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ABSTRACT

Nuclei of several isotopes of promethium.were.aligned at low tem-
peratures by a pseudo-quadrupole interaction in cerium magnesium nitrate

and by a magnetic hfs interaction in neodymium ethylsulfate. . Pseudo-

143 1hh

quadrupole coupling constants were determined for -Pm , - Pm , and 5.4 day-
148 143 148 148
Pm . Nuclear moments were derived for Pm 5, 5.4-4 Pm” 7, 41-4 Pm” T,
1hg N 148
and Pm 9. The spins of 5.4-d and 41-d Pm were found. to be 1l and 6-

respectively. Evidence was- obtained for spin aséignments of 6 to states in

148 14k
Sm at-1.90, 2.09, and 2.19 MeV. Measurements. on.Pm tend to confirm

the validity of the temperature scale for cerium.magnesium nitrate.

\
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 hyperfine structure in metals.
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I. INTRODUCTION

The methéd of'ld%—temperature“nuclear»orientation.haS'been used with
considerable success:in recent.years for élucidating certain .basic features
of nuclear.decay processe\s..l’2 Like -other experimental techniques, itfis
most fruitfull& employed where it-can yield information either-uniquely or
with éreaterfeése or reliébility than can -other methods. Thus..another. area
in which nucléar»orientation can”be»particularily'usefulhis;in studying
certain subtle aspects of. internal. fields .in solidsvuférmexamplémmagnetic

L ,
3 .An additional.example.in.this area is

the detection of .small..quadrupole5 ahd-pseudo-Qﬁadrupole6 effects in ionic
crystals. In this paper such.effects are reported for .several promethium

isotqpes in'a4lattice of ceriﬁm-magnesium nitrate (CMN). The- pseudo-quadrupole

interaction is-discussed in terms of crystal field theory.- Coupling con-

'stants and nuclear moments are derived . from the experimental data. The Pm

-isotopes were aligned in both CMN~and-neodymiumxethylSUlfate,(NES),;and

several nuclear parameters of-theseAisotopes‘and.theiradaughterS»are also

reported.-
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IT. FXPERIMENTAL.PROCEDURE

Farlier experiments have shown that Pm isotopes can be aligned in

. ) ! ) 8
both NES and CMN 1attices.6’7?

-
<&

In the present series of .experiments. we

148 - _ 148 : 1k
have aligned (5.4 day) Pm and (41 day) Pm~ = in the NES lattice .and Pm 5,

1l o\ . 148
Pm- , and (5.4 day) Pm in the CMN lattice.

1L 1y N
Pm 3 and Pm were prepared as discussed in ref.. 7.and' 8 respectively.
The Pmlu8 isomers were made with roughly equal yield in the Berkeley 60"

148 .
cyclotron by a (p,n) reaction on Nd (in enriched NdQOB)' - The target

. +
materisl was passed through-a cation-exchange column to separateaPm.i from

+5

Nd ?Fe promethium isotopes were then taken up in saturated solutions of

NES or CMN and single crystals, weighing about -5 gm},mof-théscorrespdnding

+ +
salts were grown with Pm5 incorporated -substitutionally into the Nd 5amd

Ce+5 lattice éites.».The crystals were then mounted in.an adiabatic de-
magnetization cryostat described~els§wherew9 - The temperature-range covered

in NES was 0.02 <T < 1° K and in CMN was 0.005 < T < 1° K. The magnetic °
temperatures of the salts were measured with coils and an AC mutual inductance
bridgelo and. the temperatures-were converted to thermodynamic temperatures
using the data of Meyerll for NES and the data of'Daniel-s.and}Robir;son12 for
CMI . .The»crystalStwere sufficiently isolated- thermally -to stay below the
helium bath'temperaturecfor.about é hours :after each demagnetization. Count-
ing, using multichannel analyzers, was done for a period of from 2 to 5
miﬁutes-immediately after eachvdemagnetization. The crystal was then warmed
to the heliumxbath temperature;andvaﬂnormalizationLcountawas;takenm .Appropriate
corrections, amounting to_abéut io% ofbghe anisotrépic compoﬁenf of angular

distribution, were made for such effects as the finite solid angles subtended

by the counters.
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I1TI.  EXPERIMENTAL RESULTS -

L
A. Pm
The. decay scheme of Pm .. after Ofer15 and Funk,. et al.14 is shown
o | o - SIS | '
in Fig. l.e<From:earlier.alignment'experiments en Pm in NES magnetic

hyperfine structure constants, A, for spins of 5 and 6 were available:. We
1kk ‘ : : :

have aligned Pm . in CMN and ebserved the:anisotropies, for the-UTh, 615 and

695 keV:y -rays. The intensity of 7y -radiatien .emitted from oeriented nuclei,

1
as defined .in the usual way 5,ais given as
I(6 = | . .-.
(6) 5‘ .BkUkaPk(cos 9) | | (1)
For -low degrees'of alighment this equation can:be approximated by

;Ii(G) =‘l_+ B2U2F2P2(cos 8) - (2)

where theehiéher ordervtermemapehnegligiblef Themtempexa;uremdependeneeuef'

- 1(0) for the 695 .keV y -ray at @ = 0" and 6.=.90"-is shown in Fig. 2.

