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ON A SELFCONSISTENT MEASUREMENT OF THE
ANGULAR CORRELATION OF THE 879-87 keV
CASCADE AND THE MACGNETIC MOMENT OF THE
87 keV 2* LEVEL OF “’Dy

B. K. mHZ,E.P_Y R. mEj>O§W<<>J~ Calcutta

E. 3

; - 5

A self-consistent time-differential ‘medsurement of the angular correlation of the
879-87 keV cascade of '*Dy and the magnetic moment of the 87 keV 2 level has been
performed. The values of Azx= —0.019+0.019 and A.= +0.33220.070 suggest
a value of 8(879)= —12.533. This is consistent with the theoretical predictions of
Tamura and Yoshida as also the value recommended by Krame from his analysis of
all available experimental data. The halflife of the 87 keV level is found from a fit of the
Ao(t) vs time curve. The value is Tiz=1.96+0.03 ns. The magnetic moment of the
87 keV level is found out using a new technique based on the third relation of A. Z.
Hrynkiewicz. The value is p=+ Ac.memw 0.32)pun. The result is compared with
theoretical predictions.

0 CAMOCOTIACOBAHHOM H3MEPEHHH YII0BOH
KOPPEJAILIMHA KACKATHOTO IEPEXOJA 879-87 K3B M MATHUTHLIA

MOMEHT 2* YPOBHSA fIPA DY CHEPTHEMN 87 K3B

B pa6ore =v=..6§+nn pe3yALTaTH 8:089»8532..0 ppeMennoto audrdepen-
MMANEHOTO U3MEPEHHs YTIOBOH KOpPPEISmi KkackagHoro nepexona 879-87 k38 B snpe
199Dy 4 MarHMTHOTO MomeHTa 2% ypoBHS C sneprueil 87 Kan. 3HaueHHA . BENHIHH

,==0,019+0,019 1 A= +0,332+0,070 NPMBORAT K, 3HAYEHHIO BCIHTHHBL
8(879) = l‘-N‘mummw. YTO COTNAcyercs ¢ TEOPETHIECKHMH Eunhnﬂmunmiz: Tamypsl
" S,.oixnrr a “._.Ecwn. O 3HaYEeHMEM,PEKOMEHIOBaHHBIM KpeiiHOM Ha OCHOBE ero’
aHANH3A BeeX IOCTYRHEIX SKCHEPHMEHTANLHBIX faHEbIX, Tlephon floftypacnaga ypoBHA

- ¢ ‘sHeprHeH 87 x9B OnpeneneH Ha ocHoBe NMOCTOEHNS BEXHURHBI Ao(f) KaK KpHBOii,
3aBucsiiell OT BpeMeny, u;pased Tin= 1,96 0,03 n¢. MarHUTHDBIA MOMEHT YPOBHA
c vo_,.o_u_.snw 87 k3B ofipeficiiel NP MOMOLIY HOBOMO METO/i2, OCHOBAHHOIO HA TPETHEM ..
cootRoweHnM [ pHHKEBWYa, NPHIEM €TO BETMIKHA paBHa “u'= +(0,696£0,032)pn.

TIpoBeneHo CpaBHCHHE 3TOTO pe3yNLTaTA ¢ TEOPETHUCCKHMH TIPEACKA3AHNAMH.

