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The K -shell and L -subshell internal-conversion coefficients of the retarded transitions in
""Hf populated in the decay of the 6.8-day !""Lu have been measured using a high-resolution
double-foeusing electron spectrometer and a 20-cm?® Ge(Li) detector. The K conversion co-
efficients of the 71.6- and 113-keV transitions have been determined by -y and y—x-ray
coincidence measurements using a 1-cm® Ge(Li) detector having a thin window and a secin-
tillation detector. The y-v, y-¢X, and eX-y angular correlations of the 208.3-113-keV cas-
cade have been measured using a single gap electron spectrometer, NaI(Tl) y-ray spec-
trometers, and a Ge(Li) detector. The partiele parameters for the K conversion electrons
of the transitions have been evaluated to be: b (208.3)=-1.54+0.06 and b5 (113) = -0.20
+0.02. The 208.3-113-keV 7y-7 angular correlation as measured using a LuCl; source in
solution gave W (6) =1 - (0.192+ 0.007) P,(cosf). The quadrupole admixtures and the penetra-
tion parameters of the transitions were evaluated by least-squares analysis of the conver-
sion coefficients and particle parameters. The best solutions are Q= (3.1+1.6)%, A;=-19.2
+£1.2, A,=250+ 240 for the 321.3-keV transition; @<0.2%, A;=-0.8+0.9, A,=0 for the 208.3-
keV transition; Q= (0.03+0.02)%, A;=1.3+0.8 for the 71.6-keV transition; Q= (94.1+0.7)%,
A'=5.6+8.4 for the 113-keV transition, and @= (95+ 5)% for the 136.7-keV transition. From
these values and the known lifetimes of the levels the y-ray matrix elements and the pene-
tration matrix elements have been calculated and compared with theoretical estimates based
on Nilsson’s model.
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I. INTRODUCTION

The low-lying levels of Hf populated in the de-
cay of the 6.8-day "Lu have been extensively stud-
ied.'"®* The decay scheme® is shown in Fig. 1. The
71.6-, 208.3-, and 321.3-keV transitions are char-
acterized as K=2'[624]4 ~K = 1°[514]+ interband
E1 transitions. These are highly retarded transi-
tions with retardation factors >10% Since these
transitions are not K forbidden, penetration ef-
fects could be expected™® in their internal conver-
sion. The M1 component of the 113-keV intra-
band §” - %~ transition is also highly retarded. The
retardation in this case is due to accidental cancel-
lation of the collective and intrinsic gyromagnetic
ratios. Observable penetration effects are expect-
ed’ in this transition also.

Bashandy, El-Sayad, and El-Aassar® have de-
termined the K conversion coefficient of the 321.3-
keV transition which was found to be approximately
10 times larger than the theoretical value for E1.
They have attributed this discrepancy to penetra-
tion effects. Hager and Seltzer® have measured
the conversion coefficients and L-subshell ratios
of the 321.3-, 208.3-, and 71.6-keV transitions
and have analyzed for the penetration parameters.

)

The value of the K conversion eoefficient of the
321.3-keV transition reported by them is not in
agreement with previous measurements.*® The
quadrupole admixture and the penetration param-
eters could be evaluated more unambiguously
from the absolute K, L,, L,,, and L,,, conversion
coefficients. Since there are discrepancies in the
existing measurements it was found necessary to
remeasure the conversion coefficients. Some of
the conversion coefficients had to be newly mea-
sured.

The K- conversion coefficient of the 113-keV
transition has been measured by Marmier and
Boehm'® and by Alexander, Boehm, and Kankeleit.?
The L-subshell ratios of this transition have been
measured by Alexander, Boehm, and Kankeleit,?
Novakov and Hollander,'® and by Hogberg ef al.'*
However, the penetration parameter for this tran-
sition could not be evaluated unambiguously be-
cause of the uncertainty in the mixing ratio. Fur-
thermore, the results of measurements by differ-
ent groups® %! are not in agreement with each
other.