The anguiar dependence of I(6) for the 615 keV <y -ray at 0.0051O K-is shown

in Fig. 3. vThe data for this temperature may be'fitted‘by a curve of the

form
I(G)‘:_(# 0.143 i_O;QOM) Pg(cos 8) - (0.003 + 0.004) B, (cos 6) (3)

The values of I(0) at T = O.OQ§lOBK;are given .in Table:I for the three <y -rays ,

2_2..of the 474 keV y -ray is coensiderably

(24 =+ 7%) less than U.F

¥ for the other two y'éréys. The .same effect was

observed previously in NES.
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For "streched" transitions of the type I (L) I-L (L) I-2L etc., the
Uka products, hence ;the-angular. distributions, -should be.identical fq:.all . ~
v -rays (i.e., UFy (yi) = UF, (yi+l)’ etc.). .?hls can eas1lyfbe shown by

15 s

writing out fhe U. and F, functions explicitly in termsvof.6-j symbols.

k k
The three 6~jisymﬁols that are necessary to theproof all have the form

A one-term expression for 6-j symbols of this form

6

is given in,EdmondsV-book; , and the proof reduces to a few lines of .algebra.

It is valid for all -I, k, and L. Alternatively the same result may be derived
- . .17

from a similar-result of angular correlation theory 7 simply by substituting

F

B fhe orieniaid&mL@axameter,.for.AFk ,» the I . coefficient for the first

+k’
y--ray in a "stretched" cascade.’

The fact that the 615 and 695 keV <y -rays are stretched transitions
explains why their UF,'s are equal. 'However if the spin of Pmll’LLL were 6
and if the E.C. decays also involved;only the minimumnangularzmomentum change,
the ﬁéFE ‘

6f therﬁ7hwkev Y- -ray shouid»aiso be~£heisame;as~thaf of~the
succeeding £ransi£ions, and this'is contrafj touthe¥experimehtal-observation.
| If one assumes that the spin of Pui " is 6 and that both E.C. decays
are of the t&pe L = 2; tﬂis—would léad.to.a 15% rélative_reductioh in U'2F2
(474 keV). 1If one assumes that the 'spin of Pmlu% is 5 and that the 45% branch -
of the E.C. decay is L. =2 and the 55% branch is. L =-1 this would lead to
a 15% relative reduction in UéF2‘(47h~keV). Ofer™. estimated the log ft of the
45% branch 'to be'8:0vand'theilog'f£'of the_55%.branéh to be 6.8. Thus the
above assumption of a higher L for the E.C. of the 459 branch does not seem
very reasonable. -Another'poSsible'éxpianatioh‘fqr‘thé decrease in U‘2F2

(474 keV) could be that the lifetime of the 1.784 MeV state was somewhat
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Fig. 4. We have aligned Pm-
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longer than-that of the 1.310 MeV. and 0.695-MeV states. - This longer life-

time could permitasome»degree of reorientation and.a -subseguent attenuation

in the size of the effect. vIn.any case the smaller size of U'2F2 (474 keV)

is not well understood.

14
B. Pm 5
143 . L . . 7
Pm 7 - has been previously aligned in NES. The decay schemes proposed
1 18 .
by Ofer 5 for Pml4§ and by Starfelt and Cederlund 8 for'PrlLL5 are shown in

143

- . in CMN-and observed the anisotropy of the
740 keV y -ray. The tempefaturevdependence of 1(0) for this y-ray is
shown in Fig. 5. From this curve.it is evident that a very high degree
of alignment has been achieved-beCause at the lower temperatures the curve
is asymptotically appreaching a limit. The angular'distribution at

T = 0.0031° K could be fitted by-thentheoretiéal curve I(8) =1 + 0.090 X

PE(COS 0) to within experimental error, again showing that the terms with

k >2 in Eq. 1 were negligible.

143

The ground state spin of Nd has been measured as 7/2 by Murskaws

| /2
shell model theory. Ofer found the T4O keV -y -ray to be predominately Ml,

' 19 . ' : . , .
and Ross. This corresponds te-an odd parity f / -state according to

, : 1k
implying that the spin of the ThO keV .state in-Nd ¥ must be 5/2-, 7/2- or

9/2-. A1l of these spins are censistent with.the data shown. in Fig. 5.
| 143

The shell model predicts that the unpaired 6lst proton of Pm will occupy

either a d5/2 or- 57/2 state. By comparing the data in Fig. 5 with the
theoretical values of B, we can obtain UJF, for the 40 keV . vy -ray.

If we assume tha£ the spin of Pml15 is 5/2 we obtain 'UéFQ = - 0,09% * 0.005;
for a spin of 7/2 we obtain UF, = - 0.09% * 0.00k.

272
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Bl1. PrllLB )

L 143 . ‘. : }

In connection with our work on Pm we searched for a T4O keV < -ray o
o 1k , 18 -

associated with the decay of Pr 5, Starfelt and Cederlund found that the

13 . L "
ground state of Pr lies 922 keV above the ground state of Nd . It might. .

L3 L3

therefore be expected that Prl would decay to the 74O keV state in Ndl .
%e'obtainéd 10 mec of ?r145 (from the Oak Ridge Radioisotopes Division). The
Pr+§§as subsequently purified on an lon exchange column and any short-lived
Pf~activitiesmwere allowed to -decay-away for a few.days. The half-life we.

143

observed for-Pfxﬂ was 13.5 % 0.6 .days which.agrees well with earlier deter-
minations.

