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Abstract

Angular distributions of 37 Yy rays were é't;éerved followiﬁ_g t\he v
decays of 161-day 177my  and 6.8-day ! 1781y ‘1.)61a:rized>at low temper-
atures in ‘th'e ferr‘omagnevtiq cubic Laves=phase ?orhpc%und ZrFeZ. The |

“magnetic moment of the 17.—irnLu was deduced to be |p| =2.74%+0.21 BN
.in excellent.agreement with the value\.p =+2.71 BN -c':omputedv assuﬁi'ng

the 177mLu to be the three-quasiparticle state A{7/2+ [ 404]p’

‘9/2+[ 624]n" /271 514]n}. The magnetic hyperfine fields of Lu, Ta,

Sc, and_Co in ZfFeZ were deduced from the cori_'esponding y-ray

177m

. . R ,_
anisotropies. Decays proceeding through the 1.1-sec Hf were

o_bserx)ed to show characteristic relaxation times of Ti'z 6.7 sec.

The E2/M1 mixing ratios of numerous intraband transitions in \177Lu

177Hf were deduced, and the corresponding (gkng)/Qo values

and
were compute_d. Several int‘erband MZ/Ei m1x1ng 'fatios were deduced
and were compared with calculations ba(’sed—on the ﬁilsson model
includiﬁg firgt-order Coric;’olis mixing. The 0°-180° a’.symmetriés of

~
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several 1'77Lu transitions were observed in an effort to see if parity
mixing effects might be present due to the p.arti‘c_ularly close-lying
opposite parity states of 177Lu; no effects were seen to the limit of

» 2><10'4.
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I. INTRODUCTION

The stuay of the angular distribution of.y r‘adiégfion emitted following
the decay of polarized nuclei provides insight into the static and dynamic
nuclea‘r eiectro‘magnetic matrix elements as well“av_s‘intcv) the strength
and character of the elevctromagnetic inte.-raction‘s of the nuéléus with its
environme'pt. 1.‘ The order to investigate the pro.p'evr\i:tes of the transitions

7

which follow the decay of 17 ™14 and to study the means which can be

us‘ed to polérize Lu, we have 6bserved the angula’vrb &istributions of y
rays following the decays of 177‘m"Lu and 17781y poiarized at»ldw'tempera-
tures in a fﬁ#trik of ZrFe,. We report here éhe déduced y-ray multip_01¢
mixing ratio‘;s, the magnetic hyperfine fields of Lu_é_,n.d a number of other
impurities in ZrFe,, and the first direct measufémént of the magne’éic
moment of a three-quaSip.article state. | |

In order to achieve observable nuclear polarizat'ion at thve ultralow
‘température‘:s which can readily be attained in thé l.aerat':oryv, the nuclei
must be subjected to magnetic fields of thé o;rd‘er, .of. at least 105 Oe. — It
is wéll known that th;e hype‘rﬁne fields bat ﬂuclei‘ éf the rare eé,rths in Fe, '
for example, vméy amount to 106 QOe; however, the 1ag:k o.f sélubility of
the rare earths in Fe makes safnple prepéraf:ion a difficﬁlt process, .
and generally necessitates implantation techniques. In a previous s‘tudy2
we reported the decay of Yb polarized in Au; the rére ear‘;hs have high
solid-solubilities invAu, which acts as médium to permit the rare ea.rth.s
to experience their full pafamagnetic fields, which‘may amount to 107

Oe. However, due to the tri-valency of the Lu ion, the electronic

structure of Lu is characterized by a filled 4f shell, and hence Lu has a
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vé.ni\shing field in Au. In previous studies we have observed 'substa_ntial‘
hyperfine fields as well as considerable solid solubiiities of Hf3'and

Erz in the cubic ferromagnet ZrFeZ, In the pre"s_.ent study, we have
succeeded 1n dis'solviﬁg and pola:rizing Lu in'ZrFeZ‘.'_

A number of isomers in nuclei of the A= 175 mass region have been
identified as three—qua_siparticlle .sfates.,'4 In”genera_l the identification .
of these states is based on a consideration of thé _g:ouplings of the low~
lyiﬁg Niisson qu‘asi>partic1e states which can give rise to fhe appropria‘;e
spin #nd parity.. A measurement of the magnetic moment of such a state
provides a direct test of the suggested coupling scheme. Although the
moment of a three-quasiparticle level in ?7H_f may be deduced from
the cascade—to-érossover fa.tlios of the.transi-tions in the_>rotationalvband
built on the level, > we report here the first direct ( model-independent)
measurement of the moment of a th‘ree-quasipartic‘le_‘ iéomer.

In addition, -there are a number of highly retard’é_d'Ei Y transitions .
between the rotational levels built on the various intrinsic states .of

177Lu and ,177

Hf. It is generally assumed that such highly retarded
transitions are good candidates for the ob_s_ervafion of effects due to-
\\»vveak parity non-conserving forces in the nuclear Hamilténian. 6 The -
-general assumption is that the nuclear structure e-ffc/ec_:ts which give rise
to the hindrance of the ' regular transitiori do not also produce a large
hindrance of the '""irregular'' transition which arises fr!orn a possible
parity ‘acimixture in the nuclear levels. -Such effects are also likely to
be enhanced by the close proximity'.of the odd- and eveﬁ—parity levels

of the same spin; in the 177Lu level scheme, corresponding opposite -

arit levels‘are'sé arated by only a few keV. In search of possible
P 34 P y only ses pos
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parity/»non-conserving effects, we have obsei'ved_ the forward-backward
177m

asymmetries of a number of y rays followmg the decay of Lu.
. '""™Lu DECAY SCHEME
The decay of 77mLu to levels of 7Ll,). and 177Hf has been the sub-

ject of numerous investigations. Investigations of the rather complex
spectrum of y rays were done by Alexander, Boehm, and Ka.nkeleit7

using a bent-crystal spectrometer, and by Blok and Shirle_jr8 using a

Ge(Li). det_ector. These (ie.cay studies have established the spectrum of

-
k)

rotational statee built on the intrinsic Nilsson single-particle states as
shown in Flg 1. Although_the popnlation'of rotational hands to such

high spins 1s not un‘c'om'mOn (for vexample, numerous such bands are .

seen in (oz,xn) reactions), it is unusual to have evt,r'a-dioactive decay

scheme involving such states, and thus the._decay of 17'7mLu provides

‘an opportunity to observe numei'ous;nuclear prope:rties not generally
observable in ra‘dioacti\fe decay studies. A preciSe determination of

the y—i'ay branching intensities was done by Haverfield, Behnthal, and
Hollander. 9 Included in the y-ray ‘spect\ru'm 'e.re. a n,urn'ber of weak inter-.

