
P H YS ICAL REVI EW VOLUME 1$8, NUM HER 4 20 JUNE 196'l
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The extremely E-forbidden E1 transition (g —-+ g+l of 57.5 kev in Hf'~~ was iong known to have
an anomalously high (Lz+Lzz) conversion coefFzcient. In order to resolve these two lines, the electrons
emitted from an evaporated Hf203 source of ~50-pg/cm' thickness were analyzed in a double-focusing
spectrometer. The values found for the conversion coefficients in the three different L subshells are eL,,=0.308
&0.025; CL,zz

=0.067&0.010; 6L,zzz
=0.055+0.010, as compared with Rose s theoretical values a&(L,z) =0.108;

~1(Lzz) =0.047; nl(Lzzz) =0.062. No admixture of M2 or E3 components fits the experimental results.
Of the two explanations for the anomaly considered, namely penetration effects and parity mixing, the
second was excluded by the lack of circular polarization of the 57.5-keV y rays (Bock, Jenschke, and
Schopper; and Paul, McKeown, and Scharff-Goldhaber), while the first is compatible with our results.
For the 8—~ 6+ transition of 501.5 keV, more precise values of the branching ratio, energy, and E-con-
versioncoe%cient are obtained. Its L conversion coeflicients have been measured. The results are compatible
with the mixing ratio reported by Bodenstedt et al. :3.5%M2+96.5%E3.The (Lz+Lzz)/Lzzz ratio of the
93.3-keV E2 transition is found to be somwehat lower than the values reported by other authors, but still
anomalously high (1.28&0.03, compared to the theoretical ratio of 1.11).A search for the 834-keV 8—~4+
transition yielded an upper limit of 2 &10 ' per decay. The'capture cross section of Hf'" for thermal neutrons
leading to the activation of Hf'~ is found to be 0-„&, Hf'79&&=0.34&0.03b. The analysis of the resulting
isomeric ratio 0 (Hf )/0 tot =0.52% leads to the conclusion that the spin of the capturing state for thermal
neutrons in Hf'" is predominantly 5.

I. INTRODUCTION

HE nucleus Hf'" occupies a somewhat unique posi-
tion in the history of the unified model of the

nucleus: An activity with a half-life of 6 h was 6rst
observed by Muehlhause in Hf bombarded with neu-
trons from a reactor. Burson, Blair, Keller, and Wexler'
using as targets HfO~ enriched in various Hf isotopes
which had just become available, were able to ascribe
this activity to Hf"' (5.5 h). They observed conversion
electrons of five transitions with energies of 56.8, 93.2,
214.0, 330.4, and 442.0 keV and found some evidence
showing that the two highest energy transitions are in
cascade. They further pointed out that the 93.2-keV
transition may be identical with a 92-keV transition
found in the Ta' ' decay following E capture and, if so,
it probably proceeds to the ground state of Hf'". Der
Mateosian and Goldhaber2 found that probably all four
higher energy p-rays are in cascade and pointed out
that, since the 92-keV transition in Ta"' is E2, the
cascade appears to terminate with an E2 transition.

Bohr and Mottelson' made brilliant use of this infor-
mation by showing thatif these fonr transitions take p/ace
in the order of decreasing energy, the Hf'" level scheme
formed the most striking con6rmation of the existence
of rotational bands in even-even nuclei. Such a band
was expected to have a spin sequence 0, 2, 4, 6, 8,
and level energies E~ I(I+1) In addition, the.y sug-
gested that the isomeric transition in Hf'"", because of

*Work performed under the auspices of the U. S. Atomic En-
ergy Commission.' S. B. Burson, K. W. Blair, H. B. Keller, and S. Wexler, Phys.
Rev. 83, 62 (1951).

2 E. der Mateosian and M. Goldhaber (unpublished). See also
M. Goldhaber and R. D. Hill, Rev. Mod. Phys. 24, 179 (1952).' P, Bohr apd B, R. Mottelson, Phys. Rev. 90, 717 (1953).

the long half-life, must be at least octupole and: hence
the spin of the isomeric state &11.