‘The'Pf;uj.sourcevwas;placed btheeﬁ Be absorbers to stop the.B-rays
and cut down on thezproduction of:bremstrahlung. The.photonwspectrum observed
with a Nal counter was: linear out-to about YZOmkeV$onnaﬁseﬁi—&@g-scale~(Fig.!=
6). A straight line was fitted through the data.and.thenfsubtracted,ffom
the daté to get the gquantity A shown in Fig. T. . The solid curve in Fig. 7
represents.the curve we feel best fits the data. The broken line corresponds
to a theoretical curve which should be .observed if 1.5 X lO_u% of the Pr;%B
- decays produced 740~keV~y¢~rays.~~We-feelvthatjthishcurve;represents a
reasonable upper limit fdr;the -y --transition, yiedding log ft > 11.0 for
the B~ decay which populates this states This beta branch thus probably in-
volves at least two units of angular_ﬁomentumvcarried away by the leptons. -
Budiék et al.gouhave recently. measured the spin of@Pr%uB as 7/2. -Since the .
740 keV state\of;Ndlh?.must:have-spin and~panity»5/ée3 7/2— ér 9/2— by
virtue of the ML transitionvtobfhe~7/2-.ground.state, the ' (thus ordinary
first-forbidden) beta branch to the THO keV sta,te.fr.om...Prl43 is incredibly
hindered: The -log ft of 11.0 would be high even for.a unique first-forbidden

trarsition (which this would be if the spins involved were 5/2+ and 9/2- in
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-example is furnished by the decay of Nd ..

C.

-T- _ . "UCRL-104T72

143)

1l ' ‘
Pr 5 and Nd& For a nonunique transition this log ft is remarkably

high and suggests a new selection rule for Bjdecay'in this region.. A similar

i
7. A statement of this rule which

fits .the existing data is that the interactions of tensor rank 1 are for-

bidden, at least for AI # O.

(5.4 day) Pul 0

: 2148 ' . : '
The 5.4 day isomer of Pm 8 was .aligned.in.:both NES.and . CMN. The
: L ‘ '
decay schemes of the Pm u8risomers:have"been.throughly“investigated re-

22-2l : = 2l
’ ~ :The -decay scheme after Reich, et.al. .is given for reference in

cently.
Fig:~8;~:Thewonly.wyw-ray~ani§otr0py“We"wereﬁablewtOﬁmeasurewaécurately-was
thaf of the~146OAkeV' 7~-ré&. The»9lO«and=550fkeV‘W-iréys had,too muchlback—
ground .under ﬁhemvfrém.the hl-day-iéomer to enableﬁanjaaccuiafé.determihation
of fheir“éﬁisotropies. -Thé~temperature dep¢ndence of”I(b)vforsthe 1460 keV
Y -ray in CMN.is shown in Fig. 9: |
.Reich et.al.euwere able tévshow.that the spin of the 1460 keV state
148

in-Sﬁ iS'l-. Based -on this result and the data in Fig. 9 we can establish
the spin-of-(5:%-day).Pm;uayasvl_;'uFor=thé:decay'ofv(5uhbday)~Pml%8 to the
;460'keV statefourhﬁataqfit eithex;a.l‘—»l :br.jzhf»QA transition very well
but not a 2 =1 spin sequen¢e.,vIn-order-to obtain aularge.enough.Ué with

the right.sign foriie-—rl-spin sequence.one~wouldlhave,touassume almost pure

L =2 Afor the‘Bf decay to the 1460 keV state and even..in this rather unlikely
case (log ft is onl¥ 7.8) a small deviation from-.linearity in I(T) should be

observed as-indicated by the dashed curve in Fig. 9. -The 1- ground state

148 ‘
spin assignment for Pm -also fixes the spins of the 75 and:. 135 keV states
148 '

‘in Pm <-as-2-~énd~6-ﬁrespectively.

The temperature dependence of I(0) for the 1460 keV -y -ray in NES is
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shown in Fig. 10. In both NES and CMN, I(8) was ‘found to fit'a ’Pé(ces o)

distribution, showing: that-terms of higher order than' B U.F, were negllglble e

The 1460 keV transition must be pﬁfe.dipole;‘requiring'an=F2”of + 0.707;7fThe
e

‘parameter Bé must be negative in CMN (see Sec: IV);-therefore-Ué must also

be negative. The B~ .decay which populates the 1460 keV state must be pre-
domingtely L = 1 since L = 0 and L =2 give~positivefcontfibutions to U

The CMIN data establlsh U'2F2 < - O 25 Thus U2 for thls y-ray is less than

- o 333 and the 1. 1 MeV 5 branch must be more than 72% of the L =1 type.

We obtalned a very. rough value of + 0.01.%£ 0. 02 for B2U2F2 of

the 910 keV -y —ray at O 0035 K in CMN. Thus .8 ,~the~E2/Mluamplltude-mixing
N ol '
-ratio, 15»-;0.06 O 06 From thewangular correlation data, d is.deter—

mined as & = + 0.046 O OOl Inasmuch as the. Slgn of & must necessarlly
) 25 26

be dlfferent between the two experlments these results are_in good.

agreement.

D. (41 day)er;ua.

- The 41 day isomer of Pmlu8:was aligned. 6nly in NES. The decay scheme
for this isomer is also given.in Fig. 8. We were. able to observe the -
anisotropies of the 550, 627, 723, 913 and 1011 keV - -rays. All the I(6)
for these five -y -rays showed a'pure‘Pz(COS 8) behavior. .The temperature
depehdencéfof I(0) for the 550 keV +~y--ray is shown in Fig. 11. The tem-
perature dependence of I(8) for the other Y Arays*which»we observed had the
same form. The parameter I(0) fer~the five y -rays at T = 0.02° X is .
given in Table II. From this table it cah again be seen that I(0) for the
550 and 627 keV -y -rays is the same to within experimental error since
these are streched transitions. We-were able'to‘estabiiSh.limits on B2

at 0.02O K-of - Bé‘= 0.26 '+ 0.03 by computing maximum and minimum values of
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2