Measurements of e~ -y, y-¢~, and y-y angular
correlations of the 208.3-113-keV cascade have
been made by a number of workers.!?~° However,
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FIG. 1. The decay scheme of !""Lu.

it has not been possible to come to a definite con-
clusion about the multipole mixing amplitudes and
the penetration effects in the 208.3- and 113-keV
transitions because of considerable disagreement
among the results of measurements.??~?° Thun et

al.’? have determined the particle parameter for K
electrons for the 208.3- and 113-keV transitions

from €* -y, y-y, and y-€* angular correlations.
Their value for the particle parameter for the 113~
keV transition is in disagreement with later mea-
surements™~!% and also with the theoretical value
without penetration effects.?’ There is also dis-
agreement among the values of the y-y angular
correlation coefficient measured by various work-
ers. The analysis of the ¢™-y, y-e¢~, and y-y angu-
lar correlation measurements of the 208.3-113-
keV cascade is complicated because both the tran-
sitions could have quadrupole admixture and pene-
tration effects. It is preferable to evaluate the
mixing ratios and penetration parameters for both
these transitions simultaneously from the absolute
values of the conversion coefficients, particle pa-
rameters, and y-y angular correlation coefficients.
In the present work the absolute K-shell and L-
subshell conversion coefficients of the 113-, 136.7-,
71.6-, 208.3-, and 321.3-keV transitions have been
determined. The particle parameters for K-con-
version electrons of the 208.3- and 113-keV tran-
sitions and the 208.3-113-keV y-y angular correla-
tions have been measured. The penetration param-
eters A, and A, and the M2 admixtures @ of the
321.3- and 71.6-keV transitions have been deduced
from a least-squares fit of the measured conver-
sion coefficients. The penetration parameters and
the amplitude mixing ratios of the 208.3- and 113-
keV transitions have been extracted simultaneous-
ly by least-squares analysis of the conversion co-
efficients, particle parameters, and the y-y angu-

lar correlation coefficient measured using.a liquid
source. The penetration parameters deduced from
experiments are compared with the theoretical es-
timates based on Nilsson’s model. Preliminary
reports of our measurements were presented ear-
lier.?* When the present measurements were near-
ly complete the results of measurements of the
internal conversion coefficients of the 71.6-,
208.3-, and 321.3-keV transitions by Grigorev,
Kaminkar, and Sergenkov®® were published. The
present results are in agreement with their values.

II. EXPERIMENTAL

A. Source preparation

Sources of !"’Lu were made by irradiating 72%
enriched °Lu in the form of Lu,0, in the CIRUS
reactor at the Bhabha Atomic Research Centre,
Trombay. For the conversion electron measure-
ments the enriched Lu,0, was vacuum evaporated
onto a 1-mg/cm? pure-aluminum foil. Pieces of
this foil, 1 mmXx 15 mm in size, were irradiated
for one week in the reactor. A piece of this foil
was stuck onto a 0.8-mg/cm? aluminized Mylar
film and used for the conversion electron mea-
surements with the double focusing spectrometer.
A piece of the same sample was used for the y-
ray measurements. Another piece <2 mm in length
was used for e~ -y and y-y angular correlation
measurements to determine the particle param-
eters. The y-y angular correlation was also mea-
sured with the source in the form of a dilute solu-
tion of LuCl, in dilute HCl. The sources used for
the e™-y angular correlation and conversion elec-
tron measurements were thin enough (<5 pg/cm?)
so that self-absorption and scattering corrections
were negligible.

B. y-ray measurements

y-ray spectra of *"Lu decay were measured us-
ing a 20-cm® Ge(Li) detector having a resolution
of ~3.5 keV at 662 keV. The relative photopeak
efficiencies as a function of y-ray energy for the
Ge(Li) detector were determined by measuring
the y spectra of *Tb, *2Eu, and '®°Yb which have
well-known relative intensities.*?* The relative
y-ray intensities in the decay of ""Lu obtained
from the analysis of the spectrum in the present
work are shown in Table I.

C. Internal-conversion-electron measurements

The internal-conversion-electron spectra were
recorded using an iron yoke double-focusing elec-
tron spectrometer with a momentum resolution
of ~0.1%. The spectra were analyzed in the man-
ner described in Ref. 24. The decay of each con-
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version line was followed for several half-lives

of ™ Lu to ensure that contributions of any possi-
ble impurities were negligible. Corrections for
the background due to the 8 continuum in the decay
of ' Lu and for the absorption of electrons by the
~1 mg/cm? counter window were applied.?* The
sloping B background under the L conversion spec-
tra was determined by an iterative procedure.?*
The relative intensities of the conversion lines
were calculated and averaged over several runs.
The measured relative electron intensities are
shown in Table I. The absolute conversion coeffi-
cients were determined from the relative intensi-
ties of the conversion electrons and y rays using
the K conversion coefficient of the 307.7-keV tran-
sition®* in ®*Tm as standard. The experimental
values of the conversion coefficients along with
the theoretical values without penetration effects?®!
are listed in Table II.