~ band E1 tran51t1ons, in addition to the E2 and E2/M1 intraband transitions.
The conS1derab1e deviations of the intensities of these transitions from
the rotational-model predictions (Alaga branching rules)bwere dlsncus sed
by Alexander et al., 7 and a calculation of the effect of Cori’olis—type
mixing on the E1-intensities was done by Bernthal and -Rasmusse'n,v

-who were able to obtain good agreement between the ohserved intensities
and a three-parameter fit. Other studies.of\the tx.'an'sition multipolarities ’
were performed biy Kart‘aéhov, Troitskaya, atnd. Shevelev, 1 who de- .

termined the internal conversion-electron intensities in the 177rnLu
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 decay, and by West, Mann, and Nagle, te who d1d a similar_'stu"dyvof the

7 177
o

decay of 1770, ¢ Hf. -The angular ydistribﬁti‘on"s. of the y rays fol-

7

lowing the decay of 17 mLu aligned in neodymitim'efhyl sulfate were ob-

. served by Blok and Shirley, 3 and the -angulaf c_brrel'ati'o_ns of y rays in |

17

the 9/2+'[.624] band of 7Hf were studied by Hilbel et al. 14 and inter -

pretedinterms of the intrinsic electromagnetic structure of the band.

Numerous internal conversionigf 15-19 and angular"-cOrrelatif’o'niZ’ 20-24

studies of the decay of 177gLu. have been done; 1#s shown in Fig. 1, only

a few of the low-lying 177Hf levels are populated in this decay.' Studies.

of transition multipolarities in 177Lu have been .done by Balodis et al. 2

177m

following neutron capture, by Kristensen et al._26_ following the Lu

: . 27 -
decay, and by Johansen et al. in the 177Yb_deca.y. A

'
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" III. EXPERIMENTAL DETAILS

A. Sarnple Preparation

Lutetium, zirconium, and iron metals were arc-melted together in
an argon atmosphere "t,o form (Lu0 .OBZrO 95)Fe2 which was ,subse.quently

vacuum annealed at 1100°C for 24 hours. Disc-shaped sections 5 mm in

diameter and 1/2 mm thick were cut from the buttons. One disc (sample I)

was irradiate,d for 60 hours in the Los Alamos Omega West Reactor in a
region where the flux was 2 x 1012 neutrons/crnz/sec. , The irradiated
disc was alloWed to decay for 4 months in order to allow the decay of the

intense 177 Lu ground state ( 1/2 = 6.8d); thus when this sample was

studied the only 51gn1f1cant' activities were decays from the 177mLu

: (Ti/Z- = 161d) plus trace 60C>o, 182Ta,' andv468c irripurities; + Following

the studies on Sarnple I, a second disc (sample II) from the original button

was irradiated for 5 minutes in the identical reactor .1ocation‘. It was

" 1mmed1ately taken from the reactor and cooled to allow study- of i76m

(Ti/Z ;_ 3,7 h) and Lu ground state (71/2 = 6.8 d). “In both experiments
a srnall foil of Fe, with minute quantities of 54Mn. dissolved in it, was
1nd1um soldered to the same upper cold f1nger as the source. The 54Mn

3

an1sotropy served as a thermometer to measure the Lu source tempera-=
t_ure.» '
A typica'l'Ge(Li),;dete\ctor gamrna.-ray spectrum of the’decay of

sample I is shown in Fignre 2. Only the low energy portion of the spec-

177m

trum is shown, since -/ ™MLu has no y- rays of energy greater than 466
keV. Other low-energy y-rays come from the deCaYS_-of 59Fe, 181 HI,
-~ and 1827, The high-energy region contains y-rays from the 465(?: 59Fe,

'60Co, 9521‘,; and 182Ta decays, in addition to the 835-keV 54Mn y-ray.



B. ’ pparatus

The éséential featﬁres of the I-OW-temperé.tu_r_é appara_tus_hagre been.
described in a number of previous pub'li‘cations, 1'3 and a recent com-
munica‘tion_28 dis‘cussed the modifications of the basic systéni used for
studies Qf_time—r‘é\:rer's.al invariance.” The low tem.peratures necessary '
to achieve observable nuclear polarizafio_ns wére’ aéhieved using a 3He—4He
dilution refrigerator, which is capabie of opgra‘ﬁing' ét 14 miliikelv_in (mK)
in the absénce of a heat load. The sample was ’polérized_-using two pairs ’
of Helmholtz coils oriented with theif a.x;tes at rig.ht‘angl.c.asrto one another: >.
The modifications of the apparatus which affect the present study are
.(1) the sample is not 'soidered directly to the cold#finger, but rather
to a copper piece which screws into a threaded copper receptacle soldered
to the cold -finger, and (2) the sample cannot be n;agnetized in two
mutually perpeﬁdicular directions in thé plane of the sample, but rather
in one directioln in‘the plane of the sample and in é.ﬁot_her norr£1a1 to the
sample. | The se modifications re sullt in '.(1) a réia}civély high sample
temperature, owing to the poor thermal contact across the screw threads,
and (2) a reduced degree of poiar’ization when th‘e Vmal.gnetization direction.
is normal to the sample.. The applied fields used /'w'ere 3.6 kOe parallel
to the sample plane and 5.7 kOe normal to the sample plane.-

The y rays were observed by using two 40 ,Crr‘13.‘G¢.(Li) detectors placed
along the axes of polarization. The data were accurﬁulated using a mini-
computer-based data acquisitionvsystem.zg The angular distribution
anisotropies were determined from peak intensitiés obtained from the

2048-channel y-ray spectra, and the forward-backward'asymmetr‘ies

were computed by the computer from integrated peak intensities. '



C. Data Analysis
The angular distribution of y radiation from the de.cay of an ensemble
of oriented nuclei is described by

- W) =2 Q B, U
| Tk

k Ji A P

k Py (cos .9)., " (1)

where the geometrical correction factors Q corrker'cf:t for‘thé .'angular
resolution of the de’cect‘ors, the orientation parar_ﬁeters Bk_describe
the érie_nt'ation of the initial state, the deorientaﬁon coefficients U, cor- -
re‘ct for the effect of uri.observed inte'rmediafga ré;diai’gions, _énd the aﬁgular
‘ distributiqg coeffic‘ien\t.s‘ Ak describe the propertiés-' of the ‘observed /Y ray.
The P.k ai‘e the Legen&re ﬁolynomials. ‘The index bkv is restricted to
even values for périty nonviolating radiations, but can take odd valﬁes
7' in the case of parify violation. For the present Wérk, thé small d»egrée
of polarization achieved limits thé values bf the iﬁdéx tok = Z.I .
" The angular dist‘ribution coefficients are giver{by <
F, (LLLI }+26F (LL' 1f11)+62Fk(L'L' 1)

A = ' , (2)
K 1+ 62 S

f_of k = even, with § the y-ray multipole mixing ratio in the phase con-

vention of -Krane,- and Stei:'fen,,.:‘;0 and by

A:2€

K146

[F

k(LLIf'Iir)+6Fk(LL'1fIi)] . - (3)

for k = odd, with € the irregular-to-regular parity nonconserving
.multipole mixing ratio3 (M1/E1, for example).
‘The forward-backward asymmetry Q. is given by

- W) - W(180°)
[W(0°)+ W(180%))