which then gave the range of allowed values for-Bp. Since B, .must be the

3 and'.F2 . for all five <y -rays which were consistent with the decay scheme,

samebfor»all %ﬁe transitioﬁS~at any-givgnrtemperature=thelqvérlap of these
values was-uséd'to establish the above‘limits.s wa-we»may.éombine.dﬁr dafa
with the.angular corre-.'!_.a.t:‘Lon»:.d:a‘f,ézglF to-establish.theuspinévof the l.90,v2.09
and 2.19 MeV statésjof Sﬁlh8.‘ Thé}Reich-etu al. data are coﬁsistent With‘spins
4 and 6 for the 1.90-MeV: state. If £he»spin~of this;statemwe£e~4, B, would
have to Bé 0.17.i:O.QLatanO2O Kuto.agreeaWithuthesewdata; therefore thié

spin possibilitynis ruleduoutuvnfer«amspin“assiggment of 6, Bé~at'0-020 K
wouldvhave-%bﬁbe 0.25 .+ 0.0k which agrees ver& Wéll with our value o.frB2

and establishes the-spin of the 1.90 MeV state as 6.

For the 2.09 MeV. state, -the -angular correlation.data are consistent

. N N . L O
‘with spins 5 and-6.. If the spin of -the 2+O9fMeV=stateswere<5,~B2-at 0.02° K

wduld'have.to be 0;19 £fé;05 to agree with this data and this makes the
agreement with our value rather poor. -For-a spin 6 state, B, ﬁould_have to
be 0.27 % 0.04 which agreeszell.with.our value of B, and makes 6 the most
likely. spin assignﬁent for this state.

, 2The-2.l9—MeV state must have spins 4 or 6 to be consistent with the
angular cqrrelatiop data. 'If the spin of this state yere-h, Bg.would have
to be O.SO # 0.01 at O_.OEo K which.again.is not consiétént with our value.

A gpin.assignment of 6 for this state leéds to a value for Bg-of 0.28 £ 0.0k,
invgood agfeementTwiﬁh éur value. Thus the spin of this state is 6.

It thus seems-iikely that the spins of the im90, 2.09 ana 2.l9
MeV states are all 6 and that the 723, 913 and 1011 keV -y -rays are all pure

E2 transitions.
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IV. HYPERFINE STRUCTURE CONSTANTS

The observables in nuclear orlenfatlon experlments are compllcated
functions of the 1nterest1ng parameters 15 In all but the s1mplest case
these functlons are-not-ea51ly.1nverted. Certaln assumptlons, usually about
the- multlpolarltles of unseen tran81t10ns, must often be made-in using . the
datauto<der1ve»such quantltles,as nuclear moments. As.futurevexperimental
tests. of these assumptlons may make the nuclear orlentatlon work’ subJect to
re- 1nter§retatlon, it is desirable-to. state clearly the assﬁmptlons.made in
1nterpret1nguthe—dataf “Thus in th1S»sectlon_the derlvatlon of coupling con-
stants is discussed. o S . |

Flrst the form of the Hamlltonlan for: Pm- 5"irvl‘both the'NES;and-CMN
crystals requires. separate dlscus51on -Bhirley et al. 8,showed that f@r:'PmlML

aligned in NES:the-mostrimportant‘term leading to-alignment was the magnetic

hyperfine interaction

H = as1 o ' (4)

This interaction produces equally spaced nuclear'magnetic substates and as a

conSequenee,the leadiﬁg term in B2 goes as T_g._ We observed-this same

L, . 1k
initial behavior of B, in (5.4 day).Pm;u8 (Fig. -10) ‘and (41 day) Pm 8
(Fig. 11). | o g . o | .
. . 6 vk R g . .
Chapman, et al.  showed that for Pm aligned -in CMN the interaction .
has the quadrupolar form' '
. . 2 . ,
do= P(r - (1/3) 1 (1 +1)] (5)

This was shown from both the sign and temperature dependence of the <y -ray

. anisotropy. - A quadrupolar interaction produces splittings in the nuclear
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. magnetic substates which are.proportional to:‘IZ2 and consequently the lead-

ing term,in*the~temperature:dependence'of- B, 1is &T_;,, Our results for

2
14 1L : . -
=Pm;45,.Pm~,4,.and{(5.&naay)zPmluBTaligne@*ineGMN.are;in complete agreement

-witthhapman'S"observation.-4In~each:casé the sign of the -y —réy;anisotroPy

in CMN.is-0ppositeatowthapﬂin.NES. ‘Further, the:temperature.dependence of the

‘anisotropy in -each :case .is-very.accurately represented- by an interaction of

the~quadrupolarfformuQFigsa~2,u5,»and:9)a ~This-is especiallonbvidus for
1l o ‘ |

-Pm> sxand'(5w4~day),Pm}%8 inﬂwhichuthe-characteristic;T-;“dependence of I1(8)

is -exhibited over ‘the entire -attainable temperature range.

- Thus-it -is certainly justifiable'to derive an.experimentél hfs coupling

- constant, A, from the-alignment data in NES and a . “quadrupole" coﬁpling con-

stant, P", from: the alignment data-in:CMN. :The hfs coupling constants, 4,

. L 148
were -evaluated in a straightforward manner for (5.4 day) Pm and- (41 day)

Pm148-in NES and are -given in Table III.

3

+ .
- For "Pm -inJQMN~a pseudo-quadrupole interaction is expected (Sec.-V).