Their assumption of four E2 transitions in cascade
proceeding from spin 8 to 0 was confirmed by p-inten-
sity, conversion-electrog. , and angular-correlation meas-
urements. ' Later, lifetime measurements of the two
lowest-energy transitions and information showing that
the 442.0-keV transition precedes the other three transi-
tions confirmed the sequence postulated by Bohr and
Mottelson. Meanwhile Alaga, Alder, Bohr, and Mottel-
son" showed that in an axially symmetric nucleus, the
component E of the total angular momentum along the
axis of symmetry, is a good quantum number and pro-
posed the "E selection rule, " both for electromagnetic
and beta transitions: hE —/&0, where t is the multipole
order of the transition. They pointed out that this
selection rule would be strictly obeyed only if the wave
functions for each band were quite pure. While the selec-
tion rules involving the angular momentum I and the
parity x were rigorous, "E-forbidden" transitions could
take place but would be retarded. The retardation
should increase with the degree of E forbiddenness.=~E—t.

As an example of an electromagnetic transition with
a high degree of E forbiddenness the case of the 57.5-

4 J. W. Mihelich, G. Scharff-Goldhaber, and M. McKeown,
Phys. Rev. 94, A794 (1954).

5 J.W. Mihelich, G. Scharff-Goldhaber, and M. McKeown, Bull.
Am. Phys. Soc. 1, 206 (1956). See also private communications
quoted in Ref. 10 and Nuclear Data Sheets, compiled by K.
Way et al. (Printing and Publishing OfFice, National Acadamy of
Sciences—National Research Council, Washington 25, D. C.,)
NRC 6-6-125.' A. W. Sunyar, Phys. Rev. 98, 653 (1955) (2+ state); A. C. I.i
and A. Schwarzschild, ibid. 129, 2664 {1963)(4+ state).

7 G. Alaga, K. Alder, A. Bohr, and B.R. Mottelson, Kgl. Danske
Videnskab. Selskab, Mat. Fys. Medd. 29, No. 9 (1955}.
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FIG. 1 (a) Spectrum of L-conversion-electron lines of 57.5-keV
transition from Hf' before correction for background and decay.
The spectrum was obtained with a double-focusing spectrometer.
The insert shows the decay scheme of Hf" . (b) Average spectrum
of 5 runs of the type shown in (a). Each run was individually cor-
rected for background and decay.

keV isomeric transition in Hf'" was discussed: It was
suggested that if, e.g., it were M2, proceeding from a
10—to the 8+ state of the (K=O) rotational band, its
retardation of 10' would not seem excessive. How-
ever, a determination5 of the multipole order of this
transition from the intensities of its L-conversion elec-
tron lines obtained with a 180' magnetic spectrograph
showed that the transition was predominantly E1 and
hence forbidden by the extraordinarily large factor of

10".' The Lz conversion coefficient was found to be
anomalously high while the Lzz and Lz&i conversion co-
efficients were compatible with the theoretical values
within the fairly large limits of error. Two other groups,
Gvozdev et al. ' and Edwards and Boehm, ' measured
the subshell ratio Ir,,+r,«/Ir, »„and found it in agree-
ment with these 6ndings. A possible M2 and E3 admix-
ture could not explain the anomaly. ' Since Edwards
and Boehm determined very precise y-ray energies with
a curved crystal spectrometer, we shall from here on
use their values.

' A more accurate computation yields a retardation factor of
3)(10' (see Table V).

~ V. S. Gvozdev. L. I. Rusinov, Yu. I. Filimonov, and Yu. L.
Khazov, Nucl. Phys. 6, 561 (1958).

"W. F. Edwards and F. Boehm, Phys. Rev. 121, 1499 (1961).

TABLE I. Relative L-subshell conversion coefIjcients for
the 57.5-keV isomeric transition in Hf'80 .

Experimental
Theoretical (El)

Rose Sliv

Lg

Lir
1

0.218&0.030
0.181~0.028

1
0.435
0.573

1
0.453
0.550

"M. Deutsch and R. W. Bauer, Nucl. Phys. 21, 128 (1960)."S.D. Koicki, A. H. Kukoc, M. P. Radojevid, and J. M.
Simid, Bull. Inst. Nucl. Sci. "Boris Kidrich" (Belgrade) 13, No. 3,
1 (1962)."E. Bodenstedt, H. J. Korner, E. Gerdau, J. RadeloG, C.
Gunther, and G. Strube, Z. Physik 165, 57 (1961)."C. J. Gallagher, Jr. and H. L. Nielsen, Phys. Rev. 126, 1520
(1962)."R. P. Feynman and M. Gell-Mann, Phys. Rev; 109, 193
(1958).