1) Physics Department, Laval Univérsity, QUEBEC GIK 7P4, Canada

?) ‘Saha Institute of Nuclear Physics, CALCUTTA 700 064, India.’ "’
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The angular correlation of the 879-87 keV cascade in the decay of 169Th to Dy
(Fig. 1) has been studied by many a group both with Nal(TI) detectors [1, 2] as well
as with ’
) “7d 3 s o
3- .
160, \ : g ~l=lslelelelsle
T i § | 4EEZ353E350tEsEs
G~ \\Hiﬁ A hVMnMMN&N%N&N&G%N
3 1386 g :
- - 33 ~ 1358 £ 273 i
z TR -.Mr\'r:ﬁ 22| 2 | g g 8 g | S
Q@) i rd 1 ./ﬁmm 2gg < ! ] 4
2- EN S % s | C e R B o s Bk : S
4+ ﬁ“.”lnl,l.[ mﬁ 4156 : | o 3 2 ,,M? i i 6 3.‘ : o
| o . o ot ; N P 2 8- 8 5 .o . e
uH T — | g B Cole 28 8 s
2 i—,_,_ i % ! = 3 L Tg g b g g b
N o i 1 : i ey N =2 E
< EREEE | £ $ 3 %3
2 ~ T 81% fw . v 3
. . - ~ 1 = o
= THE ER W S E g2 5 &
1 T o < 1 T % #o0H
: & 5 e o1 2 8
, & S g 3 g &
¢ = s © =
t 1 3 ]
2 sos : & B e %
d 2 - %o g T ’ 4 ) 12 . 898 2 . -
1 : : : szl & sg88 S & S8% 2
2+ 3 87 . ,..W 8 ..M._n) ) ‘,m e H H - .M | u m.v._. H M
-”\07 ; = & S 'a L S & L= a -
¢ ; 0 : W g g |388 % ¢ il @
L T w0 o . Ekev), - ) : m S p.w._._u.m s 9 SIS 2
: . wE, SR 3 ¢ . ~ S Sac . . o
i Figure 1, Level scheme of '“Dy. ! g, W m W o 2 g g W S
] : £l 3= | &xx & -3, fHS 3
. . i s : o gl, = S 5 S99
Nal(TI) detector combinations. A summary of the results is presented in Table 1... : 7 s £ S3& 5 £° - 9% "_w_
i . : " - . [ s g D = N ey 0 -
One finds that the experiments with Ge(Li) as one of the detectors mostly use this ] © n_w o © 5 28 5
n . 5 . . S B s
cascade to find out the integral attenuation factor G, of the A, coefficient, and use S - T owmom %omoeg
it v : g ~ 49 bem 2 2 2 oeg
this value of G, to correct results for other cascades.. The mixing ratio 5(879) used 3 o8 5 8 g 3 4 88
. n . . CETY g b2 = - 2 &5 ¢ d =
to find the theoretical unattenuated A,;:A4 values for his cascade is generally ”. «© Tt BT T T T w
found from another cascade. From a'table of A; and A, vs'd for a NC.NVNANVO | £ s g q = 2 §
cascade it is found that while the A, value does not change much over a wide range o S - = m e m m . m m
¥ SRt B 54 e F Rl ety g W e oL ek S ekl ! i . o R . g 1 — 4
of &-values the value of A; does, and thus a proper test for. the consistency of:the - i < |'s ' 5 3 '3 8 ¢ §
integral angular correlation results with Ge(Li) detectors would be the comparison v S 9 S oS 308 8
of the G;A,and the G,Aj; values. Here, however; one notices large disagreement ..., , 3 8 =g 8"
between thesé values found by different authors. For exariple, the G;Ajvalue as s S _ S.e g
E R . Yy G e, g b G A g AN <+ o =S — SO
found by Krane et al. [6] is one order of magnitude less than that found by : $ § 588
Jaklevic et al. [3]. The value found by Krane et al. [6] is positive although others i £ T & o0 v T e &
report a negative value. There are also disagrements between the " G4Aj values. g i ﬂ.e.ﬂhmm... m %
) - . . P S 2Rt B o !
Since Forker et al. [2] have found that the differential attenuation coefficients and R R A R
Sars TORNG et e A Pe e T s EsoeM 0 & BRE
hence the integral attenuation.coefficients. remain constant over a large range of STREH IO .
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acid concentration of 1{Cl the discrepancies in the G.A; and GsA, values cannot
he explained in this way. We also find from Table 1 that the G, value found by
Krane et al. [6] is about 30 % larger than that of Jaklevic et al. [3] and
Gardulskictal. [7]. Thus the integral angular correlation study of this cascade by
using Ge(Li) detectors is not at all advantageous. The good energy resolution of the
Ge(Li) detector is no substitute for its poor time resolution at least in this case.