/ . : : :
The ‘pseudo-quadrupole interaction is an. old problem in atomic spectroscopy
(see.for example ref. 27). -The quadrupole -coupling- constant, P, and the

pseudo-quadrupole .coupling constant, P', arenot related in a known fundamental

. way; they ‘are given by

P - Q
I 1 o - ) ©)
which describes an electric effect, and
u2
P' =C' S5 (7)

I
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which.describes a magnetic effect. The constants . C and C' ‘dre independent

ofmnuClear:parametersméhd thus have the.same values for.all Pm:.isotopes- - -
" - For the.present axiallj—symmetric problem,.however,uthe;two.coup—

ling -coenstants -are- indistinguishable and only their suln P" is measurable.

4 : : ' +5 o
-Thus the hfs portion of the ground-state spin-Hamiltonian for.Pm 5 in CMN 1is
T .2 v 2 . -
H=(+P)[1,°- (/31 (@ +1)])=P"[1" - (1/3) I (1+1)] (8)

‘We shall refer to P" as the total quadrupole.coupling constant. 'Frdmiour

1143
data on Pm

Q

Ak 148 )
, Pmn and (5.4 day) Pm in CMN we can evaluate the experi-

mental total .quadrupole. coupling constants P" .and these are -given in:Table IIT.
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V. . CRYSTAL FIELD THEORY

In order to derive nuclear moments from.our.alignment data in

-CMN it -becomes necessary to evaluate C' experimentally. This may be done

only if the relative sizes of P and P' are known. To estimate these magnitudes
we used the crystal field theory of Elliott and Stevens,.- .extended by-Judd 7

to CMN, to work outvthe-eigenvalues;and eigenstates for the ground-state

o +3
manifold'of Pnm 5in-CMN1

The crystal field“parameters are:found_experimentally to change

P

qulte smoothly through the rare-earth series: and tThe. follow1ng set of

+ .
pamameters-for‘Pm 3. Was obtalned by 1nterpolat10n from the values glven

29

by Judd.

+ 1850 cm_l, A6(r ) 700 cm-l,

6<r ) = - ko em™ L, _Ag(l«6>

-1

- 30 em ~, and vAi<ru) = 4 koo et

Il
]

- ko cm-l,.Ag(ru).

A"

The signs of - Aé(r6) and .Ai(r&) are arbitrary but must be different. Energy

matrix elemente;were-evaluated-for the 9 states of the lowest level, 514
The 9 X 9 matrik reduces to.three '5 X 3 matflees,:anddthe'eigenvalue problem
1nvolves only solv1ng cublc equatlons. xlheﬂelgenvalues”and eigenvectora,are
glven in- Table IV | | o | V

The lowest enefgy state.ls a. 31uglet whlch‘lles about l9 cm

below the next (doublet) state We.may now determlne the relative sizes of

P and P'.
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Evaluating P' from.
L2 2 2
H = . ,IéN " (2" (@ D (9)
and usingB; (rf?) = 36.6 A_5 -for “fm+§, we obtain
2. r
P = lf”8 x 1077 .;g_ em™t o (10)

. . " . _l : . . .
where AE is . the splitting in cm between .the ground state singlet and the

1 1
lowest doublet. For a splitting of 18.8 cm ~, we find

P' = 8.39 xv10'5..gN2vcm“l . - | (12)

We can also evaluate the effect of direct coupling between the crystalline

30

field and ~Q the nuclear quadrupole moment:

0
34, Q

I(21-1)

(12)

s 2. - 0,2, -1
Now to evaluate this quantity we must know (r ) since only 'A2(r ) = jHO cm

is known. To evaluate (rg} we qsed Ridléy's Hértreé radial waﬁe.functions
whi’ch:are‘~av:':u‘t.laltbl‘e fOf'Pr+3 and Tm+3;; We grabhically.integrated and

obtained (r2) = 1.kl5 a.u. fOr-?Pfffiéﬁd (r2> = 0.75O5Iaiu; for Tﬁ+5-.
By interpolétion Qe bbfained_(rg) =-l.5l;a.ﬁ.:fof'me3, ﬂﬁsing this value

‘we calculated

3.28 x 10'6-Q__ -1

Py = - F@r-oy — o - (13)
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-We_next_ponsidered,the~interaction'of the Uf electrens with the gquadrupole

moment.

This can be épproximatedlas

- 1&%2—19—; <r’5> <JllaHJ (+[J BLwma @

Evaluating this tefm'for'Pm%3MWé obtain

) ) _

2 I (21 - 1)

Since all the other states in the lowest level (514-)'lie considerably

| N ‘ ' . | -1

higher in energy and the first excited.level (515 ) is about 1586 cm ~ higher
33

in energy,”” perturbations due te higher states may be neglected by com-

Ak

parisen. Using.a spin of 6 and the magnetic mement of 1.75 n.m. for Pm
- -1 ' -6 -1

we calculate P = 1.15 x 10 5Q cm and P''= T7.17 x 10 6 ecm . Nuclear

quadrupole moments in this region are of the order of 0.5 barns, thus P could

-6

be as high as ~ 6 X 10 cml. .Even so these theoretical estimates are much
smaller than the experimental value for -P" of (7.3 # 0.4k)x lO—5 cm—l.

The value .of P' depends on the splitting between the lowest singlet
and doublet. This splitting was theoretically investigated by varying the
interpolated crystal field parameters and was found-tO‘be.very sensitive
to the values of A6(r ) and Ag(fé).v~The size of the observed effect can
easily. be accounted-for;if the éplitting/is about 2 cm?l inéteaduef.i9 cm_l,
and.this-splitting can easily be obtained by reducing Ap(f6) and 6( )
In fact eone could. infer from eur experiment that A (r Y is probably

=1
closer to -50 cm = than -4O cm "L and that A6(r ) 1is somewhat lower than

-1
700 cm . It should be poeinted out that adjusting.the energy spacing
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between the lowest singlet and doublet to fit the data is a valid procedure

inasmuch as it requires changing Ag(r6) and ‘Ag(ré) by amounts well within
the accuracy to which they are known.. The theoretical.quadrupole coupling

constant, P, 1s not appreciably altered by this procedure. It follows from
this discussién that P < 0.1P" for 'Pmluh;_i.e.,.ﬁhat P" is at least 90%
pseudo-quadrupole. -Thus it seems valid to derive, fromvthe exerimental o
and P" of‘Pmlua, a. spin-independent pseudé:duadrupole coupling constant C'.