Deutsch and Bauer" measured the angular correla-
tion of the 57.5-keV transition with the subsequent E2
transitions and concluded that the spin of the isomeric
state was 8. This assignment was con6rmed by Koicki
et a/. ,"who deduced from their angular-correlation re-
sults a 99.84% E1+0.16% M2 mixture.

A second transition, of 501 keV, originating from
the isomeric state and populating the 6+ state of the
rotational band with a branching ratio of 20%, was
also found, ' determining the location of the 443.8-keV
transition in the cascade. A preliminary study of its E
and L conversion coefficients by means of an intermedi-
ate image spectrometer showed it to be predominantly
E3, indicating that this transition is retarded by a factor
of -10'. Gvozdev et al. ' essentially con6rmed these
results, assigning an energy of 501.2 keV and a branch-
ing ratio of 15% to this transition. Bodenstedt et ul. "
measured the angular correlation of the 501-keV transi-
tion with the 332.5 (6+ ~ 4+) transition, confirming
the assignment 8—for the isomeric state. Their results
for A~ and A4 are compatible only with the mixing ratio:
(3.5+0.5)% 312 and (96.5+0.5)% E3; 8(0. Essenti-
ally identical results on spin sequence and multipole
mixture were obtained by Koicki et al."

A search for the 8—~ 4+ transition of 834 keV was
also carried out by these latter authors and an upper
limit of 2X10 4 deduced for the branching ratio.

Gallagher and Nielsen" suggested that the isomeric
8—state is formed by promoting one proton of a proton
pair from the ~~+ state [4041) to the a, —state t 514(,g.

The advent of the current-current theory of weak in-
teractions" suggested the possibility that the m selection
rule may also be violated to a very small degree in
electromagnetic transitions. This made a more precise
measurement of the anomalous conversion coeKcients
of the 57.5-keV 8—~ 8+ transition appear worth-
while, since the possibility of an 8+ state (K=8) lying
close to the 8—(X=8) state, giving rise to a small
amount of M1 admixture, cannot a priori be excluded
(e.g., a two-neutron state -', —L505$j -,'—L5141)).
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TABLE II. Comparison of results of present work with previous
results on the L-subshell conversion coefficients of the 57.5-keV
transition.

IO I I II
I I

I
I I 1 I

352.5
I I I I

44%8

Theor. (E1)
Ref. 9 Ref. 10 Present work (Rose)

Lzzz/(Lz+Lzz) ~0.25 0.182&0.036 0.158+0.025 0.390
C.

IO

2I5. 50I.5

II. EXPEMMENTAL METHODS AND RESULTS

EI IO'= 482.I
(H f IBI)

I

TABLE III. Absolute L-subshell conversion coefBcients
of the 57.5-keV transition in Hf'

experiment

Theory
(%Z1,%u1)

(90.5,9.5) (Rose)
E1 M2 E3 3I1 (91.9,8.1}(Sliv)

Lz 0 308~0 025 0 108 64 12 2 20
0.117 63.0 12.2 2.46

Lzz 0.067~0.010 0.047 5.8 640 0.192
0.053 6.15 670 0,230

Lzzi 0 055~0.010 0.062 22 640 0.025
0.065 21.3 670 0.030

3ftot 0.088+0.025 0 066 0.55

0.308 (Rose)
0.308 (Sliv)
0.061 (Rose)
0.067 (Sliv)
0.058 (Rose)
0.062 (Sliv)
0.109 (Rose)

a The adopted value for the fraction of unconverted y rays used for the
computation of the experimental conversion coefficients is f&» =0.54 (see
Sec. II Ab). It should be kept in mind that the errors in the retative con-
version coefficients are considerably smaller (see Sec. IAb).

b This value was computed using the measured Mtot/LIII ratio (Ref. 10)
and the measured LIII conversion coefficient given above.

