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Abstract: The angular distributions and linear polarizations of 7-rays emitted by the z = 15 lls 127- isomer
in 93Tc have been determined. The results imply upper limits of =< 6 % for the parity-violating E2
component in the 750.78 keV ~7 __+ 1~+ transition and of < 0.06 eV for the parity-violating
matrix element, [(J~+ IHp.vll~ )l. The 1~- __+ ~ + levelspacing was determined to be 0.30_+0,03 keY
and the corresponding El branch was found to be < 6 % of the ~ ~ 12-!+branch.
NUCLEAR REACTIONS ~5Cu(32S, 2n2p), E = 120 MeV, measured 7(0), linear polarization of delayed ;,-rays. "-~Tcdeduced levels, 7-branching, ~. limit on parity-violating E2
component in '2" ~ ~2-" transitiofi, Enriched target, pulsed beam.

I. I n t r o d u c t i o n

In the last ten years there has been t r e m e n d o u s theoretical progress in the developm e n t of unified models for the weak a n d e l e c t r o m a g n e t i c i n t e r a c t i o n s by W e i n b e r g
a n d others 1). T h e models have successfully predicted the existence of weak n e u t r a l
currents, b u t the predicted p a r i t y - v i o l a t i n g (p.v.) aspects of the weak n e u t r a l c u r r e n t s
r e m a i n to be verified. M e a s u r e m e n t s of p.v. a d m i x t u r e s in n u c l e a r levels provide a
m e a n s of testing the purely h a d r o n i c part of the weak currents if the complexities
associated with the strong i n t e r a c t i o n can be taken into a c c o u n t 2). The s i t u a t i o n
w o u l d be p a r t i c u l a r l y p r o m i s i n g if the most i m p o r t a n t term is associated with charged
p i o n exchange between n u c l e o n s : in this case the calculations are relatively straightforward a n d the existence of p.v. weak n e u t r a l currents are predicted to lead to a
large e n h a n c e m e n t over the calculation with charged currents a l o n e 3).
* Present address: Nuclear Physics Laboratory, Oxford, England.
** NRCC Postdoctoral Fellow. Present address: Technische Universitfit, Munich, W. Germany.
*** NRCC Postdoctoral Fellow.
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The most definitive experimental evidence for nuclear parity violation comes from
the 7-decay of the 18°Hf 8- isomer 4). However, the theoretical calculation in this
case can only be carried out qualitatively 2). Quantitative calculations can be carried
out for the two-nucleon system or for nuclei that can be described by microscopic
(e.g., shell model) wave functions such as those in the 2s-ld shell. The results of timeconsuming polarized-beam and 3,-ray circular-polarization experiments in the nuclei
18F [ref. s)] and 19F [ref. 6)] have recently begun to approach the accuracies required
to check the theory.
An interesting case in the intermediate mass region exists in the 93Tc 12- ~7+
doublet 7,5). These states can be well described in the shell model, predominantly
by lg~-2p½ valence configurations. Most importantly, these two states are separated
by only 0.3 keV and have partial decay widths to the ~3+ level which differ by 2 x 106;
hence, the 1~- ._, 1@+ decay is extremely sensitive to mixing between these two
states. The measured lifetime alone gives an upper limit of about 0.3 eV for the
17- - 17+
~7 p.v. matrix element 7). Parity-violating matrix elements are expected to
have a size on the order of 10- 6 of the strong interaction matrix elements (i.e. ~ l"eV)
in favorable cases. Thus the possibility exists that a p.v. interaction can give rise to
very large effects in 9aTc.
We have tried to measure p.v. effects in 93Tc by carrying out relatively straightforward experiments in which the strength of the E2 component in the l z-- + 1@+
transition is measured. M2 and E3 decays are allowed if the states have good parity,
but the parity mixing allows an "abnormal E2" (denoted by E2) component. In a
previous experiment 8) an upper limit of 33 o/,, E"2 was established from a measurement of the internal conversion coefficient and it was observed that the limit could
be made lower if the E3/M2 mixing ratio could be measured.
In the present experiment, precision measurements of ),-ray angular distributions
and linear polarizations have been carried out for the delayed transitions in 9aTc.
From these experiments we have established an upper limit of 6 ~,, for the E2 strength
in the !~- ~ 1@+ transition. The determination of this limit depends on a measurement of the ('@- -, ~v +)/(½7- ---, ½3+) branching ratio for which we obtain an upper
limit also of 6 ~o. With this result, the p.v. matrix element between the ~v- and ~ +
levels is found to be < 0.06 eV. The E3/M2 mixing ratio from the present work
allows one to estimate the E2/M2 interference which might be determined in future
experiments by measuring either the ),-ray circular polarization or the y-asymmetry
from polarized nuclei.
The angular-distribution and linear-polarization experiments are described in
sects. 2 4 . In sect. 5 the results are used to extract decay strengths for the delayed
transitions to the ~ + level. The ( ~ - --, ½~+)/(~z- ~ ~ + ) branching ratio is discussed in sect. 6 and this is put together with the results obtained in sect. 5 to obtain
the 1~- ~ 1@+ E"~ strength. The p.v. matrix element is discussed in sect. 7.
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2. Experimental arrangement
Levels in 93Tc w e r e populated by the 65Cu(32S, 2p2n) reaction at E(32S) = 120 MeV
with the pulsed 3zS~°+ beam of the Chalk River MP tandem accelerator. The same
reaction was recently employed 9) to measure the .q-factor of the *~- isomer. The
large alignment produced by the reaction can be preserved over times comparable
to the isomer lifetime (15 /~s) by implanting the long-range recoils into suitable
backings such as Pb or Hg [ref. 9)]. In the present work 1.8 mg/cm 2 thick 6-SCu foils
were used backed by 64 mg/cm 2 of Pb. The Pb backing was thick enough to stop
both recoils and the incident 32S beam. The target chamber was electrically insulated
and had a suppression electrode at a voltage of - 1.5 kV at the entrance of the beam
to allow precise integration of the beam charge.
The beam was on target for 0.15/~s every 2/as. Deexcitation },-rays from isomeric
states and from radioactive ground states were observed during a 1.2/~s wide time
window which was opened 0.15 Hs after the end of each beam pulse. A 15 ')o efficient
Ge(Li) detector (A) was placed with its front face 12.2 cm from the target to measure
120 MeV
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Fig. 1. Comparison of prompt (top) and delayed V-spectra from the 120 MeV 328q-65CH reaction. The
lower spectrum represents the sum of pulse heights from two of the three detectors making up the three
Ge(Li) Compton polarimeter.
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the 7-ray angular distributions. Great care was taken to determine the detector angle
with respect to the well-collimated beam, and to place the target at the centre of
rotation.
A second Ge(Li) detector (C) of nearly equal volume and efficiency was fixed at
0~, = 90 ° at the same distance as detector A to ensure similar cout,ting rates and
solid angles for both detectors. Singles events from detector C were used to normalize
the angular distribution runs. At the same time C served as the scattering crystal of
a three Ge(Li) Compton polarimeter. The side (S; 0~. = 90 °, q~. = 0 °) and top (T:
0,~ = 90, qS.. = 90 °) detectors of the polarimeter were shielded against 7-rays from
the target by > 7.5 cm of Pb.
Examples of relevant energy regions of delayed and prompt ),-ray spectra are shown
in fig. 1. The top and middle spectra were observed at 0~, = 90 ° with detector A.
The lower spectrum represents the sum of pulse heights in detectors C and S, and
exhibits therefore somewhat worse energy resolution. It is also apparent that the
prompt spectra are considerably more complex than the delayed ones and that, in
addition to 93Tc, a large number of final nuclei are produced, ranging in mass from
A = 88 t o A = 9 4 .