1k
We shall account for the possibility of P" for'Pmb.u being as much as 10%

‘P in the limits of error for C'.
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A L “f-VIl-:NUdLEAR'MOMENTS
‘Oﬁce iﬁihés{béehlééiéﬁiféhéaifhat kﬁé péeu&54§ﬁadfﬁpble mechanism is
main'ly- respbnSib'i:e: for préd{icing ‘the é.i:igmné;lt of 'i>m+5 ) ih CMI vi‘:{:‘becomers,
possible to derive nuclear-moméﬁfsnféf"fhé'VQriousv?m isotepéé; Shirley} et
8“1,8.aligned_-fPmlmL in NES-end-established that for I =5, |u] =1.68 £0.14 n.m..
ahd'%or I=6, |uw =1.75 +0.14% n.m. From\Téblé;iII We.fiﬁa P" =+(1.1% 0.1)

-4 1 - -1
x 10  ecm for ‘I.=5 and P" = + (7.3 * 0.4)x 10 2 cm for, I = 6. Using

these values and Eg. 7 we can now. calculate C' = + (1.0l * 0.17) x 1077 cnfl

-2
(n.m.)
. s
A. Pm > ,
U U S ’ . '
‘The spin.of Pum.. .mls”almostwcerta;nly~5/2fo;.7/2,;hEor.ahspln of . 7/2

and the expe$imen$al:3f=vy*(;,25 i.Q.E} x”lOfi_cm_lAwe-oaloﬁ1éte_th9.magnetic

moment as,;lu] = 3.9 iAO.S:n.m.,'while»fbr;afspin»of,5/2;andhthevexperimental

. ) 1 |
P'" = + (2.2 £0.3) x 10 3 cm ~ -we get a magnetic moment of . [u] = 3.75 £:0.5

n.m. For. an unpaire.d.pr.oton,.in.a_.g,?/2 state the Schmidt .and Dirac limits on
the magnetic moment are 1.7 n.m. and 3.1 n.m. respectively. .The Dirac and
Schmidt limits for a proton.in a ,d5/2 state are 2.9 n.m. and 4.8 n.m.
respectively. Since the value [u[ - 3.9 +0.5 n.m..falls outside the usual
limifs for a g7/2 proton ohé couldfinﬁerpret_this as weak evidehce.for the

. : ) l)+5 i ) . ) . . . .
spin of Pm being 5/2 rather than 7/2.

B. (5.4 aday) PmlllL8

148 '
For (5.4 day) Pm . weare gbleto combine the data shown in Figs. 9 and
10 to get the magnetic moment. . Experimentally it is determined that U2 must
be negative for this transition (See Sec. III). Since only the L=l B8

transition produces a negative U2 , one limit _Oan2 must be for a pure L=1.B:
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2
U2 and we find - 0.50 < U2 < - 0.37. -Then using this value of U2 in con-

decay, which has U, =--- 0.50. - From the CMN data we.can set the other limit on

. -1
Junction with the NES data in.Fig..10 we can set the limits on A; 0.0316 cm

' -1 3l
< |A] <0.0%88 ecm ~. Now from the relation”

bl = ot (16)

We obtain |u| = 1.82 *0.19 n.m.

C. (41 day) Pml48

148
The magnetic moment for (41 .day) Pm is very simply evaluated from
the NES data. Using the decay scheme (Fig. 8) modified by our results of

. 14
Sec. III (i.e. that I. I '12’19”= 6+ in Sm’ 8uand that the spin

1.90 © T2.09 T
48

of (k1 day)-Pm; is 6-) we can get limits on-UE'of the 550 keV -y -ray;

. 0.52 <,Ué < 0.58. From the data of Fig. 11 we then find [A| = (5.8 .% 0.6)x
L8 |

10 © em ~ and using Eq. (16) the magnetic moment is evaluated as ] =
1.80 + 0.18 n.m.

D. Pmlu-9

19

Pm was aligned in CMN by Chapman et. al.6 Since they did not have

the value of C' in Eq. 7 they were unable to determine the magnetic moment

1kg

' -l
of Pm~ . -From their data we.can obtain a value for.P" of + .(8.8 x2.1)x 10

cm leading to a magnetic moment [u[ = 3.3 +0.5 n.m.
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VII. - DISCUSSION

It is 1nterest1ng to examine the magnetlc moments for the splns 1
148
and 6 states of Pm . -The shell model predlcts “the 6lst proton of this
- or‘ g . conflguratlon whlle the
, 5/2 /2
87th neutron should have either an f.,, or-f
! 5/2 7/2

are seven ways in which to combine these states to make spins 1 and 6 and

odd-odd nucleus to have elther a 4

configu;ation. - There

these possibilities are shown in'Table V. -Using the "Schmidt. values" of the
magnetic moments for unpaired protens and neutrons »{uf(d /2 proton) =

+4.79 n.m., p (g proton) -=+ 1.72 n. m,,u,(f 5/p ‘neutron) =+ 1.37 n.m.,

7/2

and p (f neutron) = - '1.91 n.m.] and coupling .the neutron.and proton

/2
angular momenta, we obtain the values for the magnetic moments listed in -
column 4 of Table V. These values égree‘very poorly with the experimental
values derived above. However since the Pm148-isomers are not near a closed
shell for eifher protons or neutrons there is no a priori reason to expect
these single-particle values to be applicable in this region.