Two groups viz. Gunther et al. [1] and Forker et al. [2] report a differential
angular correlation study of this cascade. However, the study for Forker et al. [2]
is sofely devoted to finding the nature of the perturbation in liquid source of :aU%H
Thus Gunther et al. [1] is the only group that reports an A, and an A, value
directly from a differential angular_correlation study. However, one finds from
Table 1 that the value of A, and A, as reported By Gunther et al. [1] viz.
A, = —0.043 +£0.006 and A,=0.327.£0.006 is not consistent with their experi-
mental value of 8(879) = + 17.7*33. This value of 8:is consistent only with a value
of A, in the range of + (0.11 —0.13). On the other hand, the value of A, and A, as
found by Gunther et al. [1] is consistent only with a value of 5(879)= —22*3 as
recalculated and tabulated by Krane [8] from  Gunther’s “data. This seems
surprising and has led us to remeasure the value of A, and A, for this cascade by
differential angular correlation. soeog fm

From Table 2 it is found that there are six reported measurements on the
magnetic moment of the 87 keV 27 state of 9Dy but only o=n by differential

Table 2

Magnetic moment of the 87 ww&.n.w state of '*’Dy

Author . ) fesp in] Method
Ofer et al. [11] 0,76 +0.05 Mossbauer effect
Cohen et al. {12] 0.74+0.08 .~ -do- -
Gunther et al. [1} 0.704 £0.038 P IPAC
Gunther et al. [1] 0.728+0.022 ¢ DPAC
‘BenZvi et al. [13] 0.712 £0.034 g4 i 'CEAD
Begzhanov et al. S ade om 0.844 +0.005 . e x IPAC
Present work 0.696+0032 = ... .. DPAC

perturbed angular correlation .method . [9—14].. The two - measurements - by
Méssbauer spectroscopy [11, 12] report a somewhat higher value of the magnetic
moment. However, the Mossbauer method only determines E.,o..nmao of the ground
state moment and the excited state moment. A rather large value of the magnetic
‘moment differing by almost 20 % from the valué reported by others:has been
reported by Begzhanov et al. [14] from a perturbed angular correlation study.
Thus a measurement of this magnetic moment by a direct; method such:as'by
a differential ‘angular correlation method seems to be desirable. . ¢ niiv
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We feel that the large A coefficient of this cascade offers a _uommmE:J\ of finding
the magnetic moment of the 87 keV level with a better precision than by the
ordinary differential delay reversed field (DDRF) method. This can be done hy
using the variant of the above method first suggested by A. Z. Hrynkicwicz {15}
in which the larmor frequency is found from a function of the: C(1)= A sindond,
where A is a constant simply related to the As coefficient and . is the larmor
frequency. Sinha and B hattacharyya [16] have shown that this has two
inportant consequences: a) even with a smaller available magnetic field the
measurement of oy is possible with a better precision and b) since one cycle of the
larmor frequency curve is completed in a shorter time, i. e., in the earlier part of the
lifetime curve which:it modulates, the data points taking part in the evaluation of
the larmor frequency have generally a chance of better statistical accuracy even for
a short lifetime of the intermediate level of the cascade than in the case of an
ordinary DDRF-experiment, which also leads to a better precision in the final
result. We may mention in passing that to our knowledge this is the first instance of
the application of this method to measure the magnetic moment of a level. Even
a cursory glance through the Table of Isotopes (7th edition, 1978, eds. C. M.
Lederer and V. S. Shirley) _.omos_.m more than twenty possible casses where this
method may be applied with profit. The above considerations have led us to study
the differential angular correlation-of the 879-87 keV cascade of Dy and
measure the magnetic moment of the 87 keV level by the method suggested above.

EXPERIMENTAL ARRANGEMENT

The source was obtained from the hrmcr» Atomic Research Centre, Trombay,
India as TbCls in HCL The source was encapsulated in a small perspex holder 3 mm
dia. x 1.5 mm height and placed between the pole tips ‘of an electromagnet. The
detectors were.38 mm dia. X 25 mm height Bicron Nal(TI) phosphors of guaran-
teed resolution of 7 % at,662 keV._coupled to Philips XP1021 photomultiplier

" E o

tubes. The photomultiplie m,.c,cw.nn;mim_awm by lead cylinders with lead cones of

proper design. Lead .‘mamm:imm.f.._...o@.wo.zco,nn the, pole pieces to avoid crystal to
crystal backscattering of gamma rays. To reduce the intensity. of the strong X-ray
(46 keV) thin tinfoils were used in front of the detectors detecting the 87 keV
gamma ray. A typical singles manEB in each of the two detectors, the coincidence
spectrum with a proper gate in the two detectors as also the window selection in the
side channel are shown.in. Fig. 2.