3. Angular distribution measurements
The angular distributions of delayed 7-rays were observed with detector A between
0 ° and 90 ° in 15° steps. The runs were repeated at least once for each angle. For
the isomeric 7-rays different runs were normalized to each other by a factor obtained
from the integrated beam charge or from the summed intensities of isomeric 7-rays
in the fixed detector C. The results from both procedures were in excellent agreement.
For 7-rays from the decay of long-lived radioactive nuclei the runs were normalized
to the intensity of the s a m e 7-ray in detector C.
The deadtimes for detectors A and C were determined by delayed pulses which
were triggered by a small fraction (10 -3) of the total counting rate and inserted
below the lowest threshold in the 7-ray spectra. The counting losses were generally
kept below 20 +)/,i. Additional deadtimes arise for isomeric ),-rays which may not be
counted because one of the preceding prompt 7-rays of high multiplicity M v may be
registered in the same detector. A complex correction results which depends on the
average angular correlations of the Mp 7-rays, on the average total detection efficiency
and on the ratio of the isomer lifetime to the pulse-pair resolving time of the counting
system. The correction was calculated by making use of results from systematic
studies of 7-ray multiplicites in Er and Yb nuclei lo, t 1). The correction is not very
important for the 93Tc isomer since it amounts to at most 3 0J(,at 0 ° and to a difference
of < 1 0J~,between 0 ° and 90 °.
A further complication arose in the analysis of the angular distributions because
of the existence of a weak static magnetic field of 0.14 m T perpendicular (within + 5°)
to the beam-detector plane which was discovered towards the end of the experiment.
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The spins of the isomeric nuclei experience a L a r m o r precession which amounts,
on the average, to an angle I~ozl = 7 ° for the 15 its½7- state in 93Tc (,q = 1.231 +0.006,
see ref. 9)). We denote the ~,-ray angular distribution at time t = 0 by
kl,,a x