-Perhaps a more ﬁseful comparison -with experiment. can be .provided by
means of an empirical calculatioh35 based on. the groundrstate_spin assign-
ments and magnetic moments of odd nucleons in neighboring nuclei.  -Table
VI shows the values of p which were used for the nominalx%/2 and 87/2

and . f . neutron. configurations.. .Onl; pﬁhe..dm.. ~proton
7/2 - e T

proton and T

_ 5/2

configuration value is rather arbitrary and this is notvtoo_impbrtant since
1T 1h9 : S

both Pm and ' Pm -~ have spins of‘7/2,,mak1ng it most -likely that the 6lst

, 148 | LY
proton in Pm is in a 7/2+ configuration. The sign of u for Nd wa.s

infered from the Schmidt value. By coupling the g values shown in Table
VI we calculated the empirical values of the magnetic moments shown in

column 5 of Table V. Comparison of these values with the experimental re-
7

sults shows that good agreement is obtained if the. ground state (I = 1) of
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Pmlu8 is in a nominal‘(g7/2 £5/2) configuration and the excited state
(I =6) has a nomingl (g7/2 f7/2) configu?ation.‘ The coupling of spins
in these configurations ;s contrary to Nordheim's rules but since we are
dealing with multiple—particlé configurations rather than single—partiéle o

configurations this disagreement may not be important.
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VIII. ABSOLUTE TEMPERATURE SCALE FOR CMN

_.LA”careful ipspection_of-F%gureVZ will show that the axial data points,
with the exception of the lowest temperature point, could pe,fitted slightly
better by é curve witp a small negativg curvature iq-I(@) vs_T_llindicating
"saturation" of the nuclear alignment. Such a curve would be physically
.reasonabl?é‘it would corye%pond‘tp_a‘much larger.value offE’Athén does the
curvé.éctuélly arawn‘iAEFig. 2. 1If the,lowestftemperature point were in
reality at a much lower temperatﬁre still,it'woulqvlié_én-thef”saturation"
curve. If_the T-ﬁ* fglationship for- CMN .were éoﬁsidetab;y»in-error, the -
Jowest temperatufe point ctould appear to be at too high a temperature. There
t:is sgﬁg ¢videnqe that the»T-T* relationship_for>CMN-might:be_in error in
, just_this way?tthg lowe;t point lying at arteﬁperatgre much lower than
0.005o K.58’59 |

A more’ thorough gnalysis of the data in Fig. é tends to rgfute this
interpretation for two reasons: (1) there is no detectable PM Vterm i
the angular distributiqn at the lowest temperature (Fig. 5), whereas the
"saturation" curve would require the distribution I(6) &1 + 0.17 PE(COS ) -
0.0% PA<COSZG> at thiﬁrtemperaturg;_and (2) the mégnitude of the limiting
value for the ccoeffiéient of the P2 term is + 0.40 for this .decay .sequence;

fthe sgturation'curve would”require a-value of +"0118 |

We conclude,.then that the.data for-Pmlu% gualitatively substantiate
the magnetic temperature scale»fér CMngiven by Daniels and,Ro'_b:ijnson.12
It should bg noted that this experiment is not highly sensitiye tg small
inaccuracies in the T-T* scale, nor was the ultimate ppssible accuracy
obtaingdfﬁ.Stillithis measurementtptovides independent confirmatién, by

*
a unique method, that the T-T relation for CMN is essentially correct.
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Ey 1(0)
keV -

Wk 1.106 * 0,008
615" 1.141 + 0.008
695 1.1%7 + 0.008

1(0) for the L7k, 615 and 695 keV

Y -rays observed in the decay of

S bk
. Pm

. | .
‘aligned in CMN at 0.0031 K.

UCRL- 10472
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Table II
o 1
550 0.920 * 0.006
627 0.910 £ 0.006
723 0.919 * 0.008
913 Q.908mi 0.010
iblih * o;oo8

0.902

Intensities for T-traHSitions observed

in the decay of aligned (41 day) Pm

148

along the crystalline C axis and at

T = 0.02°K. in NES.




-27- | UCRL-104k72

Table IIT

|

Isotope: -+ I-spin - [Al(loqi'cmrl)l*' p" (lO-BImel)

.lelMB B Cosfp g (3) o eie(L3)
o 7/2 T 22 (2) | 1.25 (.20)
e s T 65 (L) 0.11 (.01)-
| | 6 - 56 (5" 0.073 (.00k)
G aay) P01 35 ) 3.3 (.7)
(41 asy) P 6 5.8 (:3)
R g 0.88 (.2)

‘Hypgrfine3s£fuétgrevcoupling-constants,dA;Landﬂtotalaquadrupole‘houpling _
constants, P", for-seVeral~Pm'isotqpeé»in~NES-an&<CMN, respectively. Errors

are given parenthetically.”™ -

e T
— ——
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- Table IV

Energies Degeneracy . Wave functions.
(em™1) : in [JZ) notation
-181.66 1 +0.56 [+3) + 0.61]|0) - 0.56]-3)
-162.82 - : 2 +0.66|#4) 1 0.73|% ;) +.o.21];é>,x

_123.51 2 +0. 475 [£h) + o.;élt 1)'; o.8é|; 2)
172.5% 1 +o.71]¥5) + 0.71]Q5> ’ o
193.91 2 +o.59]:u) * O.66Ttl) + 0,467 2)
19%. 00 1 -o.u3j+5> + o,79]o) + 0.45]: 3)