R S E R

' DIFFERENTIAL'ANGULAR CORRELATION EXPERIMENT
¢ RN S PR v 2 S EHS B B P RSEE L TR
The differential angular correlation experiment .was done -with the —source-.
rigorously centred to'a betterthan 1 % precision between the pole tips of :the
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Figure 2. Various gamma spectra of '*Dy: (A) Singles gamma spectrum in the moving channel, (B)

Singles - gamma spectrum ‘in ‘the fixed channel’in -thé region of interest, (C) same as (B)-but. with

2:0.006 cm thick Tin absorber, (D) same as (C) but gated by the 879 keV peak selected in-ghe, moving

channel, (E) same as (A) but gated by 87 keV selected in the fixed channel. The window mo._o.nmoa for,
. Eﬁnuvm,l:—na are m,:mo,mwoi.,_., ' ;

clectromagnet. The data were taken at fou nglés 90°112.5°, 135°and 157.5”and
stored in the four memory subgroups’ ND120 riultichannel analyser in ‘the
form of a delayed coincidencé curve. The angular nmm:amow of .Sm‘ﬁoﬁaw aom ‘nﬂo

‘avoid w@ﬁ@&h_ to crystal backscattering v_,amwﬁ

‘energy selection

was limited to 157.5° in‘order to

around 180° The prompt coincidence time resolution with our

L2

2.1 ns) (Fig. 3).

_was obtainéd using 2 “Co source (2
ey | e, SRS L SAE EY s ol 3R

LRSS EEIN

o .;o Emnw.mcm.»_wamwwﬁwami of the;m mw:wﬁwn,aoanua%ww, done 2:: ‘the
source by putting on the magnetic field and taking coincidence counts Wi

at: @,=112.5° and. @;=157.5%for. ‘ninﬁm._,.momosm up and:down of the transverse
magnetic, field: The data were stored in the:four memory m__cmno:wm.mom‘m&n
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Ew:..n 3. >A_Qv.<m time curve of the ‘wwo-mQ keV cascade showing the half-life of the mq. keV level. The
A prompt coincidence curve is also shown, Error bars are shown only for a few points. :

multichannel analyser. The .Bmmlwmm field H.,=21.4 .E_oww.mwm was measured with
a Hall probe calibrated in d Varian NMR setup. o h

ANALYSIS OF DATA AND EXPERIMENTAL RESULTS

#*'Each point of ‘the delayed coincidence spectrum corrected for chance’ coinci-

detices was least square fitted to find out Ao, A, and ‘A,. The curve of Ag vs time is
shown in Fig. 3. This curve'was the least square fitted to find out the half-life of the

87 keV level giving Ti»=1.96%0.03 ns, taking into account the half-width of the

- prompt time resolution curve'and its slope. Finding the half-life from such'd'fit of

Agt vs- time climinates “any effect 'that-the” strong anisotropy of ‘the angular

+correlation and the sizéable attehuation of it present in the source may have'on the
" measured value. This value of the half-life agrees well with'the value as found by

" “The ‘Curve of A4 vs time is shown in Fig. 4. It will be found that the first few
channels give more or less a constant value which shows the effect of the prompt
<ascade sill remaining under-our seléction. To ensure their exclusion in the final

Forker et al. [2] using similar'methods. *"’ :

‘result ﬁu_m.ﬂgm.ouvcm&w in the A,(¢) vs time curve were considered which are away

- from the timé zero channel by a‘time gap of 3 ns — somewhat more than’one

_ prompt resolution time. A least square fit of the remaining points gives 2 value of

375



o5} - .
. ¢ EXPTL. POINTS

'FITTED CURVE
\ DELAY =570 psec. PER CHANNEL

R
O.t
ba 1) -
[A,(0)= 0.34 +0.07
- \(0:20£0.04) x 10°sec-!
0.01 1 1 1 : 1
¢O ) 50 - 60
iR CHANNEL NUMBER

Figure 4. TOP: A.(t) vs time curve for the 879-87 keV cascade of '**Dy.

