhat surprising that the attenuation is greater
in the aqueous solution, since a solutien is generally_used_to obtain

an unattenuated correlation.

5.' Nuclear Moments:

- The nuclear moments were obtained. from the temperature and
magnetic-field dependence of -Xg»(55l+) (Fig. 15; Table.V).v,v The . 534 -kev
Y ray was used because the statistical accuracy of its_Xg,was better
than that. of any other resolved y ray, and also becausevits/X2 had been

studied at a larger number of temperatures than had that of. any other

Since XQ(T) = BE(vT)UgFg if there is no attenuation,. it is
necessary to know U2 and F2 in order to obtain_Bg(T). gThevfirst-method‘
of interpreting the data gives one wvalue of U2F2, 0.475, and favors a '
156. The second and third methods
1%
22 )

curves of BQ(T) vs 1/T are obtained. Theoretical curves were calculated

spin of h for the ground state of Tb

= 0.397 and favor a spin of 3 for Tb Thus two different

give U.F
for various values of p, the magnetic moment; and Q, the guadrupole
moment. The relationships between p and the A term in the Hamiltonian
has been calculated:,L2 to be Z = 0.23k4 u/IOK. The relation between
Q and the P term in the Hamlltonlan has been calculated to be P = 0.192
Q/41(21 -1). These curves were fitted to B, (1/T=40). The alignment
data didvnot determine A and P but gave a relationship between them.
For a ground-state spin of L, we find A = (11.3 +0.1) P+(0.051 +0.004) °k
(Table VI)v. For a ground-state spin of 3, we find A = (9.1 £0.1) P+
(O(J7+()OO5) K (Table VII). When these sets of values were compared
with the allgnment data for hlgher temperatures, and with the data for
, polarlzlng fields of 200 gauss and litele) gauss, the best flt was obtalned
'_ for a spin of 4 for A = (o 072 +o 010) °K or p = (1.23 0, 17) nm. and
P =(0.0018 + .0007 K or q =(1. 05 +0:41)b. The best fit for a spin of 3
was obtained for (A = O.llBLL + O.OOLL'Y °K or p = (1.&5 t0.06)n.m.and P =
(0.0045 +0.0015) °K or Q = Q.40 + 0.476) b.
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Table V

Experimental Bz'(T)UZF2 for the 534k-kev v ray-

0O OO0 0O 0O 0O 0O OO OO0 OO0 0O OO OO0 OoOOoOOoOOoOOoOOoOOoO Oo o o

)

1/T

11,
16.
16.
17.
17.
20.
- 20,
© .23,
25.
26.
28.
~28.
29.
“33.
3k,
35.
. 38.
38.
L43.
L8,
50.
52.
52.
53.
57-

0 N F FNMOONO FEUVNFEFOFEO®ONDN®W O o®N N

Neodymium ethylsulfate

- -B
0

oQC)O‘OOO0,0000000'O»OOOO_OOOOOOO

2U2"2
.013
.009
.016

.01k

033
.036
.03L
.053
,050
.069
.079
.079
.060
.092
.095
.150
.163

.200
.213
.258
.255
.266
.288
272
. 304

O O O o o =

.025 .

15T
.185 ¢

200
200
200
330
330
340
350

390
400
390
400
390
390

390

1/t
57.6
58.6
58.8
59.0
59.2

18.2
24,
26.

U\

15.
16.
18.
25.