D. v-y and y-x-ray coincidence measurements

Because of the low energy of the K electrons of
the 71.6- and 113-keV transitions their relative
intensities could not be accurately determined by
the double-focusing spectrometer. Hence the K
conversion coefficients of these transitions were
determined by y-y and y-x-ray coincidence mea-
surements. A 1-cm® Ge(Li) detector with a thin
window having a resolution of ~3.2 keV at 113 keV
and a 3.8-cm-diam x 5.0-cm-thick NaI(T1) crystal
mounted on an RCA 6810A photomultiplier and a
time-to-pulse-height converter were used. The
full prompt peak in the time-to-pulse-height con-
verter spectrum in the required energy region
was gated by a single-channel analyzer. Another
single-channel analyzer was used to gate either
the 208.3-keV or the 249.7-keV y ray of *"’Lu. The
outputs of the two single-channel analyzers were
put in slow coincidence. The spectrum in the
Ge(Li) detector gated by the slow coincidence out-
put was scanned in a 400-channel analyzer. The
over-all resolving time of the coincidence system
as measured by observing the chance coincidence

TABLE I. Relative intensities of y rays and internal-
conversion electrons in the decay of !""Lu. Intensities of
vy rays and the conversion electrons are normalized sep-
arately.

Ey
(keV) 1y log Loy o Topin
71.6 1.5+0.1 2.9+0.1 1.2+0.2 1.1+0.2
113.0 605 11946 72022 627+19
136.7 0.52+0.05 5.5%0.7 0.9+0.2 3.8+0.4 3.420.5
208.3 100 100 13.7+0.6 2.4+0.2

2.2+0.2
249.7 1.9+ 0.2
321.3 2.0£0.2

4,1£0.2 X [Ex
4.4%0.3 0.74%£0.07 0.15+0.03 0.015+ 0.010

was 27 =150 nsec. A weak source of ""Lu was
used in order to keep the chance coincidence low.
The angle between the two detectors was kept as
55° so that angular correlation effects could be
neglected. An anti-Compton shield was used be-
tween the detectors to avoid spurious coincidences
due to scattering.

The observed spectra in coincidence with the
208.3- and the 249.7-keV y rays are shown in Fig.
2. The observed coincidences were corrected for
chance coincidences which were <0.5% for coinci-

TABLE II. Absolute K -shell and L -subshell con-
version coefficients.

Theory

Shell Experiment Ref, 21)
(@) 7TL6keV 0.90£0.11  0.72  (E1)
92.0 (M2)
Ly 0.087£0.010 0,071 (E1)
24.3 (M2)
Ly 0.038+0.008  0.026 (E1)
2.58  (M2)
Ly,  0.033£0.007 0031 (E1)
730 (M2)
b) 208.3 kev 0.046£0.004 0.046 (E1)
2.05  (M2)
L,  0.0063+0.0006 0,0053 (E1)
0.38  (M2)
Ly 0.001100.00012 0.00092 (E1)
0.049  (M2)
Lyy 0.00100+0.00012 0.00090 (E1)
0.039  (M2)
(©) 321.3keV 0.102£0.013  0.0155 (E1)
0.49  (M2)
Ly 0.017£0.0024 0.0018 (E1)
0.081  (M2)
Ly 0.00340,0008 0.00024 (E1)
0.010  (M2)
Ly 0.00035+0.00025 0.00022 (E1)
0.0049 (M2)
(@ 249.7TkeV o 0.101£0.009  0.26  (M1)
0.094 (E2)
() 113keV K 0.780.05 2.4 (M1)
0.74  (E2)
L, 0.091+0.011  0.345  (M1)
0.076  (E2)
Ly 0.55+ 0,05 0.031  (M1)
0.58  (E2)
Ly 0.48+0.04 0.0038 (M1
0.48  (E2)
@) 136.7keV  p 0.49+0.08 1.45  (M1)
0.48  (E2)
L, 0.08 0,02 0.20 (M1
0.05  (E2)
Ly 0.33£0.05 0.019  (M1)
0.24  (E2)
Ly 0.30+0.05 0.0020 (M1)