A. L-Subshell Conversion CoeRcients of
the 57.5-keV Transition

For this measurement we used Hf203 evaporated in an
electron-beam evaporator. The source thickness was
~50 pg/cm' and the backing was a very pure Al foil
1.7-mg/cm' thick. The target was bornbarded in the
Brookhaven graphite reactor for more than one half-
life of Hf"' (5.5 h). After a short cooling period it was

placed in the source position of the double focusing
spectrometer of the BNL Chemistry Department which
was operated at a momentum resolution of 0.16%.The
57.5-keV L-conversion electron lines were measured by
taking 2-min counts, starting at the lowest momentum
setting LFig. 1(a)g. After three runs the L-conversion
lines of the 93.3-keV transition were traversed in the
same manner (Fig. 3), then two more runs of the 57.5-
keV L lines were taken, and 6nally the 93.3-keV E'line
was measured. The background amounted to 200
counts/min in the beginning and most of it decayed with
a 5.5-h half-life. The decaying part may be attributed to
scattering of the higher-energy conversion electrons.
Each run was corrected for background and the remain-
ing counts were corrected for decay. Figure 1(b) repre-
sents the curve obtained from the five runs after correc-
tions. The dashed line was obtained by extrapolating
the LII line assuming that its shape is identical with that
of the LI line. In Table I the relative intensities are
compared with the theoretical values given by Rose and
by Sliv for a pure Ei transition, from which they di8er
considerably. Previous measurements of Lrrr/(Lr+Lrz)

40 80 I 20 I 60 200 240 280 320
CHANNEL NUMBER

FIG. 2. Spectrum of p rays from Hf"'~ obtained
with a Ge(Li) spectrometer.

within their larger errors, are in good agreement with
these results (Table II).

The absolute L-subshell conversion coe%cients were
obtained by (a) determining as accurately as possible
the branching ratio of the 57.5-keV transition, for which
a value of (85.2+0.8)% was obtained, and (b) com-

paring the L conversion line intensities of the 57.5-keV
transition with the intensity of the Lzzz conversion line
of the 93-keV (E2) (2+.~ 0+) transition '

After applying the appropriate corrections for window
thickness and using the branching ratio given above, the
absolute conversion coeS.cients given in Table III were
obtained.

a. Deterrrlinatiort of the Brartchirt g Ratio
for the 57.5-he V Transition

Since both the 215.2- and the 332.5-keV transi-
tions are 100% branches, their intensities were com-
pared with that of the 501-keV transition. A Ge(l.i)
diode (6 cm'X5. 5 mm deep), for which an accurate in-

tensity calibration curve was available, served to obtain
the y-ray intensities (Fig. 2), and the total transition
intensities I "and I'3' were obtained by using theoreti-
cal (Rose) E2 conversion coeKcients, while for the com-
putation of I"' a 96.5% F3 +3.5% M2 mixture was
assumed "

P" and P" were found to agree within 0.5%. The
branching ratio 8' ' obtained by using the average of
I"' and P"was found to be B"'=(14.8+0.8)%. Since
B"=1—B"' may be assumed (see Sec. IIC), one ob-
tains B"=(85.2&0.8)%. As B44'=B", this result may
be checked by directly comparing the photopeak inten-

"This line was chosen because it lies close to the lines in ques-
tion, and its conversion coefficient as determined by Edwards and
Boehm (Ref. 10) was found to be in good agreement with the
theoretical prediction —the deviation amounted to (—2.5+7)%,—whereas the 93-keV (Lz+Lzz) conversion coefBcient was found
by these authors to exceed the theoretical one by (27~9)%. Our
value of the (Lz+Lzz)/Lzzz ratio exceeds the theoretical value
(Rose, Sliv} by 15&2% (see Table IV).
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The value for e~,~' was obtained by adding e~+~+g" to
the sum of L-conversion electrons given above.

We thus obtain

f„"=0 56+.0 03.
Fzo. 3, L-conversion electron spectrum of 93.3-keV transition

in Hf"' . The line shapes were determined by linear extrapolation
of a log-log plot.

sities of the 215.2-, 332.5-, and 443.8-keV transitions,
and using the appropriate E2 conversion coeKcients.
This yields a value J35z= (86.6&3.2)%, in good agree-
ment with the more accurate value given above.

b. Computation of Lr, rr, rrr(57. 5 keV)
Conversion Cocci ents

Figure 3 shows the L conversion line spectrum of the
93.3-keV transition, corrected for decay to the time to

used for the decay correction of the 57.5-keV L conver-
sion spectrum LFig. 1(b)].In Table IV our value for the
Lz/(Lzz+Lzzz) ratio is compared with the corresponding
values given by other authors.