P



T+Q, B ' ) | (5)

- The as&rhme’cries Qz'wére determined frorﬁ the forward-backward
counting rate differences for magnetization in the plane ;Sf the sample.
'fhe reduced degree of\ polariza‘tion'ob’ta_in.ed.vfo_r‘ a magneltizatiori
direction normal to the plang of the Samples nec’essit;ted.some special
care when analyzing the angular distribution anisotropies. Denoting the
detéctors'in directions parallbel and pefp‘éndicular,to the plane of the

sample by A and B, respectively, the vfollowing four counting rates may

be measured:

=
1
=]
>
—
+
(¢}
>
=
Nv

(6)

w

"

[ .
B WB (1+CBB2),

where the sﬁpei‘scripts indicate Whethe.r the applied f;leld is parallel or
perpendicular to the plane of the sample, Wi fepresent the isotropic
high-temperature counting rates, ci' are coristal#ts .( = QZUZAZ)’ and

A B2 and B'2 represent the orientatioﬁ parameters for external fields
respectively‘parallel and perpendicular to the plane. of the sample;

= B! . Choosing a y ray of pure multipolérity, for which SN

2 2

and cy may be computed (cA and g differ only in the solid-angle cor-

rection factors of the two detectors), these four equations may be solved -

i.e., B

74 I ', Ty 1
for the four unknowns WA’ WB’ BZ’ and BZ’ s1m11a;r1¥, once B2 and B2 have
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-

N }

been Qetler.‘mined, we may determine W ,, Wg, c,, and cg for the re-
maining y rays. -

'IV. RESULTS AND DISCUSSION

A. Angular Distribufidns
- The results deduced from the anisotropies of the various 177Lu\a.nd
177Hf Y rays are presented inv’I‘abkle I. These results were obtained as

/

~ described above, and will be analyzed for the magnetic moments and

- y-ray mixing ratios in succeeding sections. The data have been cor-

~

rected for the effect of the reduced polarization when the magnetization
was perp_endicular to the sample. The values of B, presented in Table I

thus may be assumed to represent fully saturated polarizations in the

177m

plane of the sample. For the Lu decays, this éffe_ct amounted to a -

correction of 15-20% relative to the values deducé’d'as sunriing full sat-

uration when the sampie is polarized normal to its plane; this follows

from our observed relationship,‘B'z/Bz-z 0.7.
The Mn-in-Fe foil used for thermometry. pur.posles31’wa-s_ a much

thinner sample"tha.n the ZrFe, and thus‘muc'h r_no_re‘vdifficult to polarize

14

normal to its plane. We observed B'Z/Bzz 0.4 for this sample, and

applyihg the appropriate correction factors to.the observed anisotropy

A77Tm

" of the 835-keV yray, we deduced T = 30.4+1.0 mK for the T Lu'de-

céys (sample I), and T = 45.6+3.2 mK for the 177gLu decays from

sémple II.

The irradiation of the 17VgLu'sampleé.lso,prdduced' some 176InLu

éctivity (3.7 hr), which decays via the ,88-ker2+--> _0+ transition of 176Hf. \

176mLu;32 and from the

'

From the known magnetic moment of the 1~

hyperfine field of Lu in ZrFe, deduced below, we would expect
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272772

value of .

B,U,A, | <0.0009 for the 88-keV y ray, in agreement with our observed

B,U,A, (88keV)= - 0.0013%0.0020. .

A comparison of the anguler distribution of_the"1'13,‘0-keV,y ray

177m

from sample I ( Lu decay) with that from sample II (1-77gLu decay)\

can be analyZed ‘to yield the deo'rientation factor UZ for the B decay

from 177gLu to the 113 0-keV level of 177 Hf. This is possible since a

negligible fractlon of the 113.0-keV y rays observed follow1ng the 1771'nLu
decay actually proceed through the 1‘7 E1u level " The deduced value of
U2 is given in Table I; this may be compared with the theoretical value

U,

= 0.925-0.288 @y, where a, is the fraction of the beta decays which
carry two units of a..\ngula.'r momentum (resulting f_rom the B]'._i first-

forbidden matrix element). We thus conclude thet. a, < 0.17, indicating
that the maJor1ty of the 384-keV B- decays carry one un1t of total angular

momentum

B. Magnetic Moments of Three-Quasiparticle States

By averaging the results for the various E2 transitions emitted in.

the decay of 177InLu to states of 177Lu, we obtain
B (177m u) = 0.221£0.007. At a deduced temperature T = 30+ 1 mK,
this corresponds to A(177mL ) = 3.60+0.13 mK, where the hyperfine

p'aremeter A gives the energy splitting of adjacent magnetic substates
(A = p.H/IkB), Similarly, for the ground stete dec-ey,
B,("78Lu) = 0.097£0.003, and at T = 45.6+3.2 mK,
A(177gLu) = 9.6640.68 mK. -
The magnetic moment of the isomer may theh be deduced from

the ratio of the splitting parameters, as
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1778 ) AdTT™y) 23/
NUCTREIL

17Tm. |

| 1 Lu) | = |p

| ™)
=1.2320.10 |u(*""8Lu) | .

"The ground state moment has been determined to bé'p =2.236 pN,32 and

thus

177m

| Lu)| =2.74%0.21 py. i

This value may be compared with the value computed assuming the
isomer to be a three-quasiparticle state, namel'y'the'.one-p‘i'ot_on, two-
neutron cémbination of the Nilsson states { 7/2+[402]p’ 9>/.2+[ 624‘]n'
7/2_[ 514]n} . The magnétic momenf of a deformed nu.clerar level is

given by33
| _ K% '
m=grl* (Bg-8r) THT . (8)

where 8R and gg are the g-factors >aséociated :Wit‘h the rotational and
intrinsic structure,respectively. = The intrinsic g-—factor for a compound
state is determined by
Keg = Z K ex > | ©)
i i
where in the present case we sum over the three constituent states. The

intrinsic g-factors of the constituent states are given by

Kieg " Kige * g - g) (5,05 (10)

The_gl values used are g = 1 for protoné and gjz = 0 for neutrons; we

, where giree: 5.585 for prdtons and .gfsree: - 3.826

take g_ 2’0.6g£ree

for neutrons. The expectation values of s, were computed using the
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Nilsson wave functions34 with a deformation of..jr] = 5.04. ?5 For the
three constituent states which.comprise the 17?Lu’ isomer, we compﬁte
<§z> - '0.453 for the state 7-/2*[494]p, (sz> = o_'._417 for 9/2+[624]n,v
and (sz> = - 0.378 for 7/2-[514]n.”The i.ntrinsivc"‘g—factoz.‘ of the
isomer is then computed to be gi = 0.225. Usi'ng,._gR = 0.347:%:0,028,3
we compute W=+ 2,71£0.03 TN " This value is_iri excellent agreement
with the experimental value, and suggests fhat the experimental value is
likely to be positive. | |