W(t = O) = ~akPk(COS O) = ~, b k cos (kO) = ~ ( ~ bk,a,) cos (kO),
k

k

k

l=k

where
1

b2
b4
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9

a 0 + ~a2 + 6~a4 + ~ a 6 ,
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~-

43('/2 + 5 . -- 105_
] ~ u 4 ~ 5-T~tt6,
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=

- -
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64a4 4- 2 ~ a 6 ,

b6

231
~a6,

The a~ coefficients are expected to decrease with time because of relaxation processes
such as spin-lattice relaxation 12); we assume here ak(t) = ak(t = 0)exp (-t/rk).
The time-integrated angular distributions are then
~ 2 Ikl('ll'
kl

where

lkl

=

COS k(O- cot)e '/%-~/~dt
bkl'C
cos
N/(I -I- 75/"gl)2 "Jr- (ke~z) 2

k(O- A'kt),

with
tan kA'k~

k(.o'c
-

1 + r/q "

Each angular distribution is thus specified by the initial distribution coefficients
a t, the corresponding relaxation times % and the L a r m o r precession angle ~or. After
assuming a set of relaxation times the a~ coefficients have been fitted to the measured
distributions (see table 1). The relaxation times for 94Ru (~2 = 76 Its, ~4 = 24/as) and
for 93Tc isomers (r 2 = 85/as, z4 = 45/~s) are in agreement with previous measurements. They represent spin-lattice relaxation times corresponding 12) to a Knight
shift of ~"~ 1 "//o. The extracted a Lvalues for 93Tc (see table 1) are not very sensitive to
the choice of zt because r I >> r. It will be shown in sect. 5 that the composition of
transitions of mixed multipolarity in 93Tc can be determined independently of T~
by making use of angular distributions of other transitions of unique multipolarity
originating from the same isomer.

1.14_+0.05

9°Mo

311.77
756.23
1429.96

809,56
947.98
1054.2

544.65
1392.25

750.78
1434.52
1516.0

629.44
711.11

E. (keV)

6 + ---, 4 +
4 + --* 2 +
2 + --* 0 +

6 + ---, 4 +
2+ ~ 0 +
4+ ~ 2+

_,27+ ___,~53+
13+ ~ ~+

13

~ ~'2+
13+
55-t7 ~ ,a+
13+ --. ~2+
~ + --, ~Q+

~

J~ ~ J~

E2
E2
E2

E2
E2
E2

E2
E2

El
El
E-"2/M2/E3
E2
M1/E2
.

M2

0.143+0.019
0.167_+0.028
0.183_+0.028

0.180+_0.006
0.184+_0.005
0,180_+0,006

0.220_+0.007
0.246_+0.009

-0,185_+0.008
0.312_+0.006
-0.191 +0.008
0.247+0.006
- 0 . 0 8.6 + 0 . 0 1 1 b)

az(t = O) ")

0.034_+0.055
0.037_+0.083
-0.056+0.080

-0.039+0.007
-0.030-+0.007
-0.031 +0,008

-0.046+0.046
-0.036-+0.012

0.019_+0.014
0.002_+0.010
-0.262+0.013
-0.043+0.010
. 0.155+0.017 .h)

a4(t = 0) a)

-0.005+0.042
0.115_+0.044
0.028_+0.087

0.312+0.035
0.282+_0.040
0.310-+0.068

0.356-+0.045
0.411 +0.097

0.231 -+0.033
-0.479+0.031
0.233_+0.041
0.372+0.054
0.089+0.081 b)

Pexp

0.076+_0.040
0.089_+0.035
0.098-+0.035

0.274_+0,009
0.287-+0.008
0,279_+0.009

0.345+0.011
0.401 -+0,015

0.215_+0.010
-0.453_+0.010
see text
0.327-+0.013
0.075+0.010

P¢alc ~)

a) For the long-lived isomers in 93Tc and 94Ru, the results depend on the assumed spin-relaxation times, r 2 = 85/~s and t 4 = 45/~s for 93Tc, and t 2 = 76 ~s
and t 4 = 24 ~s for 94Ru (see ref. 9)). The calculated linear polarizations, P~a~, deduced mixing ratios and partial ;..-decay widths are quite insensitive to this
choice.
b) These results imply ~(E2/MI) = 16.6 + ~"i,~ for the 1516.0 keV transition.
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Fig. 2. Angular distributions of 7-rays from the decay of the 12 isomer in 93Tc (Tt. 2 = 10.1 ps). The
fitted curves include the integral effect of a precession of 7 ° for the ~2 spin.