The counts for each line were integrated and corrected
for momentum settings. The relative electron intensities
e(L) for the four lines were obtained by multiplying the
57.5-keV L conversion line intensities by a factor 1.05
to correct for absorption" in the window of the propor-
tional counter in the double focusing spectrometer (a
0.58-mg/cm' Mylar window covered with ~0.020-
mg/cm' gold); no absorption correction was necessary
for the 93.3-keV transition.

The intensities for the four electron lines were:

57.5 keV e(Lz) (11.42+0.31)X 10',
e(Lzz) ( 2.48+0.28) X 10',
e(Lzzz) ( 2.03~0.26)X10z,

93.3 keV e(Lzzz) (15.87+0.19)X10'.

The errors given are statistical.
The conversion coeKcients for the three subshells are

then obtained from the equation

e(L')'" e(L')" e(L')'"~(Lzzz)"

57 793f 57 e(L )93(1+rz 93)f 57

i= I, II, III.
"R. O. Lane and D. T. ZaGarano, Phys. Rev. 94, 960 (1954).

This value is to be compared with the value 0.48~&0.03
which we deduce from the relative y-ray intensities re-
ported by Edwards and Boehm" who used a bent crys-
tal spectrometer; because of the diKculties connected
with these intensity measurements, we have given our
measurement more weight and adopted the value
f~sz=0 54 for t. he computation of the measured L con-
version coe%cients given in Table III, column 2. The
theoretical conversion coefficients (Rose and Sliv) for
Z1 (column 3), M2 (column 4), and E3 (column 5) are
given for comparison. It is seen that the measured. con-
version coeKcient for the Lq line far exceeds the E1
conversion coeKcient, and that no admixture of M2
and/or E3 can reproduce the measured L subshell con-
version coeKcients. "We therefore computed the M1
admixture (column 6) needed to account for the meas-
ured Lz conversion coefficient and arrived at 9.5% and
8.1% using Rose's and Sliv's values, respectively. It is
seen that for both sets of values good 6ts are obtained
for the Lzz and Lzzz conversion coeflzcients (column 6).
Also the M~,~ conversion coe%cient is 6tted satisfac-
torily. If this explanation were correct the M1 part
of the transition would be hindered by a factor of

10".

TABLE IV. L conversion coeKcient ratio for
the 93-keV (2+ —+ 0+) transition.

Present Theory (E2)
Ref. 9 Ref. 10 work Rose, Sliv

(LI+Ln)/Lni 1.4+0.3 1.43+0.15 1.28+0.03 1.11

'8 For o,2, t,~( ' k' ) the theoretical conversion coefficients for the
E and L shells were used. Sliv's and Rose's values for these are in
good agreement (~~=1.0, 0.&z=0.11 ALII=1.35 0,'z,111=1.32) ~ The
conversion coefFicients for the outer shells (M+X+ ~ ) were
taken from the measured intensities of Ref. 10 relative to that of
the Liii line. One thus obtains e~+N+. ..=0.93.

"The ratio e~+~+0/eL»&=1. 87 deduced from values given in
Ref. 10 was used to compute e~+~+0."G. Schar6'-Goldhaber and M. McKeown, Proceedings of
the Argonne International Conference on Weak Interactions,
1965, Argonne National Laboratory Report No. ANL-7130,
(unpublished).
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Tasz, E V. Conversion coeQicients of the 501.5-keV 8—~ 6+ transition.

E/L I-I:Lzz: Lzzz

(a) 96.5% E3+3.5% iV2
(b) 96.5% 83+3.5'P E2

Experiment Present work
Ref. 10
Ref. 9
Ref. 12

Theory 7 7X10 ' 2.3X10 ' 2.52 1:1.22:0.37
76X10 ' 2 3X10 ' 2.44 1:1.35:041

(8.0+3.0)X 10 ' (3.0~1.2) X 10 ' 2.5~0.45 1:1.15:0.43

0.041 63X10 3

0.038 5.6X10-3
0.045&0.004 (7.0&2.7) X10 '
0.037&0.012
0.035+0.014
0.037+0.012

& The values interpolated from Sliv's and Rose's tables are in good agreement.

