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Measurements for spin inversion and noninversion in successive decays via nuclear magnetic
resonance on oriented nuclei
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Nuclear magnetic resonance on oriented nu®&1R-ON) measurements were performed on the successive
decays 0f%Zr-8% ™ and 1%0s-1%4r™ in Fe. The NMR-ON spectra d®ZrFe and ***OsFe were obtained by
detectingy rays from the decay of the isomefEY ™ and ®Ur™, respectively. Fof®ZrFe, the anisotropy of
the y ray increased at the resonance. On the other hand®¥osFe the anisotropy of they ray decreased at
the resonance. These phenomena were explained using the spin inversion and spin noninversion processes
including the lifetimes of the isomers and spin lattice relaxation times. NMR-ON measurements for such spin
inversion and noninversion processes were reported. The resonance spectra were also observed by detecting
B rays from®Zr and 110s. In these experiments the magnetic moment®sf and 1°'0s were determined
to be —1.08 (2) uy and 0.962(28) uy, respectively. The signs of the magnetic moments™f™ and
9% M were also determined to be positif&0556-281®6)06109-7

PACS numbgs): 21.10.Ky, 29.30.Lw, 76.96-d
I. INTRODUCTION Il. EXPERIMENTAL PROCEDURE

. . Sample of 89ZrFe was prepared by recoil implantation
Nuclear magnetic resonance of oriented nu¢dMR- into iron of the precurso?ng (Ty, = 2.0 H produced by

ON) [1] is a powerful tool in the study of nuclear magnetic the nuclear reactiof®Y( a,4n)®Nb. Targets of%%Y were

dipole moments. Recently, the technique has been applied {fl34e by spattering onto thin Al foils. Stacks of alternating
on-Ime experiments. In such e:lxpe,rylments_ the radio ISOOPER, get foils and thin pure iron foiléhickness~ 1 wm) were

are implanted as unoriented “hot . nuclei. Implantatpn IS jrradiated for 15 h by a 50-MeVk beam at the SF cyclotron
followed byasequence of successive decay of shqrt Ilfe'glm%f the Institute for Nuclear Study, University of Tokyo.
so that description of the degree of nuclear orientationgamples of3%ZrFe were handled in two ways after irradia-
which involves competition between nuclear spin-lattice re+jon; one was given no heat treatment and the other was
laxation and nuclear decay becomes quite complex. To simannealed at 800 °C fal h in vacuum. Sample of®'OsFe

plify the situation Stong?2] introduced the new method of was prepared by irradiation of a small piece of a dilute alloy
time-resolved on-line nuclear orientati¢hR-OLNO). The  of IrFe (0.2 at. %, rolled to 2 um thickness, for 12 days in
basic idea of this method is to measure the time dependenthe reactor at the Japan Energy Research Institute in a neu-
of the anisotropy of the angular distribution of the degay tron flux of 2.9 X 103 n/sec cnf. After irradiation, the
transitions following implantation of activity in short pulse. sample was annealed in vacuunm foh at 800 °C.

During the decay sequence the axis of magnetization of the The samples were soft-soldered to the copper cold-finger
sample remains unchanged, however the direction of polaef a *He/*He dilution refrigerator and cooled to a tempera-
ization along that axigthe direction of the nuclear spin ture of 7 mK. They rays were detected by two pure Ge
depends upon the sign of the hyperfine interacttbe prod-  detectors placed at 0° and 180° with respecBtpwhich

uct of the nuclear moment and the hyperfine fielchich ~ defined the orientation axis. The rays were detected with
may reverse at each decay. The effective relaxation time t9v0 Si detectors of 50 mrharea and 0.5 mm thick, mounted
thermal equilibrium at each stage in the decay chain depend a heat shield at 0.7 K, inside tiiele/*He dilution refrig-
upon whether or not inversion of the spin direction occurs inérator. Details of the detector system have been described in
the preceding decay. Stof2] calculated the time dependent Ref. [3].

anisotropy in both the spin inversion and noninversion cases

and demonstrated the occurrence of the spin-inversion pro- Ill. RESULTS AND DISCUSSION

cess for the sequenc€®Au — 8%Pt™ from analysis of the
time dependent anisotropy of decay of 18pt™,

In the present work we use NMR-ON to demonstrate both The partial decay scheme &fZr is shown in Fig. 1.
spin inversion and spin noninversion in successive decay ifi%Zr decays mainly(99.0% to the 909-keV3" isomeric
studies of89zr-8%y ™ and 1%'0s-'%4r ™ decays. When reso- state of8% ™ (T, = 16.1 9 by an allowedB " /EC transi-
nance is detected i radiation, the results give information tion. The magnetic moment &fZr was not previously mea-
not only of the magnitude of the hyperfine interactiamd  sured. NMR-ON resonance spectra have been reported for
hence of the nuclear momenbut also its sign, which is 8% MFe [4] by observing resonant changes in the 909-keV
usually not available from NMR-ON studies. anisotropy. However, depending upon the ratio of the