0.195 (E2)
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dence with 208.3-keV and <2% for coincidence with
249.7-keV y rays. A small peak at 113 keV in the
coincidence spectrum with the 249.7-keV vy ray in
gate (see Fig. 2) is due to the tail of the 208.3-keV
v ray accepted in the gate. A correction for this
contribution was applied using the observed coin-
cidence spectrum with the 208.3-keV y ray. Sim-
ilarly a small correction of the coincidence with
the Compton of the 249.7-keV y ray accepted

in the 208.3-keV gate was applied in the coinci-
dence with the 208.3-keV y ray. The relative inten-
sities of the K, Kg, and y-ray peaks were obtained
from the analysis of the coincidence spectra. The
relative photopeak efficiencies of the Ge(Li) detec-
tor as a function of energy under the same condi-
tions were determined by the analysis of the spec-
tra of ***Yb, 2°*Hg, "°Tm, !**Ba, and *’Co. The
conversion coefficient was calculated from the re-
lation

_WNy/eg) +(Ng/ep)
wy (N, /€y)

K H (1)

where N, N, and N, are the total counts under
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the K, Ky, and y-ray peaks in the coincidence
spectrum, €., €4, and €, are the relative photo-
efficiencies, and wy in the K fluorescence yield*®
of Hf.

E. e-y angular correlations

The ¢%(208.3)-y(113) and (208.3)-¢%(113) angu-
lar correlations were measured using a single gap
B-ray spectrometer® for detecting the conversion
electrons. The y rays were detected in a 4.4-cm-
diam X 5-cm-thick NaI(T1) detector kept at a dis-
tance of 7 cm from the source. The coincidence
setup had a resolving time 27 =60 nsec. The e™ -y
coincidences were measured at angles 105, 130,
155, 180, 205, 230, and 255°. The contribution
to the B background was obtained by measuring
coincidences after adjusting the spectrometer cur-
rent to focus the g continuum just off the conver-
sion-electron line. This contribution was found to
be isotropic within experimental errors and was
129 of the gross coincidences at 105° for ¢(208.3)-
€(113)-keV cascade and 38% for ¢*(208.3)-y(113)-
keV cascade. The ¢ -y angular correlations cor-
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FIG. 2. The low-energy spectrum of 1"’Lu in a 1-cm® Ge(Li) detector with a thin window—(a) singles spectrum,

(b) spectrum in coincidence with the 208.3-keV ¥ ray, and (c)

coincidence with the 249.7-keV v ray (see text).
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FIG. 3. The observed angular correlations of the 208.3-
113-keV cascade— (a) ¥(208.3)~y(113), (b)e¥(208.3)-
v(113), and (c) 7(208.3)-¢X(113). The solid lines are the
least-squares-fitcurves of the angular correlation func-
tions.

rected for the g background are shown in Fig. 3.
The angular correlation coefficients A, were ob-
tained through a least-squares fit of the experi-
mental points to the function W(6) =1 + A, P,(cos¥).
The A, coefficients corrected for the finite solid
angles of the detectors are listed in Table III.

F. ~y-y angular correlations

The y(208.3)-y(113)-keV angular correlation was
measured for various source conditions using a
Ge(Li)-NaI(T1) coincidence system. A 20-cm?®
Ge(Li) detector was used as the fixed detector kept
at a distance of 6 cm from the source. The mov-
able detector was a 4.4-cm-diamx 5-cm-thick
NaI(T1) crystal mounted on an RCA 6810A photo-
multiplier and kept at a distance of 7 cm from the
source. Lead cones were used in front of the de-
tectors to minimize effects of scattering. Absorb-
ers of 2-mm cadmium and thin copper foils were
used in front of the detectors to reduce the inten-

|©

TABLE III, Results of angular correlation measure-
ments of the 208,3-113-keV cascade.

