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The internal conversion coefficients were measured for several transitions in 9 Tc with an electron spectrometer
17

and a Ge(Li) detector. The "Mo(0.,p2n) reaction was used to study the decay of the isomeric r = 15 psec ~

level at 2185.3 keV as well as the decay of the prompt ~' level at 2185.0 keV. Due to parity mixing the wave

function for the ~ isomeric level may have the form I —, )+0.! &') where 0. is small. The experimental E-shell

conversion coefficients for the z
~ z+ and z' ~ z' transitions imply I'(E2, z ~ z')/I (E2+N2+E3, z ~ &')

13+~(0.33. The energy difference between the prompt and delayed y-ray transitions to the & level was measured to be

0.32+ 0.03 keV. These results imply l( z' )Hp I z &i%0.13 eV for the matrix element of the parity violating

Hamiltonian.

NUCLEAR REACTIONS Mo+,P2n), E =43 Mev measured pulse beam elec-
tronic timing, I«, I&, E&,- deduced az, y multipolarity, parity mixing. Enriched

target, electron spectrometer, Si(Li) and Ge(Li) detectors.

I. Introduction

In a previous study' of Tc, an isomeric T7/2 level,
15 ~ec, at 2135 keV was found to lie only about

0.0 keV above a prompt 17/2 level. The notation 17/2
ref ers to the state with a possible mixed parity,
[i7/2 &=

( l7/2 & + u )17/2 &. The IT/2 level
decays to the 13/2 level and shell-model calculations'.
give an estimate of y = 30 psec for its mean lifetime.
Since the lifetimes of the 17/2 and 17/2 levels differ by
a factor of 5x 10, the 17/2 ~ 13/2 decay is extremely
sensitive to a small mixing of the 17/2 into the 17/2
level which can originate from a parity-violating weak
interaction component in the nuclear force . In Ref. 1 a

I«7/2'
I Hpv I

l7/2 &
I
(0.3a ev was

obtained for the matrix element of the parity- violating
Hamiltonian. The 17/2 isomeric decay scheme is shown
in Fig. l.

Many experiments have shown evidence for parity
violation in nuclear transitions . These experiments serve
as a unique test for the predictions of various models of
the weak interaction concerning the interaction of
hadrons with hadrons. Of particular interest is the
presence of neutral currents predicted by the Weinberg-
Salam model . Neutral current events in both leptonic
and semileptonic processes have been observed but their
presence in purely hadronic interactions is of fundamental
importance to the theories. The purely hadronic neutral
current interactions are expected to be most easily
observed in the nucleon-nucleon interaction.

In order to unambiguously relate the parity violations
observed in nuclear transitions to the strength of the
parity-violating Hamiltonian operator, several conditions
are necessary. First, it is important to have a reliable
microscopic model of the states involved, and this condi-
tion is simplified if the effect is mostly due to the mixing
of two nearly degenerate levels. A good example of this
is the 3 = 1/2 doublet in ' F which has been studied by
Adelberger et al. " Here the 1/2 state and 1/2 ground
state are separated by 110 keV and the next 3 = 1/2 levels

are several MeV higher; the energies of these states are
well described in the shell model with ~2 d5/2 si/2
configurations. ~'Tc is very similar in this regard. The
3 = 17/2 levels are separated by only about 0.0 keV and
the energies are well described by the shell model with
predominant configurations o g9/2p /2 a d g9/2p /2
17/2 and 17/2, respectively.

In addition, the parity violating matrix element should
be large and not dominated by cancellation effects due to
nuclear structure. The parity violating Hamiltonian
operator is expected to have a strength on the order of
1 eV. ~ The matrix element

F l/2
)

H (' F l/2 &
]

= l.2+0.6ev
pv

obtained from the ' F y-ray asymmetry experiments" is
thus considered large. In contrast, the very small value of

tsoHf Spv

(1.2 +0.2) x 10 eV

implied from the ' Hf measurements is an example of
the large cancellation effects which can occur, in this
case due to the 5K = 8 change in the intrinsic rotational
wave functions.

In Sec. IV these disparate values for the matrix ele-
ments from ' F and ' Hf are shown to be closely scaled
to the experimental electric dipole matrix elements
between the same states. Using a typical El strength for
the mass-90 region, this empirical scaling relation implies
a parity violating matrix element on the order of 1.0 to
0.1 eV for 'Tc. The H&v matrix element may be
reduced in Tc compared to ' F because the 17/2
differs from the 17/2 configuration by a hj=4 or 5 change
in one orbital.