A. 87r-8%yM - an example of spin inversion
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FIG. 1. Partial decay scheme &izr.
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isomeric half-life it may also be possible to detect resonance
in the parent isotop&°Zr from observation of the same 909- 5 3 NMR-ON spectrum of°ZrFe taken with FM of+ 0.3
keV transition. From the value of the Korringa constant meay;, by detecting 909-keVy rays at 0° and 180°.
sured by the integral low temperature nuclear orientation
8 m: . _ .

method for 9Y in iron, Cy = 0.444) sK[5], we estimate  soy m differ, there is an inversion of the nuclear spin direc-
a relaxation time of 37 s at 10 mK. The tabulation of Shawtion of 8% ™ immediately following3 decay, as compared
and Stone{@] rrr:ayd be u;ed tol e.sélmerlnte th?t. thﬁl %veraglie with the thermal equilibrium direction, as shown in Fig. 4.
pa(r)amfe';er |rr]1t € Iecay:_r;)g_re axi laY T]l.JC el wi ?]ony nJchievement of thermal equilibrium from this initial spin-
53@ ot its thermal qu' : n:lum value. T IS means t_ at at th&pyersion situation takes longer than from an initially unori-
time of decay the **y™ sample retains considerable o089y m gnin system. Resonance &&r reduced the ini-

memory” of the orientation of its long-lived™*Zr parent. In = ;) spin inversion, speeding up the effective relaxation time
this circumstance the possibility exists to detect NMR-ON Ofand thus increasing the anisotropy of the 909-keV transition

89 H
Zr by observation of the decay 8fY ™. The count rate of ;¢ opcerved. From the decay observation of the resonance
the 909-keVy rays in both Ge detectors placed at 0° and;, the polarizing fieldB, = 0.2 T we obtain

180° decreased at low temperature.

We first searched for the NMR-ON resonance of v(®%ZrFe:By=0.2T)=51.184) MHz.
8% MFe at about 323 MHz as previously reportpd]. We
could not detect the resonance with the annealed sample. The absolute sign of the magnetic momen®¥r can be
However, with the unannealed sample we found the resogetermined independent of nuclear systematics by observa-
nance, shown in Fig. 2, which exhibits a decrease in anisotjon of g-ray anisotropy. The3-ray anisotropy was small
ropy (increase in count rafelts observation shows that the gye 1o the presence of other activities in the sample and the
parent®Zr nuclei would be in substitutional sites in the iron fact that the transition involves high spin states of the same
lattice. Next we searched for, and found, the resonance of the A weak 8%ZrFe NMR-ON resonance by detecting th@
parent *ZrFe at about 51 MHz using the same 909-keV rays was observed simultaneously with theay resonance
y-ray anisotropy. The resonance, shown in Fig. 3, exhibits agyith center frequency 51.150) MHz as shown in Fig. 5, in
increase in anisotropfdecrease in count rate agreement with the result given above. The sign of the

Understanding of the increase of anisotropy on resonancg-ray asymmetry destruction on resonance unambiguously
of the 8Zr parent lies in the relative sign of the hyperfine

interactions of®%ZrFe and 8% ™Fe. The signs of the hyper-
fine fields acting on Zr and Y in iron are the safnegative, definition

87r)<0 89
however, if the signs of the magnetic moments®&r and z uzn Zr Fe
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FIG. 2. NMR-ON spectrum of® ™Fe taken with FM of+ 0.4 FIG. 4. Change of the spin polarized direction &&zr-8%y ™

MHz by detecting 909-keVy rays at 0° and 180°. in Fe.
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FIG. 5. 5-NMR-ON spectrum of**ZrFe taken with FM of + FIG. 7. NMR-ON spectrum of®'OsFe taken with FM of= 0.5

0.3 MHz by detecting thg-ray asymmetry ofN(0°)/N(180°) (ar- MHz by detecting the 129-key ray at 0° and 180°.
bitrary unip with respect to the orientation axighe direction of the

external magnetic field ment of 1%10s was not previously measured. The NMR-ON

resonances of®iirMFe and '%4r™Ni [11] were measured
and the magnitude of the magnetic moment'&iir ™ were
determined as 6.0286) w,. The half-life of the isomeric
state is 4.9 s, relatively long compared to the spin-lattice
room temperature PAC measuremgnk If we assume that relaxation time of 1.1 s aB, = 0.2 T deduced from ob-

the impurity hyperfine field in iron follows the same tem- ; . :
perature dependence as that of the hyperfine field of Fe itse?ferve{j relaxation following resonanfE2]. Hence the aver

. : ageB, orientation parameter in the decay Bfir ™ nuclei is
[8], the field of ZFe at 4.2 K is expected to be 28.1(4) T. : ;
Taking this field and the Knight shiftk(zrFe) — estimated from the tabulation of Shaw and Stp@kto the