Cascade Form of source A,

Solution in dilute HC1 -0.192+0.007
Solid in air —-0.150+0.003
Solid in vacuum -0,149%0.007
Solid in vacuum +0.231+0.007
Solid in vacuum +0.031+ 0,003

v(208.3)-y(113)
Y(208.3)-y(113)
¥(208.3)-y(113)
¢%(208.3)-y(113)
v(208.3)-e¥(113)

sity of x rays. A conventional fast-slow coinci-
dence unit with a resolving time of 60 nsec was
used. The coincidence spectra were recorded at
angles 90, 120, 150, and 180° in four quadrants

of a 512-channel analyzer. The energy gates in
the NaI(T1) detector were kept the same for both
the e¢”-y and the corresponding y-y angular corre-
lations. The 208.3-113-keV y-y angular correla-
tion was measured in two ways: (i) The 208.3-keV
vy ray was detected in the Ge(Li) detector and the
113-keV y ray was detected in the NaI(T1) detector;
(ii) the 208.3-keV y ray was detected in the NaI(T1)
and the 113-keV y ray in the Ge(Li) detector. The
A, coefficients in both cases were found to be the
same within experimental errors, and so the
weighted mean value was taken and is shown in
Table III. Solid angle corrections for the Ge(Li)
detector were obtained by interpolation from the
tables of Camp and Van Lehn.?” The same source
used for measuring the ¢~ -y angular correlation
was used for measuring the y-y angular correla-
tion also. The y-y angular correlation was also
measured with the source used for ¢~ -y correla-
tion, sealed in vacuum in a thin-walled Pyrex tube.
No change in angular correlation due to possible
change?®® in the physical form of the source in vac-
uum was observed. In order to get the true corre-
lation for determining the mixing ratios, the y-y
angular correlation was also measured with a
LuCl, source dissolved in dilute HCl. The angular
correlation coefficients are shown in Table III.

III. ANALYSIS OF THE RESULTS

The results for the 71.6-, 208.3-, and 321.3-
keV (predominantly E1) transitions were analyzed
for evaluating any M2 admixture and possible pene-
tration parameters, A, and A,. The details of the
analysis are given in Ref. 29. In the case of the
71.6- and 321.3-keV transitions a least-squares
fit of the conversion coefficients were made. For
the 208.3- and 113-keV transitions the conversion
coefficients and the particle parameters bX were
analyzed by the least-squares method. The con-
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version coefficient of an E1 +M 2 transition in the ith shell can be expressed as®

a'(Expt) = Q' (M2) +(1 - @) (E1)[1 +ANEIN, +ANEIN? +AYEIN, +ANEDN 2 +ANEDA ], (2)

where @ =8%/(1 +8®) is the M2 admixture, 5 is the
multipole mixing amplitude, and of(E1) and g'(M2)
are the theoretical® E1 and M2 conversion coeffi-
cients without penetration effects. The A!(E1) co-
efficients are tabulated in Ref. 30. A, and ), are
the penetration parameters” containing the I joo T
and I3, [3n* ¥ type penetration matrix elements. The
j in® ¥ type matrix element is forbidden in the
asymptotic quantum numbers®® for these three
E1+M2 transitions so that the values of )\, are ex-
pected to be small for these transitions.

The angular correlation between the ¢*(208.3)-
y(113) cascade [neglecting terms involving P,(cos6)
and higher order] can be written?"* as

W(6, ef -v,) =1+Gj A, (ef - v;)Py(cosb)
=1+G} Ay(e)A,(y,) Py(cosb) . (3)

We define the particle parameter for the 208.3-keV
transition as

_Ag(eF208.3) _A (el -y,
Az( 208.3) Az(?'l 'Va)

b3 (208.3) = 4

The parameters bX(L, L’) and the coefficients
A,(E1), C,(E1), E,(E1), B,M1), D,(M1), and
F,(M1) are obtained by interpolation from the ta-
bles of Hager and Seltzer.?3° The F,(LL'Il') co-
efficients are given by Frauenfelder and Steffen.?*
We define the particle parameter for the 113-keV
transition as

x =A3(ex113) =A1(71' e’;)
b (113) Az(’)’113) Az(’)’x "')’2) ’

If the attenuation coefficients G; and G, are the
same in the ¢ -y and y-y angular correlations,
the particle parameter defined as above is the
same as the ratio of the experimental directional
correlation coefficients A,(ef -y) and A,(y-y). In
Sec. II F we have shown that there is no effect of
vacuum on the attenuation coefficient. Also the
after effects of internal conversion are expected
to be negligible as the source was deposited on a
conducting backing.® Furthermore, since the
same source was used both for ¢”-y and y-y angu-
lar correlations, it is reasonable to assume that
G,=~ Gj. Therefore, the particle parameter 5% can
be obtained as the ratio of the experimentally mea-
sured ¢f -y and y-y directional correlation coeffi-
cients. The results obtained for »%(113) and
5%(208.3) are:

5%X(113) =-0.20+0.02

(5)

and
bX(208.3)=-1.54+0.06 ,

The measured conversion coefficient for the 113-
keV transition including penetration effects can be
expressed by the equation

o' (Expt) = Qa'(E2) +(1 - Q)B'(M1)
x[1+BiM1)N + BY (M1, (6)

The conversion coefficients o(E2) and p'(M1),
without penetration effects, are obtained by in-
terpolation from the tables of Hager and Seltzer.?*

A. 71.6-keV transition

The measured values of the conversion coeffi-
cients for the 71.6-keV transition are listed in Ta-
ble II. The values of @, A,, and A, were obtained
by a least-squares fit of the measured quantities
o, of1, o1, and of111, The only physically sig-
nificant set of solutions for @, A,, and 2, is shown
as (a) in Table IV. The set of solutions (a) is con-
sistent with the prediction that A, should be small.

The mixing ratio of the 71.6-keV transition has
been determined to be 6 =-0.0173 + 0.0065, corre-
sponding to @ =0.0003 + 0.0002 by Hrastnik et al.'®
from the measurement of 71.6-249.7-keV y-y angu-
lar correlation using two Ge(Li) detectors. The
present value of @ is in agreement with this. Tak-
ing the more accurate value of @ from angular cor-
relation measurement, a least-squares fit for A,
was made keeping A, =0. This is shown as solution
(b) in Table IV. This set of solutions has been
used for calculating the matrix elements in Sec. IV.

B. 321.3-keV transition

The K-shell and L-subshell conversion coeffi-
cients for the 321.3-keV transition measured in
the present work are listed in Table II. The pres-
ent value of oy is in fair agreement with that of
Hager and Seltzer,® but is in disagreement with the
value obtained by Bashandy, El-Sayad, and El-

TABLE IV. Results of least-squares fit for the 71.6-
keV transition,

Q (%) Ay Ay X2
(a) 0.02+0.16 3.3%+2.3 583+ 657 2.63
(b) 0.03+0,02 1.3+0.8 (XX 0.88
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FIG. 4. Plots of the A; vs A, for the 321.3-keV transition for an assumed value of the M2 admixture, @ =0.03, consis-
tent with each of the measured conversion coefficients in the K shell and the Ly, Ly, and Ly, subshells. Two possi-
ble areas of agreement giving two sets of solutions for A; and A, are indicated by the plots. The final solutions for @,
Ay, and A, are obtained by least-squares adjustment in these two regions giving two sets of final solutions.

Aassar.® The parameters @, )\,, and A, were ob-
tained through a least-squares fit of the measured
quantities to Eq. (2). The initial guess values for
these parameters were obtained from plots of the
measured conversion coefficients in the A,-2,; plane
for an assumed value of @. A typical set for @
=0.03 is shown in Fig. 4. The solutions obtained
by least-squares fit are shown in Table V. The
solutions (a) and (b) are those obtained for @, A,,
and A,. The solution (a) is consistent with x,~0
as expected from selection rules,*® while (b) gives
nonzero A,. If A, is now kept fixed as zero, the
least-squares-fit solutions for @ and A, are given
in (¢) and (d). Solution (c) is equivalent to (a).

The present value of A, is in agreement with the
earlier analysis of Pauli and Alder.33

C. 208.3- and 113-keV transitions

The measured values of the K-shell and L-sub-
shell conversion coefficients of the 208.3- and
113-keV transitions are listed in Table II. The
values of the particle parameters are given in
Sec. III. The experimental values of the internal

TABLE V., Results of the least-squares fit for the
321.3-keV transition.