Another possible explanation of the anomaly are E1
penetration e6ects. It can be shown" that the anomal-
ous Lz and Lzz conversion coeKcients can be obtained,
within limits of error, by choosing a suitable dynamic
penetration term j r. If one writes

attempts to detect the circular polarization of the 57.5-
keV transition were made. '4 "

B. Conversion-CoeRcient Measurements of the
501.5-keV Transition

In order to search for possible anomalies due to parity
mixing in the 501-keV transition for which only the
E-conversion coefficient had been measured previ-
ously, ' ""we carried out a measurement of the E and
L conversion coefficients with the double focusing spec-
trometer and, incidentally, were able to obtain the some-
what more accurate value of 501.5~0.7 keV for the
energy of this transition.

Figure 4(a) and (b) show the 501.5-keV E and L con-
version lines, respectively, and, for comparison, the E
conversion line of the 443.8-keV transition )Fig. 4(c)g.
It is seen that the conversion lines of the L subshells are
not resolved, but since the positions of the three peaks
can be fairly accurately determined, using the position
of the 501.5-keV E conversion line for calibration, the
conversion coeKcients for the three lines can be esti-
mated. In Table V(a} the measured values are compared
with the theoretical values for the M2 —E3 mixture de-
termined by angular correlation in line (a)."In order to
take the possibility of parity mixing into account, the
values for the "maximum violation" mixture 3.5%%u~

E2+96.5/& E3 were also computed LTable V, line (b)].

ng(Lr) = 0.0886+ i
—0.170+18.18I'i ',

ni(Lrr) =0 0491+ )
—0 0479—13.00I'

~

',
where the values n~(Lr, rr) r=o agree with the theoretical
values listed by Sliv, one 6nds that with I'= —0.0158
we obtain Lz=0.308 and Lzz=0.074, in satisfactory
agreement with the measured values.

Here the following relation holds:

fj (r/R)(r/R)'FUrdr 2 1
Y=2.20X 10'I',

(3n-n) 'i' kR'fj V(r/R)I"ger

where the numerator represents the penetration matrix
element and the denominator the p-ray matrix element.
It was assumed that the other penetration matrix ele-
ment ratio

fj V(r/R)'YUrdr
~0

fj V(r/R) I'g~dr

A similar analysis based on our internal conversion co-
eScient values" has been given by Hager and Seltzer. "

Lawson and Segel" have recently discussed the pos-
sibility of parity mixing in the 57.5-keV transition and
have come to the conclusion that this would imply that
also the 8——& 6+ 501-keV transition should have an
appreciable parity admixture, naznely an E2 component
admixed to the E3 and M2 components. This seemed
to be disproved by angular-correlation results" (for
further developments concerning this possibility, see
Sec. IIB).We note, however, that if the 8+ component
admixed into the 8—were such as to favor 3f1, their
argument would lose its strength. In view of the import-
ance of experimental tests of parity mixing and of the
contradictory results of such tests for other transitions,

(c)
I I

445.8-K .

(b)
I I I . I

50I.5-L

(a)
I I I

50I.S-K

—2500—

2000-

2000—

c 4000
O

& xoo
l 000

Iooo—2000

IOOO
/

0 I

2420 24302655 2665 2865 2875

Hp

FIG. 4. E'- and L-conversion electron lines of 501.5-keV transi-
tion in Hf'8'

t (a) and (b)j.The two high points at the low-energy
side of the 501.5-keV E line arise from the adjacent 443.8-keV
Lzzz line. The E conversion line of the 443.8 transition (c) was used
for intensity and energy calibration.

2' G. T. Emery (private communication). The notation (F)
was introduced in an article by G. T. Emery and M. L. Perlman,
Phys. Rev. 151, 984 (1966). Dr. Emery's analysis served as basis
for the statement that penetration e8ects are a possible explana-
tion of the anomaly in the E1 conversion coefficients (Ref. 20).

"R.Hager and E. Seltzer, Phys. Letters 20, 180 (1966)."R.D. Lawson and R. E. Segel, Phys. Rev. Letters 16, 1006
(1966).

'4P. Bock, B. Jenschke, and H. Schopper, Phys. Letters 22,
316 (1966).

"See H. Paul, M. McKeown, and G. ScharB-Goldhaber,
following paper, Phys. Rev. 158, 1112 (1967).