A0)= +(0.284 £0.060) and A,=(0.20£0.04) X 10°sec™. This value of A4(0)
after geometry corrections gives A(0)= +(0.332£0.070). Because of the large
statistical error no attempt was made to correct for the finite time resolution of the
coincidence system used. The value of A in our case is within error the same as the
saturation value of A,=0.327 as seen from Table 1. The value of A =
(0.20£0.04) x 10°sec™ is in good agreement with the value of Gunther et al. (1],
viz., Ae=(0.235%0.024) x10°sec”’ and that of Forker et al. [2] viz, Ae=
(0.245+0.008) x 10°sec™’. .. o T
Because of the very small A, value of this cascade and because of the fact that
the first few point near the time zero-channel contain contributions from interfering
cascades no fit of Ax(f) vs time was m@m.m.:v_n in this experiment. However, from the .
intergrated area of the delayed spectrum at the ».oE angles ,Blnnam mo—,..,numznmm
coincidences as well as for the interferences from other cascades under the window
selection used in the present experiment,.an integral angular correlation imm,nomm.;"

A value of A;= —(0.014 £0.014) was obtained after geometry corrections, whi F

when corrected for by the integral attenuation factor G (as found by taking the
weighted average of the values obtained O:E.Fanaﬁ al. [1] and Krane etal, [6]
i.e., G,=0.737£0.019), is A, = —(0.019£0,019). The use of the G, value from
other experiments with TbCl; in HCl in our case is not :Ennmouuv_.w since Forker .
et al. [2] have shown that oyer a wide range of concentration of HCI the; A, value
m:&..:a:on..ﬂrn_.ms«w?oﬁ remains the ,man within error. This value:of Az:gIves~:

a <u_:m,noﬁ. the mixing ratio of the 879 keV gamma transition S_D:mnﬁ 87 =

&

gamma transition as a pure E2 transition, 6 = — 12,523, a value consistent with the ..
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observation by other workers as well as with the value recommended by Krane
[8]. It is, howerver, somewhat smaller than that obtained by Gardulski et al. [7},
who found 6 =-163+13.

For the magnetic moment determination the four quantities Wi and W3 were
combined channel by channel to form a quantity C(t) as suggested by
Hrynkiewicz[15]in the third of his six relations for the measurement of magnetic
moments.

This is
(Wi —W3)+(Wi - Wi)
0.5[Wi+ Wi+ Wi+ W3]

© ()= =2b, sindawrt.

In least square fitting of the OA& vs mBm n:?n A!m. 5) only the points beyond the

- DELAY=520psec. PER CHANNEL
* .*, H_ =21.4KILOGAU
Rt
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Figure 5. (BOTTOM): C(t) vs time curve for the 879-87 keV cascade of '**’Dy.

fiftythird channel were considered. This was necessary because the data in the first
few points contained.admixtures from the strong prompt cascade as described in
connection with the A.(t) measurement. The dashed portion was drown only for
showing a complete cycle. However, the amplitude of the C(t) vs time curve in the
first half cycle is smaller than that expected for A(0)=0.33 because of the prompt
contributions. However, such contributions could not disturb the time period of the
curve which was solely dependent on the magnetic moment being measured as well
as the magnetic field applied.

The value of . obtained from such - a fit was .=
(0.218£0.010) X 10° radsec™, which gives a value of g from the relation g = w h/
/unHer as g =0.348£0.016. In this calculation H,y = PH.. where H, was the
effective magnetic field. at: the site ‘of the nucleus, B -was the paramagnetic
susceptibility for Dy at the temperature of the source which was 32 °C and H.., was
the -external applied-magnetic field. From a -graph of B vs temperature, we
estimated §=25.85 at 32°C. The above value of g gave a value of pu=
(0.696 £ 0.032)un. From Table 2 we find that this value agrees within error with
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the value of pu = (0.728 £0.022)uy as obtained by Gunther et al. [1] but does not
support the value of the magnetic moment as obtained by Begzhanovetal. [14].