TABLE 2
Angular distribution coefficients and linear polarization of nearly isotropic T-transitions

az(t = O) ~)

a4(t = O)a)

0.001 +-0.008

0.016_+0.010

0.002+-0.036

0

E2
E2
E2

0.005+-0.009
-0.008-+0.007
-0.003-+0.005

0.007+_0.012
0.010+,0.008
0.007 ± 0.006

0.017_+0.026
--0.025+-0.034
0.020 +, 0.026

0
0
0

E2
M1/E2
E2
M1/E2

0.003-+0.008
- 0 . 0 0 1 -+0.005
-0.001 +,0.010
-0.002-+0.009

0.002 + 0.009
0.000 + 0.006
--0.003--+0.013
--0.005-+0.012

0.039 +, 0.050
0.005 +, 0.046
--0.033-+0.072
0.036+-0.068

0
0
0
0

E2
E2
E2

0.025-+0.006
0.039-+0.009
0.014-+0.011

--0.004-+0.008
--0.002-+0.011
--0.005-+0.014

0.033+,0.031
0.024+_0.033
--0.010-+0.069

0.035--+0.009
0.061 +,0.014
0.018-+0.014

El

-0.001+0.009

0.004-+0.011

0.017+,0.057

E~. (keV)

Ji" ~ J~

M2

94Tc

367.07

1 + --* (2 +)

M1/E2

94Mo

702.64
849.72
871.09

4 + ---,'2 +
6+ ~ 4+
2 + ---, 0 +

93Mo

684.76
1363.00
1477.2
1521.4

92Mo ~)

329.80
772.97
1509.68

6+ ~ 4+
4+ ~ 2+
2 + ---, 0 +

9°Zr

1129.14

6 + ~ 5-

Nucleus

13+
5+
-~+
~+

_~ ~+
--* I) +
~ ~+
~+

pexpa)

Pcalc a)

0

") The weak angular distributions and polarizations observed in 92M0 arise from population of the wellknown 188 ns 8 + isomer 9) in addition to the strong isotropic components from the decay o f 4 A h 92Tc.
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The fitted a 2 and a 4 coefficients of non-isotropic transitions are shown in table 1.
The ak coefficients still contain correction factors Qk, resulting from the finite size of
detector A. From the carefully measured detector geometry we calculate Q2 = 0.973
and Q4 = 0.91 for 0.4 MeV < E~, < 1.5 MeV. All transitions gave a vanishing a 6
term. The angular distributions of transitions in 93Tc are shown in fig. 2 with cos20
as the ordinate. As a result of the spin precession in the external magnetic field the
distributions of transitions with essentially vanishing a4 coefficient (the 629.4 keV
13-- ~ 121+ E1 transition and the 711.1 keV ~3- --~ 1@+ E1 transition) do not follow
~a straight line.
The a t coefficients for 7-rays populated by the decay of radioactive nuclei are shown
in table 2. With the exception of the 92Mo 7-rays, which are partially fed by a 188 ns
8 + isomer, the distributions are isotropic to a high degree of accuracy.
All X 2 values obtained were close to the expectation value indicating that the
procedures described in sect. 2 were carefully followed.
4. Linear polarization measurements
The linear polarization of delayed °/-rays was measured with a three Ge(Li)
Compton polarimeter. Its polarization sensitivity arises from the dependence of the
Compton scattering cross section on the angle between the plane of polarization of
the incident y-ray and the scattering plane. A polarimeter similar to ours has been
described by Butler et al. 13). The pulse heights for coincident events between the
scatterer C and either of the detectors in (S) or perpendicular to (T) the plane of beam
and primary radiation were recorded event by event on magnetic tape. On playback
of the tapes a quantity was calculated from the pulse-height pairs which equals
cos ~ for single Compton scattering events. Only events with a scattering angle
in the range allowed by the detector geometry were accumulated in the sum spectra.
This requirement improves the peak-to-background ratio by nearly a factor of two
because background events from electron escape in the scatterer and of 7-escape
in the absorber are removed. It also slightly increases the polarization sensitivity
because a fraction of the peak events arising from multiple scattering are eliminated.
From the intensiti6s of y-rays scattered in the plane of beam and the primary
radiation, Nil, and of those scattered perpendicular to it, N l, an asymmetry ratio A
was formed,
A - a ( E j N l - NIL
a(E~,)N 1 + NHI '
where a(E~) is the energy-dependent ratio of detection efficiencies for the two absorber
detectors S and T, The asymmetry ,4 is proportional to the linear polarization P(O)
of the primary ? ray, i.e.