E —FQRBIDDEN B1 TRANQITION IN Hf''0 (5.5h)
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TABLE VI. Gamma-ray mean lives and hindrance factors for isomeric transitions in Hf"

57.5 keV

501.5 keV

834 keV

Initial state
I E7r

8 8 —p[514T3+p[4o4U'

8 8 —,p[514Tj+p[404)j'

8 8 —,p[st4Tj+p[4o4J, g

Final
state
I E'x

80+

60+

40+

Multipole
order

E1
M1
M2
M2
E2

M4
E5

r~ (sec)

5.3X104
X107b

&1 X10"
5.8X106

X10' ~

2 1X105
&1.4X109 e

&1.4X109 '

3.6X10'6
&3.1X10''
&2.1X10'I

4.9X10'4
&2.4X 10'7

1 8X109
&4.2 X108
&1.6X104

See Sec. I and Ref. 14.
b Deduced from upper limit for the polarization of y rays (Ref. 24).
e Deduced from experimental LIII conversion coefficient (see Table III).
d Deduced from upper limit given in Ref. 26.
e Present results (see Sec. IIC).

The hindrance factors (H) are computed using Moszkowski's formulas for y ray transition probabilities for a single proton, assuming S =1 fK. Siegbahn,
Alpha-, Beta-, and Gamma-Ray Spectroscopy (North Holland Publishing Company, Amsterdam, 1965), 2nd ed.

The agreement with both (a) and (b) is satisfactory;
thus from these measurements, parity violation cannot
be excluded.

However, Blumberg et al. 26 recently measured the
circular polarization of the 501.5-keV y transition and
obtained P.(501 keV) &2%. Combining this result with
the 501.5 keV (8——+ 6+)—332 keV (6+ ~ 4+) angu-
lar-correlation results, "the parity-forbidden E2 compo-
nent of the 501.5-keV transition is found to be less than
0.2%, thus excluding solution (b).

I I I
. H)180m

445.8 heV

I

CALI BRATI ON
Mneme

, 855.010.5
geV

—)000

C. Search for the 8—~ 4+ Crossover
Transition of 834 keV

In view of the large fluctuations of hindrance factors
of E-forbidden transitions it seems of great interest to
establish the existence of a transition from the isomeric
8—state to the 4+ state of the ground-state band,
which would be M4(v=4) and/or E5 (v=3). KoiLki

et u/. "have found an upper limit of &2&10 for the
I834v,v/I443 q,v intensity ratio. The advent of Ge(Li)
detectors made a more efFicient search possible. Figure
5 shows parts of the photon spectrum measured with
the Ge(Li) spectrometer described in Sec. IIAa showing
the photopeak of the 443.8-keV transition and the 834-
keV region. As a calibration line we used the 834.96&0.2
keV line of Mn'4. In order to suppress an addition peak
of the 332.5+501.5 keV transitions, a Pb absorber of
19.2 g/cm' was interposed. This absorber reduced the
areas of the 443.8- and 835-keV photopeaks by factors
of 26.1 and 5.12, respectively. No 834-keV peak was ob-
served. The symbol ~ indicates a peak with a total area
of 100 counts above the background. From the statisti-
cal error we compute an upper limit for I8q4/I443
&2.3X10 '. This corresponds to a half-life rr~, (834
keV) &1.0X10' sec and to a hindrance factor II&4.2
X10 for the M4 component (v=4), and H&1.6X10 4

for the E5 component (v=3) of this transition. Since
the average K-forbiddenness factor per unit of v is gen-
erally assumed to be 10 to 100, and in view of the fact
that the 501.5-keU E3 transition is relatively "fast"
(see Table VI), it appears that a further increase of a
factor of 10 in "signal-to-noise ratio" might possibly
reveal the 834-keV line.

80000—

60 000—

800 ~

600 ~g
0.75 heV

D. Hindrance Factors of the Isomeric Transitions
i'll Hf180

400

20.000— 200

0 I l I

500 520 540 560 I l00
CHANNEL NUMBER

l

1200

FIG. 5. The 834-keV region of the Hf'8' p-ray spectrum ob-
tained with a Ge(Li) spectrometer is shown in juxtaposition with
the 443.8-keV photopeak which was used for intensity calibration.
The symbol ~ indicates a hypothetical photopeak corresponding to
an intensity ratio I834/I443. 8 —5.7X10 '.

"H. Blumberg, K.-H. Speidel, H. Schleus, R. L. Rasera, and
E. Bodenstedt, Phys. Letters 22, 328 (1966).