Q (%) Ay Ay e
@) 3.1+1.6 -19.2+1.2 250240 0.096
(b) 3.6+1.8 15.8+1.,2 776+234 0.16
(c) 3.6x1.5 -18.2+0.8 0 0.099
d) 1.8+5.1 17.3+2.4 0 0.95

conversion coefficients and particle parameter
for the 113-keV transition reported by Holmberg
et al.** are in agreement with the present mea-
surements. The 208.3-113-keV y-y angular cor-
relation coefficient using a LuCl; source in solu-
tion in the present work (Table III) is in agreement
with the value reported by Hrastnik et al.'® using
two high resolution Ge(Li) detectors, but is in dis-
agreement with the value reported by Holmberg
et al.** There is considerable attenuation of the
correlation when a solid source is used. The y-y
angular correlation with a LuCl, source in solu-
tion can have attenuation due to a time-dependent
quadrupole interaction. However, due to the short
lifetime (T,,, =0.5 nsec) of the 113-keV state, the
attenuation of the angular correlation is expected
to be very small (i.e., G;>0.99) even for a fairly
strong quadrupole interaction.33* This is in
agreement with the limit of the attenuation factor
experimentally obtained using sources of different
viscosities.®

Figure 5 shows plots of the measured conversion
coefficients and particle parameter for the 208.3-
keV transition in the A,-6 plane keeping A, =0. Pos-
sible solutions for 5 and x, were indicated for the
sets of values 6(208.3)~ -0.04, A,~ -1.5 and
5(208.3)~ +0.04, x,~0. Similar plots for the 113-
keV transition in the A-5 plane (not shown) indi-
cated solutions around A= +5 and 5(113)=~ -4.0.
Least-squares fit of the conversion coefficients,
the particle parameters of the 208.3- and 113-keV
transitions, and the y-y angular correlation coeffi-
cient A, was made to extract the E1 penetration
parameters X\, and A, of the 208.3-keV transition,
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the M1 penetration parameter A for the 113-keV
transition, and the amplitude mixing ratios 6(208.3)
and 5(113) by using Eqgs. (2)-(6). Initial guess val-
ues of these parameters were obtained from the
plots as mentioned above. A unique set of solu-
tions was obtained from the least-squares fit.

This is shown as (a) in Table VI. This showed a
large value of X, contrary to what is expected from
selection rules. When A, was kept fixed as a zero,
the least-squares fit gave the set of solutions (b).
Except A, all the other parameters in set (b) are in
agreement with those in set (a). The values of
5(113) =-4.0+0.6 and A(113) =9 + 8 deduced from
the conversion measurements of Holmberg et al.'*
are in agreement with the present values (see Ta-
ble VI). However, when their y-y angular correla-
tion measurement was also included in the analysis
their final results became 6(113) =-4.75+0.07 and
A(113)=-0.6 + 2.0, These are in disagreement with
the present values. This disagreement is due to
the smaller value of the magnitude of the A,(208.3-
113) y-y angular correlation coefficient obtained

in Ref. 14 as compared to the present value and
that of Hrastnik et al.'® The present values of the
mixing ratios and the penetration parameters can
be expected to be more reliable as these are ob-
tained from least-squares analysis of all the mea-
sured quantities.

D. 136.7-keV transition

The K-shell and L-subshell conversion coeffi-
cients of the 136.7-keV transition measured in the
present work are shown in Table II. Because of
the low intensity of this transition the measured
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FIG. 5. Plots of the measured b¥, of, a™, o1, and
oM for the 208.3-keV transition in the A;-6 plane keep -
ing A, =0. From these plots two possible sets of solu-
tions with 6~ —0.04, A,~ —1.5, and 6~ +0.04, A, ~ 0,
are indicated. The final solutions are obtained by least-
squares fit using each of the above sets of solutions as
initial values.

conversion coefficients are not precise enough to
deduce the penetration parameter and the mixing
ratio simultaneously. The mixing ratio deduced
from the conversion coefficients is (95+5)% E2
+(5+5)% M1, assuming \ =0.

IV. DISCUSSION

It is clear from the present work that the mixing
ratios of the 208.3- and 113-keV transitions can
be deduced from internal-conversion measure-
ments only after taking account of penetration ef-
fects. The mixing ratios and the penetration pa-
rameters obtained in the present work are more
reliable and unambiguous as these are deduced
from least-squares fit of several measured quan-
tities.

The 321.3-keV transition, which has the largest
retardation (6x10°) of all the transitions studied
in the present work, has large penetration effect
in its internal conversion. The E1 y-ray matrix
elements and the [,V type penetration matrix
elements are forbidden in the asymptotic limit for
the 321.3-, 208.3-, and 71.6-keV transitions, and
are sensitive to effects of pairing and Coriolis cou-
pling.3>3¢ The results of the present measure-
ments on the Ehree transitions are consistent with
X;=0. The [j,T type penetration matrix elements
and the M2 y-ray matrix elements are allowed in
the asymptotic quantum numbers and are expected
to follow the theoretical branching rules.®” This
is found to hold good within experimental error
limits. Similar results were obtained® ®® in the
case of transitions in *Lu.