p(o)

I(0, ~b = 0 ° ) - I(0, ~b = 90 °)
=

I(0, ip = 0 °) + I(0, ~b = 90 °)
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TABLE 3
Coulomb excitation of Ge isotopes with 80 MeV 32S
Isotope

E~ (keY)

a e,p
2

azc a l c a )

7°Ge
V2Ge
74Ge
76Ge

1040
835
596
563

0.287+0.024
0.265_+0.008
0.201 _+0.004
0.198 -+ 0.005

0.271
0.245
0.208
0.201

a 4. . . . .
-0.038-t-0.036
-0.044+0.012
0.001 _+0.006
0.003 + 0.007

a4 ic , )
-0.045
-0.027
-0.007
- 0.004

P~xp b)
0.453_+0.040
0.390_+0.024
0.326-+0.014
0.373 _+0.027

Pcalc ")
0.446
0.405
0.345
0.335

a) Evaluated for thick target using first-order perturbation theory.
b) Derived from the polarimeter asymmetry and sensitivity shown in fig. 3.

where 0 is the angle of the primary y-ray to the beam and I(0, ~9) is the intensity of
7-rays with their electric vector at an angle ~b to the plane containing beam and
primary y-ray. We then define

A = Q(E~)P(O)
where Q(EI) is the energy dependent polarization sensitivity of the apparatus.
The efficiency ratio a(E~) was determined by using the isotropic y-rays produced
in the 32S+65Cu reaction, and in addition, by radioactive sources of SSSr, 13VCs,

93Tc

251

54Mn and 6°Co, placed at the target position. The results are shown in the upper half
of fig. 3. The origin of the bump near 1.1 MeV was not investigated further since the
9 3 T c y-rays of interest are either substantially lower or higher in energy.
The polarization sensitivity Q(E~) was calibrated with y-rays emitted after Coulomb
excitation of a thick, natural Ge target with 80 MeV 3zS. The measured angular
distribution coefficients of 2 ÷ --+ 0 + transitions in four even-A Ge isotopes are shown
in table 3; they agree well with values calculated in first-order Coulomb excitation
theory 14). The asymmetries measured for the four E2 y-transitions were then fitted
to the polarization P(O) calculated from the measured a2 and a4 values (see table 3) by

A = 0.59Q'(E;,)P(O),
where

Q'(Ey) = (1 +~)/(1 + a + a 2 ) ,

with 0~ = E.jmo c2,

is the calculated polarization sensitivity for point scatterer and point absorbers.
The fitted polarization sensitivity Q(E~) is shown in fig. 3 together with experimental
points from the Ge calibration and from the reaction y-rays of table 1 exhibiting a
unique multipolarity. The data points closely follow the assumed polarization
sensitivity as was already shown by Butler et al. 13).
The linear polarizations of reaction 7-rays were deduced from the measured
asymmetries using the fitted polarization sensitivity Q(E~) = 0.59 Q'(E.e) shown in
fig. 3, and are summarized in tables 1 and 2.

5. Evaluation of partial decay widths for the 750.8 keV J27-- --, !ya+ transition
The angular distribution coefficients a 2 and a 4 and the measured linear polarization Pexp for y-rays originating from the ~ - isomer (see table 1) can now be used
to extract the partial decay widths contributing to the 750.8 keV ~ - ~ 1~+ 7.
transition. We use here the phase convention of Rose and Brink 15) and the formulation of the y-ray linear polarization by Taras 16).
The angular distribution coefficients for the ~ - -~ ~ + transitions are then
a2