The moment of the 1.1-sec isomer of ,177Hf._rf1‘a'y? not be determined

from the present work; since the lifetime is not sufficiently greater than

the expected nuclear spin-lattice relaxation time Ti’ decays from the

177m 177m

Hf will show anisotropies characteristic of the u. However,

the influence of the 177Hf state is evidenced in the increased B2 of the

177Tm

177 Hf relative to that of the Lu (Table I); ‘the. average value of

this parameter is B27(177 Hf) = 0.262+0.004. This value is of course

an '"effective' value and is not directly characteristic of the splittings

177m

of the magnetic substates of the Hf level. The relaxation time

T1 may be estimated from the relationship of the observed B2 to that

expected foz_' the 177rnLu and 177 Hf levels. The latter may be esti-

mated from the computed value of |.J.(177 Hf) = 8.27'|¢N, assuming the

177My¢ Jevel to be the three-quasiparticle state {,7/2+[404]p, 9/27[514]

7/27[ 514].n} ; this calculated value of the moment is in agreement with
' ' 36 - o ‘
the (gK—gR) value deduced by Chu et al. from the y-ray branching

ratios following the decay of a higher-lying five-quasiparticle isomer in

177Hf. The hyperfine field of Hf in Z’rFe2 has been measured to be

3,37

H =200%£20 kOe, and thus at a temperature T = 30 mK, we would
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~

expect B'Z('177me)‘ = 0.45 in the case of full saturation. If wé assume

the effect of the relaxation to be given by an approximately exponential

behavior 'e-t/Ti’ 'then the observed B may be related to the expected

2
values as follows: '
B.(17T™Mys, obs.) = o (0.98) B (”“i )+ e B (177 ™y¢, sat.)
AN ’VOS°~T1+'r :98) B, : u‘_ T1+‘T 2 , sat.) ,
. R (11)
177m

where T is the mean lifetime of the Hf andlwh.ere the factor 0.98

has been introduced into the first term to account for the depolarizing

177m, _177m

effects of the Lu Hf beta decay. Inserting the appropriate

values yields

T1 = 6°7_ sec.

This value may be compared with, for example, the relaxation time of

60

Co in Fe, which has similar values of g and H; for that case, »Ti =

40 sec.at T = 30 mK. 38 It has been observed that different impurities

39

in Fe havé relaxation times which can be related as T1 T(gH)Z = const.;

177m

we would thus expect Ti( Lu) =0.5 T1(60Co) at a given T, which

gives qualitative agreement with the deduced value. Our previous
experiments3’ 28 with Hf in Zr']:T‘e2 have indicated no'relaxation effects
with characteristic times larger than =20 seconds, and we therefore

conclude that the value deduced above represents a reasonable estimate

for the relaxation time of Hf in ZrFez.

C. Hpyperfine Fields in ZrFe,

Owing to the long irradiation time necessary for sarhplé I, numerous

impurities present only in microscopic quantities were activated. These
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are indicated in the y-spectrum of Fig. 2. From the angular distri-
butions of the y rays of the well-established decay schemes of these
isotopes, the hyperfine fields listed in Table II have been deduced. In

the present work we have employed the decays of 46Sc(889 keV),

60 182

Co(1173, 1332 keV), and Ta(156, 222, 264, 1189, 1221 keV),

together with the above-deduced splitting of the‘."i??gLu, Also shown in
Table II are some previously measured hyperfine fields of impurities

in ZrFez. The previous results40 for I in ZrFéz_ are subject to some

uncertainty, owing to the production of the I by fiésion and to the lack
of annealing to eliminate the subsequent lattice damage. The field for

Np was deduced from the previously measured hyperfine splitting of

239 239Np to be

Np in ZrFe, by assuming the ground state m_bm'.ent of

23 7Np. 32

2
equal to that of

A comparison of the itﬁp;irity fields in ZrFe,
with those in Fe vindicates no systematic relationéhip between corre-
sponding values; a systematic dependence of H dn_thé atomic number Z
(such as >has been observed for Variqus solutes in -’Fe41) is difficult to
deduce, owing to the paucity of results across a complete group of
elements. i‘he ZrFe2 hyperfine field rlesults raﬁge from the anomalously
large values for Er (which overlaps with the free-atom value) and for Np
(with the value for Np in Fe as yet unknown, but ‘moét likely lying near
to zero, since the neighboring elements U and Pﬁ have fields in Fe of
-520 and +620 kOe, respective1y42), to the reduced value observed for
Hf. The actual value of the hyperfine field results from contributions
due to core-electron and conduction-electron poiariiations; in the case
of the ZrFe, alloys, however, it is also likely that w‘eak solute -solute

2

\ :
interactions are present, since the presence of a few atomic percent
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of solute may slightly alter the expected c-_haracte;i"-istics of a dilute alloy.
Thus, the present results demonstrate that m'a‘,_nyA of the rare earths

have both large solid solubilities and sizeable nuclear polarizations in
ZrFeZ, |
D. E2/M1 Mixing Ratios

- The E2/M1 multipole mixing ratios deduced_ffém the angular dis-
tributions of Table I are given in Table III. Egc\:'ep‘t for the lowest traﬁs—
ition in e‘ach band, the mixing ratios were deterdiiﬁed from a direct
comparison of the angular distribution of-eachbfn;ixed transition (I - I-1)
with that of the competing E2 cross-over transition (I = I-2). For the
lowesF transition in each band, the deorientafion_ barameters U2 were
computed from the multipolarities, branching ratios, and "’
conversion coefficients of the unobserved intefm;diate radiations. In
all cases, the value of &6 has been selected as t_haﬁ root of A, in best
agr.eernent with previous work. The sign of 6 ivs dveiermined according
to the definition of Krane and Steffen. >0 |

All of the E2 /M1 transitions studied in the present work are intra-
band transitions; for such transitions, the mixing '_xl'a_tios are related to
the intriﬁsic static electromagnetic moments of the band according to
the relationship
5= 0.934 - 2 , (12)

JIF1)(I-1) BKk“Br

where Q is the intrinsic quadrupole moment. In Table III we show the

‘deduced value of (gK gR)/Q for each tra.ns1t10n It is expected that
these values will be constant for all transitions w1th1n a given band, and
the deduced values are consistent with this assum_ption,

The mixing ratio_s for the transitions in 177Lu are in agreement with
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those defermined by Alexander et al.7 based 'oﬁ the cascade-to-crossover
intensity ratios. The present results serve to determine the sign of the
mixing ratios and thus yield an independent deterrni"nation of the sign of
(gK-gR)/QO. The average value of g, for the 7/2+_[4o4] band of © ' 'Luis
determined to be g, =0.68+0.07, assuming gR' = 0.347%0.028 (Ref. 35)
and Q= 7.1%1.2 b (Ref. 43 ). '

The presently measured mixing ratios of transitions within the
9/2+[ 624] band of 177Hf are in good agreement with the values deter-
mined by Hubel et a.l.1 4frorn Y-y angular correlation measurements, al-
though in the latter it was necessary to apply considérable corrections
(often factors of 2 or 3) to the observed correlatioﬁ coefficients in order
to account for the effects of unresolved cofnpeting .cascadesg From the
present data.we deduced the average value gK—gR : - 0.44.:1:0.03,
assuming Q, = 7.6+ 0.3b (Ref. 43). This value is in agreement with
that deducked by Hubel et al., whose work containvsv a ciiscussion of the
interpretation of the 8k and gr factors. |