From the measured half-life’® *° of the 321.3-
keV level (T,,, =0.67 nsec), the relative intensi-
ties of the ¥y rays, and the internal-conversion co-
efficients, the y-ray transition probabilities could
be calculated. One can then obtain the experimen-
tal E1 and M2 y-ray matrix elements, Gz, and
G2, from the transition probabilities using the
relations

T,(E1,I'K’ ~ IK) =3.83x 10'(Z/A)*AV°E, ®
x| 1KK' ~K|I1I'K)| %652 (D)

TABLE VI, Results of least-squares fit for the 208.3-
and 113-keV transitions.

(a) (b)
6(208.3) —0.001+0.018 —0.007+0.038
21(208.3) —0.68+0.41 —0.82+0.86
25(208.3) —168+49 0
5(113) —4,03+0,13 -3.99+0.25
A(113) 5.7+5.0 5.6+8.4
X 0.34 0.83
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TABLE VII, Propertiesof the

§" [624] — "[514] inter-
band transitions in ""Hf,

Quantity 321.3keV?® 208.3keV®  71.6keV®
Hy(E1) 94 6x 108 3x 104 9% 104
Q(%M2) 3.1x1.6 <0.2 0.03+0.02°¢
| Gyl (Expt) 1.4x107 1.3x107! 2.4x1071
Hy(Enf 420 0.5 0.7
|G| (Expt) 6.8+1,8 <40 49+20
Hym2)f 116 >0.2 0.2:0:%
A 1(Expt) -19,2+1,2 -0.8+0.9 +1.3+0.88
A 2(Expt) 250240 e
| A4l (Cale) 21.1 1.17 0.57
[Ag] (Cale) 44 2.5 1.19
|9 pen (fj,, ) | (Expt) 1.7£0.1 67 2012
0.3+0.3

|9 e (j’j )I (Expt)

2 From the set of solutions (a) in Table V.

b From the set of solutions (b) in Table VI,

¢ From the set of solutions (b) in Table IV,

dHindrance factor with respect to the single-particle estimate (S, A,
Moszkowski, see Ref. 31, p. 863).

¢ From Ref, 16,

f Hindrance factor with respect to Nilsson estimate (Ref. 41).

8 Calculated from experiments assuming A, =0, and taking the value
of @ from Ref. 16,

and

T, (M2, 'K’ = IK) =2.73x 10°AE. ®

x |[{I2KK' -K|I2I'K')|?G,,®,
(8)

where the symbols have their usual meanings.*!
E, is the transition energy in MeV. The experi-
mental values of [Gg, | and |G,,| for the three E1
+M?2 transitions are given in Table VII. The E1
y-ray matrix element and the Jj, j, T and [],-
type penetration matrix elements are related to
the penetration parameters A, and X, defined by
Hager and Seltzer®® by the relations

m

~%. = n(fj’n'.f')
X=X —gﬂﬁm— 9)

and

Mpenl [+ 9). (10)
El

X2=X3=

The experimental values of the penetration matrix
elements are given in Table VII. Theoretical val-
ues of the penetration matrix elements have been
estimated using the formulation of Voikhanskii et
al.* based on Nilsson-model wave functions.*
From these and the experimental values of the y -
ray matrix elements the theoretical estimates of
the penetration parameters have been calculated.
The relations between the different definitions of
the penetration parameters have been given by
Grigorev and Feresin.** These have been used in
the calculations of ,(calc) and x,(calc) given in
Table VII. The experimental values of the matrix
elements are in fair agreement with the theoret-
ical values.

The value of the penetration parameter X for the
113-keV transition has been estimated using the
formulation of Reiner,” assuming that one orbital
is dominant in the Nilsson wave function. The val-
ue calculated for a deformation =4.3 and g
=0.211:0.013, g, =0.253+0.013, and g‘s’ff =0.6g0
is x =-2.5. This may be compared with the pres-
ent experimental value of A =5.6 + 8.4 given in Ta-
ble VI.
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