= w < o

144
14.8
18.4
20.3
20.3
20.3

‘'O O O O O O O

-B_U_F

O O O O

2722
-295

.292
347
.345
.342

0.082

0.185

0.219

o O O O

.112
.161
.104
172

.Ok7
.115
L1k
172
.163 .
171
.19k

Yttrium ethylsulfate

© 0o o o o o

1/T

1 15.5

24,5

48,6

494
52.1
58.1

“BUafs
0.027
0.0k1

1 0.065
0.059
0.05k

0.065

&
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Table VI

Calculated and experlmental values of B2 for 1 = h“

(Tb15 ) in neodymlum ethylsulfate

Bzexpti A '0.0472 0.751  0.8757 0.099% 0.1228 0.1563 . 0.1891 0.2542
@4 0.80 1.28 1.50 ~ 1.70 2.10 2,68 3,24 k.35
P 0.000 0.002 0.003 0.00k 0.006 0.009 0.012 0.018
Q 0.00 1.17 1.75 2.3% 3.50 5.26° 7.00 10.5
1/T : S ‘ '
(B=0) , S - .
| 5  0.005 0.0259 :0.0056 -0,0026 ~0,0087 =0.0167 -0.0209 -0,0181 0.0017
10 0.015 0.0629 0.0338 0.0246 0,0183 ©0.0125 0,0155 0.0279 0,0695
15 0.050 .~ 0.1053 0.0729 0.0643 0u059% 0.0578.-0.0688 ~0.089k 0.1456
20 0.095  0.1556 0.12627 0.1201 0.1180 0.1219 0.1395 0,168 0,224k
25 0165 _ 0.2139 0.1918 0.1889 0.1895 0.1971 0.2170 0,2416 0.2939
" .30 0.250 " -0. 2793 ©0.2660 0.2655 0.2676  0.2758 '0.2930 ‘0;3122 0.3498
“35  0.3k0 - 0. 3502' 0.3160 0.3455 0.3473  0.3528° 0.3629 -0;3734 0.3928
k0 o.b25 0.4250  0.k252 0.4250 0.4250  0.4250 .0.4250 04251 0,4250
45 0,500 . 0.5017 0.5042 0.5017 0.4985 O.h911 0.4793 0,4681 O.lh89
50  0.560 - 0.578% 0.5799 0.5739 0.5668 = 0.5508 0.5264 = 0.5039 0.L4665
':'(}lxgoo) S . o , ? o
5 0.0l 0.027 6.007 0,001 -0005 -0.0LL  -0,013 -0.008 0,01k
10 0.03 0.076 . 0.061 0,059 0.059 ~ 0.064 0.079 0.098 0.143
15 0.10 = 0145 0151 0.158 0,166 0183 0.208 0.232 0.275
20 0.22  0.23 - 0.268 -0.283 0.296 0,318 0,342 0,359 0,383
25 0.0 0.342 0,397 0,415 0428  OL4L7 0460 .O/LEL 0,463
1/T . "
“(H=400) e . . , ,
5 0.0k 0.029 0.013 0.008 0.00k  0.000 0.002 0.010 0.037
10 0,13 0.096 0,102 0.109 0116 ~ 0133 0158 0,182 0.225
15 O.eh. 0,196 0,239 0.258 0,275 0,302 0,330 0,349 0,375
20 039 0319 0393 0k4l7 0435 0.459 O476 0481 0479

2 © Obs2. 05k 0563 0577 0591 0592 0.582 0552
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These values also provided a satisfactory fit for Tb;§6 in
yttrium ethylsulfate. Although the data in this salt are not too good,
since the temperature is not known very accurately, they do requIrL that

P be within the above limits for the two spins (Table VIII)

Table VIII

Calculated and experlmental values of —B2U2F2 for the 534- kev Yy ray of

9% 14 yttriun ethylsulfate, at /T = %0.
Exptl. I _ 53 5 5 5 5 b oo b b
A 0.068 0.089 0.099 0.118 0.127  0.047 0.062 0.075 0.088
P 0 0.002 0.00% 0.005 0.006 O 0.001 0.002 0.00%
0.0625 ~ 0.142 0.097 0.068 0.049 0.037  0.142 0.091 0.051 0.021
+0.0250

It is possible to generalize the formula given by Nilsson for

7

the magnetic moment produced by one odd nucleon' to the case in which

there are both an odd proton and aﬁ odd neutron. The formula.is

I L2 -EN e
H= I+l'{l/2 (gsp_ g!p) i (al,uQ+I/2 " %5 Q+l/2)+ & " 1/2 €sn
2 2

> (bZ,Q-I/E_bﬂ,Q+l/2) teglo

where gsp 5.585, the gyromagnetlc ratio due to the 1ntr1n51c spin
of tne l,roton,
g a =—5.826 the byromagnetlc ratio due to the 1ntr1n51c spln
of the neutron,

are the coefficients of the basis vectors for the

% a1/ |
eigenfunction of a proton moving in a.deformed nuclear
field, '

bz,Qtl/Q are the coefficients of the basis vectors for the

eigenfunction of a neutron moving in a deformed nuclear

field,



‘-
©

v

L9

& % 7/A is the gyromagnetic ratio of the rotational motion
.of the nuclear core, - I

,Qp - is the tota; spin of the proton,

I . .. 1is the nuclear spin, and. RPN

-8 . is the gyromagnetic ratio due to'ﬁhe-orbitél motion:

of the proton. _
: if tﬁe’grgundAstate spin of Tbl56 iSUB;'énd the deformation is .
n= 6, then probably the 'proton is in a 3/2 + (411) state, and the neutron
in-a 3/2- (521) state. These states give u = 2,0 rm. If one uses the
g factors given by Rasmussen and'Chiao;22 Qne‘findszp £ 2;1_nm.; The
theoretical value is seen to be in fairly'good"agreemeht'withvthev
experimental value. This'agfeement tends to confirm the hypotheésis that
the two odd particlés are not strongly é@rfelated.‘ It'is not possible

to choose among the several proton and neutron states that could

" combine to give I = 4. Therefore it is not possible to say anything

about the agreement between theory and experiment.
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