The mixing -ratio of the 9/2-7/2 transition in the 7/2°[514] band of

177Hf as determined from the present work is in good agreement with

14

the y-y angular correlation measurement of Hubel et al. (£ = -4.8+£0.2)

18 (f = - 4.75£0.07), with the nuclear orientation

and Hélmberg et al.
. 13 -0.8 1.

results of Blok and Shirley (6 = - 4.7 +0 4), and, with the results of

the relative internal conversion intensity measurements of Hogberg

et al. 17 ( l & | = 4.5+ 0.3, using appropriately corrected values of the

theoretical subshell intensities), but in disagreement with the y-y

angular correlation results of Hrastnik et al. 21 (6 = - 3.7+£0.3) and the

e~y angular correlation measurements of Tgrnkvis't. et al. 15 (6 =-3.1+0.6).
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A discussion of the interpretation of the miﬁ;ing_ ratios and mag-
netic moments of the 7/27[ 514] band in 177 e may be found in the work'

~of Hibel et al. ;14 more recent values of the magnetic moments of the

77 179

7/27[ 514] state of 1 'Hf and of the '9/2+[ 624] state of Hf are given in

the work of B'dttgenbach et al., 44 along with deduced values of 8k and
gRr’ .whiéh' are in éood agreemént with values deduced in the present

work.

E. MZ/Ei M1x1ng Ratios

In Table IV are shown the deduced M2/E1 m1x1ng ratios for transi-

tion‘s in 17 Hf. The results for the 291.4- and 292.,5—keV transitions

were deduced from the anisotropy of'th'e unresolve.d' doublet peak. No
variation of the anisotropy was observed between the high- energy and

low-energy 51des of the peak hence, we have assumed the two y rays

~ to (have identical anisotropies.

A number of prévions studies have been made of the-transit.ions‘
depopulatmg the 321- keV level Hrastnik ét.al 21 nave determined
6(71.6)‘ -0.017+0.007 from Y=Y angular correlatmns, in fair agreement

with the present results. The 208-413 keV angular correlation data of

We'st et al., 12 Holmberg et al., 8 Thun et al’.,20 a'ndA Klema23 cannot be

-

anaiyzed to give a unique value of 6(208), owing to the uncertainties in

06(113) and in the degree of attenuation of the angula“r‘bc_'orrel.ation by extra-
nuciear perturbations. For 5(113) = -4.7, these ang_u"lar correlation data
favor small, positive values of 6(20.8),‘as‘ long as_th:e:angula\r .correlation

coefficient AZZ’ corrected for attenuation arising fr.\or'n\perturbations,

i

is l\essy than 0.165 in magnitude. However, the resnlts of Hrastnik etal., 21

and of Agrii_hdtry et al. 24 (A 2= -0.200) favor negatlve values of §(208) for

this value of 5(113). West et al 2observed the 321.3-keV transition

to be 154 2% M2 (6] = 0.4240.04), based on the internal conversion
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coefficients; .a similar value follow’s fr‘ém tﬁe K, LI, and LII conversion
coefficients determined by Grigor'ev. 19 However, as discussed by
Holmberg ‘et al., 16 sizeable nuclear. per;etrafion effects are expected
for this transition, aﬁd thus .mixi\ng ratios d;tervm»ined from this method
are subject to large unce’rtainties. A detailed fit of the subshell ratios
of the 321-keV transition includ»ing’Apenetratiori effects was doné by
Agnihotry .et al. 24 .'Their result i6(321) l = O’.17:t_ Q.‘OS is in excellent
agreement wé'.t-h the present results. | B S -

The deviations of the ‘Ei -transition prob*abilitie,s. in 177Hf from the
pfedictions of the Alagé- intensity rules were discussed by Bernthal énd
Rasmussen. 10 Theby weré’able fo fit the &K = -1 E{ transitions with a
three-parameter Coriolis mixing calculation. Although they assumed
all of the trénsitions to have vanishing M2 c/orr;ponehts, the M2 .corﬁ-
ponents dete'rminéd in the present w01‘-k have a rie,.gli‘gible effect on the
deductioﬁs of ‘Berrntha.l and Rasmussen. Nevertheless; it.is of intefest
to attempt to employ a similar m‘gt}}od to examine the M2 intensities as
‘well as the magnitudes and phases of the M2/E1 mixing ratios.

According to the Alaga rules, 45 the relati‘ve_ intensities of transitions
from states of an initial intrinsic qﬁahtum numbévr Ki.’to final states Kf
are given .by ratios of Clebsch-Gordan_coefficients.' The ratios of the
reduced transition probabilities of the M2 transitions depopulating the

321 -keV level are compﬁted based on the Alaga rules as follows (experi-

mental values in parentheses):

B(M2,71 keV)
B(M2, 321 keV)

B(M2, 208 keV)
B(M2, 321 keV)

B(M2, 71 keV)
B(M2, 208 keV)

= 0.22  (11),

- 0.72 (67),

0.31  (0.17).
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Except possibly in the latter casé; the Alaga reiétibhship fails to account
for these~M2 intensities, and thus we Wﬂl attempf a Corioli.s-type‘
calculation of the_transiti'on mixing ratios by cbnsidering thosg staées
which can rﬁix witﬁ the initial and final states; _I.n order to have a-

convenient means of comparison of the empirical mixing ratios with the

computed values, the two must be expressed in terms of the same trans-

DY

~

ition opefators. This can be most conveniently done by employing the
multipole opei‘ators as used for example by Bohr and Mottelson,46 in

~

terms of which

)

1t

_0.835 E. A , - (13)
with : -, .. .
(Lot (v2) || 1y g :
A =
(il @y ] )

(14)

where EYV is the transition energy in MeV, and the M2 and E1 matrix -

elements are expressed in units of by -cm and e-cm, respectively.
The values of A deduced from the present\ly measured mixing ratios

are shown in Table IV.

'

" The reduced matrix elements may be expressed a.s33

(LK ML [ LK) = NZIFT (UK LK =K | 1K) (K| A1) "Ki> S

' g 7 3 - . v ° " ‘ - k3 :
where t/{ﬂ represents the transition operator in the intrinsic system.

In the approach employed by Bérnthal and Ra.smusv'sen,10 first-order -

Coriolis mixing of states of AK = 1 is considered; specifically,
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= |LMK) - VEFE)E-KF)  A_|LMK, 1)
i1 i 17 T -1

] v(I.-Ki)(Ii+Ki+1) AL MK 1) (16)

=] 1, M - NOIFRII-K ) B_[I.M K, -1 >\

f

fo+1) .