=

x2(0.4202((E2) 2 + (M2) z - 1.3004(M2)(E3) + 0.2322(E3)2),

a 4 = x4( - 0.1843((E"2)2 + (M2) 2 - 1.4305(M2)(E3)- 0.1130(E3)2),
a 6 =

x6(0.4287(E3)2),

where
(EL) =

IIrLIIg+>/ x/F

are the square roots of the fractions of the total decay width F. The attenuation coefficients x k < 1 take the populations of substates with Iml > ½into account and contain
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in addition geometrical attenuation coefficients. The k = 6 terms need not be considered since the measured a6 = 0.002+_0.022 is essentially vanishing. The x z
coefficient was obtained from the 629.4 keV El, the 711.1 keV E1 and the 1434.5 keV
E2 transitions. The corresponding three a 2 coefficients of table 1 can be fitted by
x 2 = 0.651 _+0.010. Similarly, the x 4 coefficient was obtained from the sizeable a4
coefficients of the 1434.5 keV E2 and of the E2/M11516 keV transition, whose mixing
ratio is uniquely determined to be c5 = .,,.1A6 +2.92.Ifrom the observed a2/x z coefficient.
We then obtain x 4 = 0.336_+ 0.034. It should be emphasized that, although the values
of ak and x k depend on the assumed relaxation times l-k, the ratio ag/x k is extremely
insensitive to the choice of 1-k since both the mixed 750.8 keV and the normalizing
transitions of pure multipolarity are effected in a similar way. For example, an
increase in l-2 from 85 //s to 185 ,us changed the ratio a2/'x 2 = 0.293_+0.014 by
about 1 ,,/
The experimental values for a2/x 2 and a,~/x 4 are shown in fig. 4 together with
2~ ---,-values allowed for a mixed E"2/M2/E317123+ transition. Based on the experimental az/X 2 value (E'~2)2 values larger than 0.1 can clearly be ruled out.
Let us consider now the linear polarization P [ref. 1~,)~for the ½7- --+ 1~+ transition,
P = ~b~x2(0.4204((E'2)2 - (M2) 2) + 0.6502(M2)(E3) + 0.1548(E3) 2)
+ P~a ~x4(0.0307((E"2) 2 - (M2) 2) + 0.0477(M 2)(E3)- 0.0753(E3)2)I
x(2+2a2P~+2a4P¢)

l,

where the/5 k and--k
p ~2t are values of (associated) Legendre polynomials, time-averaged
over the spin precession angle of the isomer, i.e. P2 = -0.400, P4 = 0.239, P~22) =
2.508 and ~ 1 = - 4 . 9 1 5 . We have then evaluated the multipolarities of the
~17 --+ ~ + transition by calculating •2 for (121/X2, (14/'X 4 and P for possible combinations of E'-"2,M2 and E3. The following results have been obtained (errors quoted are
one standard deviation):
F(E'~2)/F = 0.032+0.032,

F{E"2) = (3.6_+3.6)× 10 13 eV,

F(M2)/F = 0.35-+0.10,

F(M2) -- (4.0_+1.2)× 10-12 eV,

F(E3)/F = 0.62-+0.10,

F(E3) = (7.1 -+ 1.3)× 10 -12 eV,

36
6(E3/M2) . . . .1 ~ 3 + °0.16.

The 95 °il confidence limit on the parity-forbidden width was determined to be
F(E2)/F < 0.08. The widths are most s'trongly determined by the accurately known
02Ix 2 value, and least strongly by the rather inaccurate a4/x4 (see fig. 4). The solution
obtained is not significantly altered if the recently measured K-conversion coefficient
for the 750.8 keV transition 8) is included in the fitting procedure, i.e.
103:~K = 1.45(E"'2)2 + 3.92(M2) 2 + 3.36(E3) 2 = 3.3 -+ 0.2,
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Fig. 4. Possible values of the angular distribution coefficients a z / x 2 and a4/.r 4 for different E2 components
in the ~z- __. ~ + transition. The experimental values are shown as shaded areas.

T h e best solution is in close a g r e e m e n t with all k n o w n data for the ~z- __, 13+
transition (measured quantities in brackets):
a2/x 2 = 0.301(0.293_+0.014),
a4/x 4 = - 0.752( - 0.78 -I- 0.09),

P = 0.240(0.233_+0.041),
103~K = 3.50(3.3 -t- 0.2).