In Table VI we have summarized the gamma-ray
mean lives and hindrance factors for the electric and
magnetic multipole components of the 57.5- and 501.5-
keV isomeric transitions in Hf'" (Secs. IIA and IIB),
and limits for these quantities for the 834-keV transition
(Sec. IIC). The limit of 0.1% for the parity-violating
M1 component of the 57.5-keV transition is deduced
from the results of circular-polarization measure-
ments'4 "and the relation between circular polarization
and Ei—3f1 mixing ratio. '~ The limit for the M2 com-

~7 R. A. Carhart, Bull. Am. Phys. Soc. 11, 353 (1966);Phys.
Rev. 153, 1077 (1967).
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TAsLE VII. Activation cross sections of Hf'" and Hf"' for thermal neutrons. '

Target
nucleus

Spin of
target nucleus

Spin of
final state

A~ Transitions
(keV} per 100 decays O,t,t

Oaet/&act, th o«t, th (barn)
Present work Ref. 9

Au"v
Hflvo

HflvQ

Hf180
2+
0+

2—
8—
0+

411.8
443.8

482.1

100
85.2

83

0.045
0.025

0.030

1.18 &0.03
1.29 ~0.08

1 04e+0.03

(98.6 ~0.2)b
0.34~0.03

(65 ~15)'
12.6 +0.7

0.18~0.07

(10+3)

a The values in parentheses are adopted from the literature. b Reference 29. o Reference 30.

ponent of this transition is deduced from the work of
Koikki et al."

The hindrance factor for the E1 part of the 57.5-keV
transition, while it is higher than any other known
hindrance factor for an electromagnetic transition, does
not seem excessively high for an Ei transition with
v=7 28

E. Determination of the Activation Cross Section of
Hf'"1 n —+ Hf'"" for Thermal Neutrons

The activation cross section of Hf"', using an un-
specihed neutron spectrum, was measured by Gvozdev
et al. ' by comparing conversion electron lines of Hf"'
with those of Hf"' from a target with known isotopic
composition in a reactor. The cross section assumed fox
the production of Hf"' was 10+3 b. The reported cross
section value was 0, t, H f»9=0.18&0.07 b.

We have measured the activation cross section of
Hf' for thermal neutrons by calibrating our neutron
Aux with a Au'" sample which was bombarded together
with the Hf02 sample. The latter contained 47.55%
Hf"' and 46.27% Hf" . The weights of both samples
were carefully determined. Au and Hf oxide samples
were also bombarded wrapped in Cd in order to correct
for resonance neutron e6ects. All samples were bom-
barded for one-minute periods. To determine the activa-
tioo cross section we used the equation

A Hf»9 —A Hq»9(Cd)
&act, Hfth 79 0aet, Auth

Ag var —A~~ssr(Cd)

Here A=a„,p, where p denotes the neutron flux. We
thus obtained a, t, H f h»9=0.34&0.03 b.

Similarly, the activation cross section for Hf"'+e
—+ Hf"' was determined by measuring the p-ray spec-
trum of the irradiated Hf samples after the Hf"
activity had decayed. The result was 0-, t, Hf»o=12.6
&0.7 b.

K. E. G. I.obner, Proceedings of the Physikertagung, Munich,
1966 (to be published); G. T. Emery and G. ScharB-Goldhaber (to
be published).

The activation cross sections were based on the inten-
sities of suitable p rays which were measured by means
of a NaI(T1) spectrometer whose y-ray eKciency had
been carefully calibrated. The well-known energies,
branching ratios, and total conversion coeKcients of
these p rays are listed in Table VII, columns 4—6. In
column 7 the ratio appal/ogpu, gg A~~/(A~, —A~«o~~) is
given. In column 8 the thermal activation cross sections
are listed. The activation cross section of Au"' for
thermal neutrons was assumed to be 98.6&0.2 b.' For
comparison, the total absorption cross section which
mainly leads to the ground state of Hf'8' is also listed. "
The resulting isomeric ratio 0(Hf"'")/0„,=0.52%. Vs-
ing the theoretical analysis developed by Huizenga and
Vandenbosch" one arrives at the conclusion that of the
two possible spins for the capturing state in Hf'",
I,=4 or 5, I,=5 is preferred. "This conclusion is further
strengthened by the result that the y rays following
neutron capture in Hf'r' populate both the 6+ and the
4+ level of the ground-state band in Hf'"."
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