- V(If-Kf)(If+Kf+1) ‘B+|1fM
The A, and B:l: afé Coriolis matrix elements of the form
(ﬁZ/M) (K+1 | j | K ) /[EK)-E(K#1)]. | Considering all possible first-
order Coriolis-mixed components (11/7_+, and 7/2+_mixed\into 9/2+,

9/27 and 5/2" mixed into 7/27), the multipole matrix elements may be .

expressed as

I 41, L
iz Lt 70

(1K, | |'M(L)_H LK) = (21i+1)1/2 {M(OL) s

+M(L)'\/(I+—) (- 5 (1 3 L°|1 z>+M(L)J‘I 20+ 3 (L, zLO, 7)

m{PN g Dy 3 ¢ F L2y z>+M‘L~/<1 -3+ )<I 7L 2[1

(17)

The quantities MliL) are products of Coriolis matrix elements and

intrinsic transition moments: C

MM - (T aew [ 2)

-MiL)='— A (%ICM,'(L)I%% '

Mt - 'BJr (3] Mwy]2),

vyt = B (G| w3 \

MM = - A (] ).
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Bernthal and Rasmusseh1o deduced values of M(()i)= 5.5X 10-3, g

-3, M(21)= - 0.45X1073.

M) = 3.4x10 since M{})and M{!) vanish
identically for L'=1, the E1 .matrix elements for"alllo-f the transitions
studied may 'Be computed fromvthesé values aﬁd' are listed in Table IV
along with the déd;lced values of (M2). It shob._l_&vbé noted that the ab-
‘solute> phase of the ma.‘frix element is an indetgrrﬁinate 'c.luanﬁt'y', but the
relative ph;ses of different matrix elements (eith"er;_differen’t multipoles
or theoretical calcﬁlé,tidns of different contfib;ltiqns to a single‘ multipole)

(1)

are definable. Hence the $pecification of -MO as positive is sufficient
to fix the signs of the remaining Mlg) and M(kz) values.

Equatioh (17) 'may be written in simpler form -,a;s'

o \ . |
(M2) _ : () .

(21 + 1)1/ —k?;() Crp TM ™ - 9
1 . ,.

whére ihe ka are given by the coefficients of the appropriate \ M(kz) in
Eq. (17) and are listed in Table IV. | |
Although it would be desirable to attempt to ~fit__t‘he eight empiri-cal.

MZ matrix elements with the five-intrinsic Mk's, this is not pdssible,

’ dwing to the ‘small variation both in the vcéefficients Ck(k = 1) and in the
deduced values for the matrix elements of the five t’ransitions in }:he
energy range 2‘91.4-313.d1 R¢V. However, ba.séd on the observed small

: \;'ariatiori in t;hose values, it is apparent that the COMO (2) term has little
influence on'the‘ M2 matrix elements, except possil;ly“for the 313.7-keV
transition. ‘Thus it is apparent that the priﬁcipal :contr<ibuti'on to’ (MZ )
for these five’ transvvitions comes from having - | |

@) 1 (2), A (2), ) -3
M- MG M & 407 (20)
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(The M(}f) are proportional to Coriolis matrix elements of t‘he form
(K |ji | K') (ﬁZ/ZJ)/AE, where AE is the energy separation between
the intrinsic states. This product is estimated to be 0.12, 0.03, 0,03‘,_
and 0.08 for M(iz), M(ZZ), M(a,z), and M(:), respecti(v‘ély.4 Additionally,
the intrinsic M?2 matrix elements (Kl M (M2) ‘ KA'> .are allowed by
the é}symp£oti¢ Nilsson selection 1_'u1e547 for M(32) apd Mg), while the
.matrix elements are twice nz—forbidden f‘or.M(iz) and M(ZZ). Here we

have assumed mixing of the 9/27[505] and 5/27[512] states into the
7/2°[514] state, and 7/27[633] and 11/2¥{615] into the 9/21[624] state.)
The small value of (M2) for the 313.7-keV transition could result from

-3

M(OZ)z ~ 3X10 7; of the five transitions under consideration,this one is

the most sensitive to M(OZ) and least sensitive to M{{Z) with k =2 1.

The 321.3-keV result yields (assuming M)~ - 3X107°)

M(‘32)- M‘f) = +1><1o'3,, ‘ (21)

and from the 71.6-kéeV transition we obtain -

3

‘ M(iz)+ Mgz) ~ + 1X107 (22)

Howe%rer, these results are consistent only with a small (0.03) negative
value for 6(208.3) (i.e., a.positive value of (M2)). No variation in the
matrix elements M(kz) was a;ble to yield a solution consistent with the
observed value of 6(208.3). [Holmberg et al. 16 attempted to fit the
208.3-keV e subshell ratios and € -y directioné.l cofrelation results t§
.determine simultaneously the values of 6(208.3) and'of the nu‘clear pené—

tration parameter )\1. Although their deduced results slightly favored
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negatlve values of & (= -~ 0 004), the deduced relat1onsh1p between the
signs of 5 and )\1 was in d1sagreement with that preduced on the basis
of the Nilsson model. Slm11ar1y deduced results of Agnihotry et al.-24
are likewise not © onclusive.] We/thus conclude that the present results
may be taken to giye reasouable estimates of the ordlers of magnitude
of the matrix eleme\nts I\/ﬁ{(z), but that addit_ional cal.c'ulation.s are re-

quired"for a more compl_ete understand_ing‘,‘particularly of the th.r\ee '

transitions depopulating the 321.3-keV level.

. F. 0 - 180° Asymmetrles .

~

The forward-backward asymmetries a, computed from the experi-
mental counting rateS'accordmg to Eq. (4), are shown in Table V.. ‘The
back’ground corrections have beeu applied as su‘ming.the background to
have a vamshmg asymmetry, this is cons1stent with the observed
asymmetry of the background of -(1 =+ 1))(10 for regions in the vicinity

of 160 keV and of 340 keV. The statistical spread of the measured
values was charactenzed by normalized chi- squared values computed
to-lie in the range 0.5-2.0, indicating a reasonably well-distributed
sample. |

The observed asymmetries -indica'te /the lack of any ‘substantial
effect due to parity mixing to about the level of 2><10-4 in the total

o asymmetries ‘and to about 3)(1'0'3 in the peak asymmetries .b

‘The weak interaction, which isv present in the nuclear Hamiltonian
with a relative amplitude of ~1t)-7, is expected to produce vsmall
parity impuritives 1\n nuclear states. The amplitude of this impurity
in the nuclear wave function is.enhanced if there are, close-lying

‘ opposite-parity levels of the same spin. There are four pairs ef such
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177

levels in the Lu level scheme which are separated by from 1 to 20

keV. These are the corresponding states of the 7/2+[404] and the

9/27[514] bands. (The 9/2" band is not popula.t‘e.d in the 177rr1Lu decay,

but the levels of that band ére shown in the 177‘Lu level scheme ovaig.'