6. Upper limit on the 0.3 keV ~ -

~ ~ + E1 branch

T h e E2 c o m p o n e n t in the 750.8 keV transition, estimated in the previous section,
has so far been tacitly assumed to result from a parity-violating admixture in the 127state. However, an E2 transition of slightly lower energy could arise from a
17~--* ]~+ --* ?+ branch. Since the ~z+ state is only a b o u t 0.3 keV below the 12~isomer 7,8) a ~v+ - , ~ + E2 transition of ~ 750.5 keV would result which cannot
be resolved in the Ge(Li) detectors from the 750.8 keV transition. The upper limit
on the E2 c o m p o n e n t of the ~ 750.8 keV y-ray applies therefore to the c o m b i n e d
intensities of the ~ - ---, 127+ ___,,@+ branch and a genuine parity-violating ~ - ---, ,3 +
E2 c o m p o n e n t .
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We have derived an upper limit on the E1 branch making use of the very different
angular distributions of the ~ __. t3+ transition (a 2 = -0.191, a+ = -0.262) and
of the t~+ --. t@+ E2 transition (a 2 = +0.24, a 4 = - - 0 . 0 5 ) . The relative intensities
of both components vary differently with detection angle and the angular variation
of the combined centroid is thus characteristic of the branching ratio.
The energy separation A of the ~ and 127+ states was redetermined by comparing
the energy shift of the ?,-ray peaks at ~ 751 keV in both p r o m p t and delayed spectra
(see fig. 1). The prompt t27+ --. t23+ transition exhibits no sizeable Doppler shift since
the calculated lifetime : ~ 30 ps [ref. ~)] exceeds the stopping time for the 9 3 T c recoils
(E < 80 MeV) by more than a factor of 8. Fitting the peaks in the prompt and delayed
spectra to Gaussian lineshapes we obtain A = E x(17-~
~
, - E ~ ( ~ ] +) = 0.30_+0.03 keV.
This value is in good agreement with the recent measurement by Brown e t al. 8)
using the 92Mo(e, p2n) reaction (A = 0.32_+0.03 keV) but disagrees with an earlier
measurement Tt using the 9°Zr(6ki, 3n) reaction (A = 0.44_+0.02 keV). In the
following a value A = 0.31 _+0.02 keV is adopted.
In fig. 5 the difference of the centroid energies between the single 756.23 keV 94Ru
transition and the composite 9 3 T c transition observed in the delayed spectra (see
fig. 1) are shown versus the detector angle. The data are best fitted with a contribution
from the ~z- __. ½2+ __. 13+ branch of (3 4-3 ')~])(solid line in fig. 5). The upper limit
on the El branch of 6'~g, together with a calculated conversion coefficient s, 1~) of
8.9 x 103, and the lifetime and branching ratios of the ~z- state, implies an upper
l i m i t B ( E l , 1 7 - _ _ . ~ + ) < 2 . 4 x 1 0 6e2.fm2.
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Fig. 5. Centroid of the delayed, composite 1~ _~ 13+ 750.78 keV and J] ÷ -, 1~+ 750.47 keV ?'-transition
relative to the single756.23 keV ?-ray in 94Ru. The solid line indicates that F ( ~ - --, 1]÷ )/F(½2 --, 1~+ ) =
(3 _+ 3)%,.
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Fig. 6. Decay scheme for the 93 T c ~1"/
- isomer determined from the present work (and also from refs. ~ - 9)).
The dashed lines indicate transitions for which only upper limits on the 7-ray intensities have been
established.

The present limit is of the same order of magnitude, but on the small side, if compared to other known E1 strengths in N = 50 nuclei 8).
Because of the similarity of the upper limits on the ~ - --, ~z+ E1 transition and
on the E2 component in the composite 751 keV transition (sect. 5) the aIready quoted
limit of 6 % on a p.v. E'2 component in the ~z- __, ~ + transition cannot be reduced
further. A summary of the results from the present work is shown in fig. 6.
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7. Discussion

Since the ~ - ~ ~ + E'2 strength is small the matrix element can be calculated in
perturbation theory by summing over all states which are admixed by the p.v.
interaction Hp.v."
( ~3+ ii~"~ll~Z-) = y,K~+llE211~z+ .~><~,v+.tlHp.v.l~,7-\/AEt,7-//
,~
,~lT+ix!
i

+ ~ (~+ Inp.v.12~-i)K~-illE2l[2~ - )/AE(~--i, ~+).

(1)

i
Because of the small energy denominator of 0.3 keV between the first ~ and ~ +
states, this term dominates (this is the most attractive feature of this case) and hence
the E2 matrix element is directly related to the l z+ _~ ~ + E2 matrix element.
In order to determine (Hp.v.) it is simplest to rewrite eq. (l) in terms of the total
lifetimes and ratios of partial widths:
17+
17
I<a-IHp.v.]~ -

A E F T ( ~17+
- * ) F(127 - ~ + )
> =

[_z(~-)

F(~-)

~ ,~'l
F'E-'2
~ v - ~ a13+~"]½
F ( ~ - ~ + )
J

(2)

All of these are measured quantities except for the ~ + lifetime for which we use a
value of r(~] +) = 30 ps based on a calculation 7) of the <~+IIE2II½7+> matrix
element assuming the well established g~ shell-model configurations for these states
together with a proton effective charge of ep : 1.69e deduced from the experimental
9 + ---, ~ + E2 strength. For AE we use a value of 0.31 +0.02 keV based on the average
of the present measurement (AE = 0.30 +0.03 keV) and a previous measurement s)
(AE = 0.32+0.03 keV). From previous experiments, r ( ~ - ) = 14.6+0.4/~s (ref. 9)),
F(~] - ---~+)/F(~--)= 0.263+0.010 (ref. 7)), and from the present experiment
r(i~2; ~ - ~ ~ + ) / r ( ~ - -, ~ + ) < 0.064. Thus,
17+
17I(~-[Hp.v.l~>l < 0.06eV.