DISCUSSION

We have performed the differential angular correlation measurement on the
979-97 keV cascade of "Dy and have measured the magnetic moment of the
87 keV 2* level. Our value of A, although agreeing with the theoretical limiting
value of A, within error is somewhat large and has a larger relative error than the
other measured values: This is because we had to discard points lying within 3 ns
from the time zero channel in the A(t) vs time curve because of contributions from
other prompt cascades when we made a least square fit of the data. A better
counting statistics could have helped in this regard but the main aim of the present
study was to find the mixing ratio of the 879 keV transition and the A, and A
values of the 879-87 keV cascade. Although the value of A; could not be found
from this time differential study and an integral angular correlation study had to be
resorted to, we find that our measured value of 5(879) is consistent with that found
by most of the other workers and also with the value recommended by Krane [8]
from a study of all the available data on this cascade, viz. 8(879)= —15+ 1. Itis to
be noted that Tamura and Yoshida'[17] from a theoretical study estimated
a value of &~ 10 for the magnitude of the mixing ratio of this transition.

The magnetic moment of the 87 keV 2* level ‘as found from this study is in
agreement with the value found by other workers but is a little too low.-:A part of
this difference may be due to the error in the assumed value of the paramagnetic
correction factor, which was found from acurve of B vs .88@2»8—.@.»:@? to be
noted that “although the applied magnetic*field was lower - tham: that “used by’
Gunther et al; [1] a comparable accuracy' could be achieved ‘without* much’
trouble. The value found by us seems to ‘rule-out the value obtained by
Begzhanov et al. {14] from their perturbed angular correlation study. i

The value of the g-factor as found by us for-
trend of gr values for the first excited states in the even-even rare earth isotopes all
of which lie between gz =0.3—0.4. Prior et al." [18] have calculated :‘the’
gyromagnetic ratios of the ground state rotational band in deformed nuclei: Their
value of ge for "¥Dy. is -gr =0.38, which. is somewhat higher- than' the mq.m_:m«
obtained by us.:According to him the collective' gyromagnetic ratio measures the
magnetic properties of the collective flow while the moment of inertia‘measures'the’
total mass of the collective flow. The colléctive gyromagnetic ratio is mﬂﬂ&&&m&?
given by the relative fraction contributed by the protons to the moment of inertia.
If all the particles contribute equally-to the collective rotation; the collective’
gyromagnetic ratio is given by Z/A, which is ‘equal to 0.41 for **Dy: However, it is!

378

this level agrees with the genéfal -

generally found that g is smaller.than Z/A. This is because of the fact that the
energy gap A, for protons is larger than the energy gap A, for neutrons.

The determination of the collective gyromagnetic ratio in the different menibers
of the ground state rotational band in even-even nuclei is important because as
Sano et al. [19] show in '**Dy, the collective gr value decreases with an increase in
the angular momentum and reaches a minimum value at the critical angular
momentum for neutrons. For the angular momentum exceeding the critical point,
gr increases with the rotation and reaches a value of the collective gr associated
with the rotation of a rigid body at the critical angular momentum for protons. The
nucleus **°Dy is expected to behave in the same way.

Kumar [20] has shown from .theoretical considerations that for Dy the gr
value should decrease from 0.31 (I =0) to 0.20 (I=16) and become negative
(—0.006) at I>16. This observation is not fully supported by Sano et al. [19].
Kalish and Kosler [21] have measured the precession of short-lived excited
states of even-even Dy-nuclei recoiling into ferromagnetic backing and have found
that the g value of the ground state rotational band is constant up to at least I = 8"
and gg =0.36 £ 0.07. The measurements of Dharetal. [22] (gx = 0.34 £0.05) and
Khan etal. [23] (gr =0.37 £0.15) on the 4+ second excited state of '*’Dy seem to
lend support to this view. Since states having a spin up to al least 6* of **Dy are
excited in radioactive decay, precise measurements of the magnetic moments of the
different members of the ground state rotational band may help in deciding
between the different models of '*Dy.
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