1.) We have observed the asymmetries of the E2 and E2 + M1 transi-
tions depopulating the 11/2+, 13/2+, 15/2+, a.\nd 17/2:+ levels. Further -
more, one mivght expect to:observé the intraband E1 transitions I;- - IE,
but these transitions are not observed in the y-ray spectrum. (Similar

1 77Hf’level scheme; in

47)

.Ei interband tl;ansitions are obse.rved in the
both casesk the asymptotic Nilsson quantum numbers are violated.
The possible E1 transitions of »’ Lu would be 118 keV (11,27 ~ 9/27),
151 keV (13/2F ~ 11/27), 186 kev (15/2" - 13/27), and 217 keV (17/2" -
15/27). Upper limits on the interisit;ies of these urb;obs\e’rvéd t‘ransitions
may be obtaiﬁed‘ from the 176L}u(n,\() studie; of Maier, 48 which.indicate
that the E1 transition branching intensities are no greater than 0.05%
of the 147-keV intensity for the 11/2+ level, with corresponding valués
up to O. 5% for the 17/2+ level. These branching intensities can be used
to deduce that the E1 transitions are hindered relative to éi’ngle-particle
Weisskopf estimate’s by at least 106. (The corresppnding transitions
in 177Hf are\hindered7 by at most 105.) In Table V are listed the
0° - 180° asymmetries of those regions of the energy spectrum where _
thése E1q transitions mi ght be expected. |

The presence of parity mixing in the 177Lu levels would giv.e rise
to a forward-backward asymmétry in the y-ray angular distributions;

this would correspond to the presence of a parity-irregular E1 trans-

ition admixed into the regular M1 transition, or an irregular M1 trans-
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“ition mixed into the régﬁla? Ei The failure to obs’erve an effect in

the vanishiﬁgly weak E1 transitions.is nét surprisbiﬁg. In tﬁe éase of

the M1 transitions, the 'regular transitions, W}kl_ic\h are hiﬁde_red relative
to Weiéskopf estimates by factors of 30-50, are ‘probabbly\ not »su/fficiently
retal;_ded to permif the irregular E1 to‘compete successfully. Additional-
ly, thé single-particle vcalcul’ation of parity mix_ihgv _effe_cfs done by
.'Michel49 ihdica’ces that adﬁlixtures of irreg'uiar Eib transitions w1th

.I.\/Ii are not ‘likely to be found7 since the E1 ope.rato'r commutes with

r

the Single?particle parity-odd interaction of the ‘for}n 7.

V.. SUMMARY
The ferromagnet ZrFe2 was shown to be a suitable environment for
polarizing small concentrations of Lu impuritiés; the magnetic hyper-

fine field of Lu in ZrFe2 was deduced to be 41329 kOe. The magnetic

177m

moment of the Lu was deduced to be 2.74% 0.21 THS in excellent

agreement with the value computed assuming the isomér to be a three-

177ny-r‘ays were observed to exhibit larger

17?Lu y-rays; this difference in orien-

'1'77m

quasiparticle state. The
degrees of orie'nté.tion than the
tation enabled the 'reiaxatiqn time of the Hf to be estimated as 6.7 sec.
Numerous EZ/M1 and M2/E1 y-ray mixing ratios ‘were deduced and
were corﬁpared with expectations based on the Ni,lsé_on model, including'
first-order Coriolis mixing for the M2 /E1 cases. These cormparirsons
.enabled the deduction of numerous intrinsic electromagnetic moments

of the Nilssbﬁ states. No._sull)sta.ntia.l (>2><10-4) effects of parity mixing.
on the 177Lu y-rays were obéérved, in spite of the close spacihgé of |

177
e

th Lu opposite parity levels.
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TABLE I. Angi.;la; distribution anisotropies"vfrofn the decay of >177Lu.
-y;-—ray energy BZUZAZa | v\ Deduced parametérsa,
T (keV) o T ,
_ 71.6° . lo.008(,4)1 - | A( '71._.'6‘) - ’0.086:1:'0,057’._ .
105.3 " C0.193(8) : A2(165.3) = 0.85(4) /
113.0 - 0.065(2) S .A2(113';o") = 0.375(14)
S 113.0° . 0.035(1) | | | U2(384 B) = 0.94(6)
t21.6 - -0.094(12) A_2{1'21.6) - 0.55(7)
| 1é8.5‘ | _ 0 0.194(6) \ 'A2(1;8.5)\= 0.85(7)
136.7  0.201(65) A2(1f13»6.'.7v)3 = 0.89(29)
136.7° 0.045(9) . . A2(13'6.7j»= 0.56(11)
1474 L _0.108(16) - “ _vAZ,(i47;1) = - 0.55(10)
153.3 | '0.1‘88(15) " A2(153.3_): 0.79(7)
159.8  0.150(40) Az(i59'.v8).: 0.75(20)
- 1711.8 -, 0 -0.117(30) - ‘A2(1_7'1:.8) = -0.59(15)
174.4 . 0.188(9) o A2(17_47‘;j = 0.77(5)
195.5 ) | -0.079(32) ' - Az-(195.5) - . 0.42(17)
204.1 C0.194(13) ' .'AZI(204f1).=‘ 1 0.78(6)
208.3 ~ -0.100(1) o A'2(208.3) = - 0.476(20)
208.3P -0.042(1) o A,(208.3) = - 0.485(25)
214.4 C0.479(9) AZ(\214.4'):‘\=_ 0.72(3)
218.1 o o -0.420(9) A, (218:1) = - 0.52(5)
228.4 -0.091(3) 132(”»7me) = 0.252(12)
233.8 _0.091(6) B,(*""™Hp) = 0.258(18)
249.7 1-0.093(8) | ‘_.B2(177me) = 0.292(24)

249.7° -0.035(1) | 32(47‘.7*‘31,\1) = 0.097(3)
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TABLE T (continued)

268.8‘ B v —Q‘:.
281.8 . o,
(291.44292.5) 0.
2965 0.

299.0 0

305.5 -0.

313,7 oo

319.0 -0.

324.3° -0

327.7 | -0.

341.6 -0.
367.4 -0.

378.5 | -0.

385.0 -0.

413.6 - -0.

418.5 -0.
466.0 -0.

082(11)

091(2)

030(36)

096(11)

.014(22)

005(29)
036(19)

078(3)

.001(1)

095(3)
103(26)
072(13)
095(2)
092(11)
087(4)
093(3)

071(27)

32377nﬁmn = 0.250(32)
32(177..“‘Hf) = 0.256(7)

A,(291.44292.5) = 0.12(14)

| 52(177me) = 0.278(30)
A2(2<_)9'.0) = 0.06(9)
A,(305.5) = - 0‘02f13)
Az'k313.7) = 0.18(9)
»B;(177“3Lu)= 0.216(11)
.A2(321.3)' = - 0.014(14)

- 32(177me)\= 0.256(12)

B,("""™Hp) = 0.294(73)
177m

B,('""™Lu) = 0.204(36)
B, (" "™Hf) = 0.262(7)
32(177‘?‘ﬁf) = 0.244(32)
32(177mLu).= 0.223(10)
32(177me) = 0.268(12)
B, (" "™uf) = 0.198(76)

%Parentheses enclose experimental uncertainty of last digit or digits.

bDecay of 177gLu; all other entries are from

177m‘Lu decay.
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TABLE II. Magnetic hyperfine fields of irhpdr_i,ties in ZrFeZ.

| © 7 |H(ZrFe,)| - - -  |H(Fe)]
Impurity ~ "~ (kOe) | . (kOe)
[ se | | 400+ 140 o 944 3°
Co 200£15% e - 288+4f
1 - 220610 . 113040f
Er I | 8300+1000° . 2700%400f
La - a13£29* 483+ 60
HE 200 209 o 606+ 70f
Ta | 3224332 | 656+ 13%
Np ; 1370+ 110P o | 08
a‘Present §vork.
PRef. 40. | | iR
“Ref. 2. -
-

Refs.'3 and 37.
°D. K. Gupta, A. K. Singhvi, D: N. Sanwal, and G. .N.7>R'a.o, Phys.
Rev. B 7, 2942 (1973). |

fRet. 42.