. . X 95% of its thermal equilibrium value. This suggests that the
—0.16(12)[9] and neglecting a possibly hyperfine anomaly _ . . 19, M\
the magnetic moment d¥°Zr is deduced to be anisotropy of the 129-keVy decay of 1%4r™ will have a

weak dependence upon the orientation of the palélds

897\ — _ nuclei.
(2=~ 1082y The sample was cooled to 7 mK in the polarizing field

It should be noted that the accuracy of the value is entirefBo = 0.2 T with y detectors at 0° and 180° which showed a
limited by the uncertainty of the hyperfine field. strong increase in the 129-keV count rate with falling tem-
Since the configuration dt°zr is one neutron hole in the Perature. Searching for th&'OsFe resonance over a wide

doubly magic3oZr s, the result is important for nuclear shell frgquency region revehaled a clear b“r: small resonan%e at
model calculation. The Schmidt value of tlyg,, neutron about 180 MHz. As s own 1n Fig. 7 the anisotropy Is de-
state is—1.91u,. The deviation of the magnetic moment duced(count rate decreasgih resonance as is also known to

from the Schmidt value can be explained using the core®SCU" for the *ir MFe resonance. The reduction in anisot-
polarization formulg10]. With the neutron configuration of OPY Onresonance of the parent is understood as arising from

(o)~ * and the parameter set of the harmonic-oscillator po-f[he fact that there is no spin inversion, i.e., no change of sign

tentialC = 30 MeV, the calculated value is 1.09uy, which in the hyperfine interactions of parent and isomeric daughter,

is in good agreement with the experimental value. as shown In F'g: 8. The pola_rlz.anon of th&lr ™ spin im .
mediately followingB decay is in the same sense as their

thermal equilibrium polarization and hence the isomeric spin
system reaches equilibrium faster than if they had been ini-
As an example of spin noninversion in isomeric decay wetially unoriented. Detection of thé®’OsFe polarization on
report results on the sequent¥0s-1°4r™. The partial de- resonance increases the effective relaxation time and hence
cay scheme of%'Os is shown in Fig. 6. The magnetic mo- decreases the anisotropy, as observed in Fig. 7. Thus we
have an example of the spin noninversion case.
1910 NMR-ON resonance was aI;o observed inﬁhdetectors
op- Tip=154d at 0° an.d 180° as shown in Fig. 9 and the sign of_ thg reso-
nance signal determined the sign of th8Os hyperfine in-
teraction as negative. The Bshyperfine field is known to

gave the sign of the moment 8fZr as negative, hence the
sign of the magnetic moment &fY ™ is positive. The hy-
perfine fieldB . =(ZrFe) was reported to be-27.4(4) T by a

B. 1%10s-1%4r M an example of spin noninversion

171 be negative, hence th€'0s magnetic moment is determined
129 to be positive. The sign of the magnetic moment¥fr ™ is
M1+13% E2 also positive, as previously assumed on the basis of system-
3 atics. The observed®Os resonance yields
= 191 0 ’
Ir »(10Fe By=0.2T)=180.31) MHz.

FIG. 6. Partial decay scheme &Y'Os. The hyperfine field of*®®0gsFe has been determined as
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FIG. 8. Change of the spin polarized direction'®10s-1%4r ™ in

Fe. with the lifetime of the daughter nuclei reorientation in the

) successive decays depends on these times and upon the rela-
—110.63(3) T from the spin echo NMR resonance atijive sign of successive hyperfine interactions.
371.41) MHz [13] and the known moment(**0s) = We have demonstrated the practicality of measuring par-
0.6599384) uy [14]. Large hyperfine anomalies are known ent resonancesia daughtery decay in determining the mag-
in Os isotope$13]. If we apply the empirical rule of Mosk- netic moments of®Zr and *'Os. We have shown that in the
owitz and Lombardi[15] in the Hg region t0'81%0s, a  spin inversion case the anisotropy of the daughteays is
hyperfine anomaly'8°A*%! of 2.9% can be estimated. We increased by the NMR-ON resonance whilst in the spin non-
therefore take an error of 2.9% on the hyperfine field and thénversion case it is decreased. There is thus good sensitivity

resulting 1°*0Os magnetic moment is to the relative sign of the parent/daughter hyperfine interac-
19 tions. These results confirm the predictions of Stfi2le He
w(*%'0s)=+0.96228) uy . showed that the time evolution of tt&, orientation param-

Thi Itis cl h lculat 1 by Ekstri eter is extended in the sign inversion case and shortened in
asée‘?t IS C.Oig to'g € ,C\l"’.‘lcu atlonct) .%b gOSQSth the spin noninversion case by a TR-OLNO study of the
and Rubinszteip16] using Nilsson neutron orbi6053] an 183ay-183ptM decay sequence. Combinations of NMR-ON

gs = 0.6 gs(free). technique with the TR-OLNO methd@] in successive de-
cays can be developed to study nuclear structure by on-line
IV. CONCLUSION nuclear orientation.
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