(3)

This result can be compared to the values of ](Hp v > = 1.2+0.6eV for 19F and
]<Hp.v.>l : 1.2_+0.2/~eV for ~8°Hf deduced by assuming mixing between the lowest
J = ½ and J = 8 levels, respectively 4.6.8). Hp.v. like the normal strong nucleonnucleon interaction is due to meson exchange and is thus short range. The largest
p.v. matrix elements are those between the relative ls and lp states. Since the 19F
wave functions are dominated by lp½ and 2s½ valence configurations, it can be
expected to have one of the largest possible p.v. matrix elements.
The dominant configurations for 93Tc are ](g,~)4(2P½)~2v-> and ](lgl)3(2p&)2~v+>
and the p.v. matrix element is proportional to
/17+1/4

117 -

2 + IHp.v.lglp~4 - ).
"~ <g14

(4)

Unfortunately, this does not have a large overlap comparable with the <2slHp.v.II p>
relative matrix element. It may thus not be surprising that the present limit in 93Tc
is much smaller than the matrix element in 19F, but detailed calculations remain to
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be carried out. The 93Tc p.v. matrix element may be enhanced by admixtures outside
the gl-P+ model space; in fact such admixtures are required to explain the observed
E1 strengths 8) for the N = 50 nuclei.
Finally, we note that the very small p.v. matrix element in 1SOHf is due to the large
change (AK = 8) in intrinsic structure for the 8- and 8 + states. As observed in ref. 8)
the scaling relation

I(J+lHp.v.IJ-)[

[ B ( E 1 ; J - --* J+)]½ ~ 100eV.

e-1

- fm -1

connects the experimental matrix elements in 19F and aS°Hf. This relation is consistent with the present results in 93Tc but it is not very useful since only an upper limit
is obtained for the ~z- ~ _1_7+ transition, B(E1) __<2.4 x 10 -6 e 2- fm 2.
In order to reduce the experimental limit on the E2 strength, the E2-M2 interference term should be measured by observing the y-ray asymmetry of a polarized
state or by observing ),-ray circular polarization. The y-ray circular polarization P~.
and the y-ray asymmetry A K (ref. 4)) are given (neglecting terms of the order e z) by
2e

P'~ _ 1 +6 z
AK

_

(0"72+°Iz"
_0.20J8,

2~

--

I+6z[FK(2,2,~_,~_)+6FK(2, aJ , ,~2 , a3,-1
2 JJ,
2~

A~ - 1 +62 [-0.6104--0.53976] = -(1.0+0.3)e,
2~
A3 - 1 +62 [0.5286+0.27276] = 0.64_0.20)e,
where 6 is the E3/M2 mixing ratio and ~ is the E2/M2 mixing ratio as defined in
ref. ~5), and the F-coefficients are defined in ref. 18). Using the present experimental
value of I~,l < 0.5, we obtain IP~,I < 0.42 and IAll < 0.65. Thus these effects may be
very large compared to other cases [e.g., Iaf = 0.038_+0.004 for the 8 ~ 6 + transition
in 18OHf (ref. 4)).
However, these measurements would not be easy. Since the isomer can only be
populated in evaporation reactions [e.g. (p, 2n), (6Li, 3n)], it seems unlikely that a
large polarization would be transferred in the reaction and it would be difficult to
calculate the polarization transfer. The y-ray circular polarization measurements are
difficult because the detection efficiency is low (1 ~o-2 i'/,i). Before these experiments
are carried out, it would seem important to have a theoretical estimate of the p.v.
matrix element, since they would be especially difficult if~ is much less than the present
experimental upper limit.
The future role of 93Tc in understanding parity violation does not appear especially
promising. The main reason for this is that the experimental 93Tc p.v. matrix element
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turns out to be "hindered" relative to the p.v. matrix element in 19F. As a next step,
a calculation of the 93Tc matrix element and a comparison with the presently
established limit would seem worthwhile.
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