-

&|H| probably small; see discussion in text.




TABLE III. E2/M1y-ray fnixing ratios deduced from the decays of oriented

v

177m, 177g,

Mixing Ratio &

dRef. 19.

gx - BR
™ Ener Present Previous ———
I, -1 gy
Nucleus K [an‘/,\] _ 1 £ (keV) " work work Qo
S 7/2%[ 404] 9/2 - 1/2 121.6 $0.54£0.07  £0.49£0.03% +0.048+0.006
' ' 11/2 - 9/2 147.1 +o.54f8'(1)5 :!:O.62:h0.09b +0.047+0.009
13/2 - 11/2 171.8 '+o.59f8'ié £0.51+£0.04°  +0.042£0.014
15/2 - 13/2 195.5 +0.41f8'12 v;l:0.42:|:0.0_7b +0.060+0.019
17/2 > 15/2 2184 +0.52#0.05  0.46+0.05°  +0.046%0.005
177 + ‘ : . c
Hf 9/2"] 624] 11/2 -~ 9/2 105.3 -0.36+0.04 -0.34+0.02 -0.050+0.006
13/2 - 11/2 128.5 -0.37+0.06 -0.37+0.02° -0.051+0.008
15/2 - 13/2 153.3 -0.33£0.05 -0.36+0.02° 1-0.058+0.007
17/2 - 15/2 174.4  -0.32£0.04  -0.38%0.03°  -0.060%0.008
19/2 - 17/2 204.1 -0.33+0.05 -0.36+0.03° -0.061 +£0.008
21/2 - 19/2. 214.4 -0.29+0.02 -0.33+0.04° -0.066+0.005
177 7/27[514] 9/2 - 7/2 . - 113.0 4.7 £0.2 4.8 0.2 © ~0.0054 £0.0002
11/2 - 9/2 136.7 -3.0 £0.7 +2.9 +0.4 -0.0080+0.0020
13/2 >~ 11/2 . 159.8 . -2.4 1.0 -0.0097 + 0.0040
2Ref. 26.
PRef. 7. \ )
- “Ref. 14.

~

-vs_
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TABLE IV. M2/E1 mixing ratios of y rays in Hf.

(,MZ%
(21.41)Y/?%

a = :72
y-ray energy ™, _ T (ﬁﬂ!iff:) @L (units &£ 10 2p_-cm) C ¢ C o o
(keV) - i f [ e-cm (units of 10 “e-cm) . N 0 1 2 3 4.
1.6 9/2% = 11/27 -0.051£0.037 0.85%0.62 + 5.7 +4.7£3.5 0.34  1.92  2.75 " 0.67 0.00
208.3.  9/2" = 9/27 40.07£0.02  -0.40%0.12 + 8.3, S3.3£1.0 0:60. 0.74  2.22 1.21 0.00
. 291.4 17/2% < 15/27 +0.08 20.08  -0.3320.33 -11.4 +3.843.8 -0.04  -3.63° -3.73 4.65 " 4.74
292.5 19/2+ - 17/27 +0.08 #£0.08  -0.33%0.33 -14.0 +4.6+ 4.6 2011 -3.77° -4.04 5.27 '3249
295.0 15/2% =~ 13/27 +0.11 £0.05  -0.440.20 - 8.8 43.921.7 0.05 -3.42 -3.30 3.99 3.89
305.5 ¢ 13/2% = 11/27 40.16 £0.07  -0.6320.27 . - 5.9 +3.721.6 £ 0.18  -3.41  -2.67" 3.27 PRT!
313.7 1/2% =7 9/27 40.06 £0.05  -0.23£0.20 2 2.9 +0.7£0.7 _ 0.38 -2.62 -1.68 2.44 1.68
321.3 YA 7/27 40.17 £0.01  -0.63£0.04 470,62 20,39 0.03 0.71 - -1£.75 0,00 1.43. 0.00
a’Comp\ited, bascd on the wofk of Bernthal andRaér’ﬁussén (Ref. 10).- ‘

-gg-
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: : o
TABLE V. 0°-180° asymmetries of ! 7Lu Yy rays.’

y-ray energy T : Asymmetr'y(units/of 10'4)

(keV) B e f Multipolarity Peak + background Peak
a + - 4 24

118 11/27 - 9/2 E1 13201

147 11/2% - 92t ®m2/M1 S0.6%2.2 12 + 44

267 112t - 12t E2 - 4.0£2.9 2820

1512 32t 41127 E1 ~0.5+2.3

172 13/2% - 11/27  E2/M1 0.3£2.2 644

319 13/2% -~ 9/2% E2 1.4%2.9

1862 15/2% — 13/2° E1 . 0.0£2.4

195 15/2% — 13/2Y B2 /M1 47427 95+ 55

367 . 15/2% w1127 E2 1.4%£3.5 -14%35
a + -

217 _17/2+ 15/2+ E1 0.8%2.6 /

218 17/27 - 15/2"7  E2/M1 - -16+£52

413 17/2% » 13/2% E2 -0.4%3.0 - 19

aSugg’ested E1 transition not actually observed in>y-r'ay spectra.
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Figure Captions

Decay scheme of 1_7'7mLu fo levels of 177Lu and 177Hf, taken
frtﬁn’ the work of ref. 9. The Nils“'gvon_ a,‘s”;s_:'ignr‘nem.;s Kﬁ[anA]
are indicated for the ilntrihsi»c étates. The L;J. =~ Hf beta decays
are shown as double lines and are léfo_elegf‘with the end-point
177

energy in keV and the relative b.ra_,nchirig_vintens"l-ty.'. 'I\fhe Hf .

interband E1 _tra.nsitibns’ are shown connecting the dashed

extensions of the states of the 9/2#_[624];_&{1&7/2'[51 4] bands.

177m, -

Low-energy y-ray spectrum from the decay of ~ Lu. The

peaké 'ar-e vla._beled by the y-ray éhergies 1n k‘éV. ' T,hose peaks
labeled below the spe'ctrufn are those from f‘he »1 7—lszu decay;
those labeled above the spectrum are from contaminant

activities.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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