+3,
‘Energies and wave functions of the eigenstates of 5I4'Pm 31n.CMN, calculated

. from crystal field theory with parameters given in text. .
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Table V

Proton 1 Neutron , 'u (n.m.) .ip (ﬁ,m.j -Agreement with

con- . con- - Schmidt ~ Empirical - Nordheim's
figuration figuration I . value value . rules
dS/Z- ' L2/2 1 23,62 -2.80 R No
v¢5/2 f7/2 6 _2.88 3.65 | Yes
a5/z o /2 1 11423 Lol Yes
B/ fo)g . 1 -0.03 ©0.31  Yes
&7/2 f7/ 6 ©-0.18 1.84 Mo
G fs/z ) 1 0.42 1.67 ! No
&1z o/ 6 3.09 ' 3.52  Yes

Possible prbﬁéﬂ‘and neutron configurations which would give spins 1 and 6
for'Pmlusff Agreement with:the-experimentalwvalues-of |pf = lu8.fqrﬂboth

statesiS obtained for the configurations (g7/2f7/2) and (g7/2f5/2)°
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Table VI

UCRL-10472

Gfoﬁnd;éﬁate )

Nominal

. Odd—A'nuciéus ; 'spin‘(l) ‘configuration u(nm.) - gln.m.) = ref.
61Pm867 1/2 81/ )30 (#) 086 3&
Ll T - i :
,69Nd87 ‘.5/2 f5/2 - (+) 0.53  (+) 0.21 55
Smi*9 7/2 .f - 0.85 - o.2h %%
62787 TT7/2
o - L + k.o bX
Pr 5/2 a + 5.1 .36
59 - 82 _ 5/2 - +1.80
+ 4.8 Schmidt value
+ §,5 . Value used

: "Nuclear moments of odd;A;nuéléi in the neighbofhood.of:Pm

18 -
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pp 144
o+

474

E2
4 +

615

E2
2. L0695

695

E2
O+ ——JL—f—O

Nd '3 ’

'MU.28202

Fig. 1. Decay scheme of Pm144 after Ofer. 13
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LIsSF .' o  ‘ ' 7

(.10

.05
I(6)

.00

0.95

0.90

0 100 200 300

MU-28203

Fig. 2. Temperature dependeﬂﬁe of I(6) for the 695 keV -y -ray in
the decay of aligned Pml** taken at 0° and 90° from the :
~crystalline C axis in CMN. Normalized theoretical curves were
calculated from Egs. (2) and (5).
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|.20 | I I I 1 I i i

I1(6)

.00

0.90} ' | -

1 i 1 | 8 1 1 1

-30-15 O 15 30 45 60 75 90 105
8 (deg)

MU-28204

Fig. 3. Intensity vs. angle fﬁ&m_the C axis, O, for the 615 keV
Y -ray in the decay of Pnl**.  The data were taken at
T = 0.0031° K in CMN. The solid curve is 1 + 0.1k P2(cos 8).
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143
Pm
572+, 7/2+
( ) / E.C.
a3 45%
55%
T/2 +
43
|00% (5/2 7/2—-, 9/2-)
o 740
3 T/ 2-
Nd'
MU-28205

143 143

Fig. 4. Decay schemes of Pm and Pr



=-35- ' UCRL-10472

.10 T - — T

.08} | T -
?
.06} i
I(0)
.04 | | ]
.02 | e - 8/12/61 -
o — 12/11/6]
1.00 I I 1
0 100 200 300
T (k)

MU-28206

Fig. 5. Temperature degendence of 1(0) for the T40 keV Y -ray
in the decay. of Pm*> in CMN. Data of August 12, 1961 and
December 11, 1961 are shown with normalized theoretical
curve calculated by using Egs. (2) and (5).
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|OO_ T T T I 1 I

740 keV

LB ‘

1

Relative counting rate
o

| J i ] L 1 |

600 700 800
Energy (keV)

MU-28207

14
Pig. 6. Scintillation spectrum observed in decay of Pr 5 plotted
on a semi-log scale so that background due to bremstrahlung will
be linear.
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I I
(73]
c 40 | i
=
o
O
20 -
Q
2
© O -
©
T ool ' -
-~ “7 650 750 850
<

Energy (keV)

MU-28208

Fig. 7. The difference plot of A (defined in text) vs. energy.
Dashed curve would be expected if 1.5 X 10-44% of decays
produced 74O keV 7y -rays.
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0.135
0.075 2.19 6+
0 2.09 6+
l 1.90 6+
0723 0913 1011
—d—d—1.26 1(+)
| 118 4+
0.627
y | 055 2+
0.550
‘ 0} O+
Sn1|48

- 148
Fig. 8. Decay scheme of the Pm isomers relavent to our research .
as given in ref, 24 and modified by this work.
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.32 I

.24

I(0) 1.16

1.08

1.00
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Fig. 9. Temperature dependence OE I1(0) for the 1460 keV -y -ray
in the decay of (5.4 day) Pml 8 in'CMN. Data are shown with

. normalized theoretical curve calculated from Eqs. (2) and (5).

' For explanation of dashed curve see Sec. III C.
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Fig. 10. Temperature dependence of I(0) for the éh60 keV
v -ray in the decay of aligned (5.4 day) Pul*S in WES.
Data are shown with normalized theoretical curve calculated
by using Egs. (2) and (4).
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Fig. 11. Temperature dependence of I(0) for thﬁ 550 keV

v -ray in the decay of aligned (41 day) ; 87in NES.
Data are shown with normalized theoretical curve cal-
culated by using Egs. (2) and (L).
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