The scaling relation implies an H matrix element in
s'Tc comparable to the upper lirFit of 0.3a eV. This

implies that the E2 component in the 17/2 ~ 13/2
transition may be quite large. In this work we report on a
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FIG. 2. Hor izontal cross section through the axis
of the electron spectrometer showing the detector in
cou..~ting position.
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FIG. 1. Decay scheme for the Tc 17/2 isomer
from the present work and Ref. 1. The dashed lines
indicate transitions for which only upper limits on
strengths have been established.

measurement of the internal conversion coefficient (ICC)
for the 750 keV 17/2 ~ 13/2 transition. The calculated
K-shell conversion coefficients a K are 1.05 x 10
3.92x 10 and 3.36x 10 for the E2, M2 and E3 multi-
polarities, respectively. Hence a measurement of the ICC
is obviously sensitive to the amount of E2 admixture, but
the existence of an E2 component is unambiguously
indicated only if

1.05x 10 & a (exp) & 3.36 x 10

In the present experiment we establish a new upper
limit of

l»~2 &
I

&0.13eV

based on the ICC measurements and a new determination
of the 17/2 - 17/2 energy splitting. The experimental
technique is described in Sec. II and the results are pre-
sented in Sec. III. The H matrix element is discussed in
Sec. 1V includin~ the relktson of the present results with
the ' F and ' Hf experiments. The scaling relation
between the H and El matrix elements is also discussed
in Sec. IV.
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FIG. 3. Simplified diagram of electronics used to
accumulate 2-parameter spectra (energy vs. time)
for both electrons and y-rays. The pulse generator
is used for dead-time corrections.

II Experimental Technique

The reaction Mo(a, p2n) Tc at E = 03 MeV was
used. The reaction e" Mo(p, 2n) at E = 5 MeV was also
investigated but the transitions of interest were far more
prominent in the (u, p2n) data. Ge(Li) y-ray spectra and
electron spectra from the MSU on-line conversion-
electron spectrometer were accumulated independently
and simultaneously for prompt and delayed time intervals
measured with respect to pulses from the cyclotron beam
pulsing system.

The electron spectrometer is depicted in Fig. 2. Elec-
trons are transported from the target chamber through a
set of helical anti-positron vanes by the field of a double-
focussing solenoidal magnet. The electron energy spec-
trum is obtained from a Si(Li) detector placed at the
focus. Transmission for momenta matching the field
settings is about 6%, while the momentum bite at any
given field setting is about 20% FTHM. The efficiency of
the spectrometer was flattened over the region of
interest, "- 500- 1000 keY, by sweeping the magnet with a
triangular wave-form with a period of about one minute.

The target was a 090 pg/cm~ rolled Mo metal foil
enriched to 90% Mo backed with a layer of 200
pg/cm C to stop the recoils. It was oriented at 05% with
respect to the beam as shown in Fig. 2. The beam was
pulsed with a repetition time of 110psec and with a time-
on period of ll psec.

A simplified diagram of the electronics is shown in
Fig. 3. Energy vs. time spectra were accumulated for the
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FIG. 4. Comparison of y-ray and electron spectra from the No((x, pjn) reaction at E =43 MeV. Three time92

regions are shown. viz. an in-beam spectrum and two delayed time regions. The transitions discussed in the
text are labeled. The electron spectra have been shifted and expanded so that the peaks appear under the
appropr iate y-rays.

Si(Li) and Ge(Li) detectors in the form of two 60~ 256
arrays. The average time-dependent dead time was
obtained from a pulser introduced into each spectrum.
The final energy spectra were obtained by summing chan-
nels in the 60-channel time spectra corresponding to about
25- ~ec intervals af ter making dead time corrections on a
channel-by-channel basis.

The Ge(Li)/electron spectrometer system efficiency

ratio was obtained from a thin ~ Bi source placed at the
target position. Bi has a strong isolated 715-keV K-
conversion electron from the 2 ~ 0 transition in Pb
(Ref. 7) which is close in energy to the ?30-keY K-
conversion electron from the H7/2 ~ 13/2 transition in
~'Tc. The ~o ~Pb 2 ~ 0 internal conversion coefficient
was calculated assuming a pure E2 multipolarity using the
code CATAR written by Pauli and Raff;
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o (sssPb 2 ~ 0 ) = S.ll& I0

The energy dependence of the electron spectrometer
efficiency was obtained from the Bi source using the
electron intensities measured by Kanbe et al. The
energy dependence of the Ge(Li) detector efficiency was
obtained from the Bi source and a ' Ho source
placed at the target position.

III. Results

The electron andy-ray spectra are shown in Fig. 0. The
electron spectra have been expanded and shifted relative
to the y -ray spectra so that the K-shell conversion
electrons are in line with their respective' -rays. The $c
K-shell binding energy is 21.0 keY. The spectra are shown
for three time regions~ the "prompt" region of the 11-psec
beam-on priod, the 3-29 psec delayed region in which the
delayed Tc lines are dominari), and the 29-. 68 psec
delayed region in which y rays with longer half lives are
dominant.

Peak areas were obtained by fitting with Gaussians
which include exponential tails or, for isolated peaks, by
summing counts above background. The relative effi-
ciency curves were used to obtain intensities, and the
final number for the internal conversion coefficient was
obtained by normalizing to &he 803-keV Bi y ray az
discussed in Sec. II. The experimental K-shell internal
conversion coefficients are given in Table 1 for a number
of transitions in the region of interest around the Tc
750-ke Y transition.

It was shown in Ref. 1 that the 750-keV y ray was made
~u of a prompt 17/2+~ 13/2 transition and a delayed
17/2 ~ 13/2 'transition which were separated by about
0.0 keY. This is dramatically confirmed by %he very
different conversion coefficients obtained in and out of
beam for this transition. The prompt internal conversion
coefficient given in Table 1 for the 750-keV transition has
been corrected for a 10.0% contribution of the delayed
component in the 11-psec in-beam period.

A weak 756-keV y ray which originates from the~ 4 Ru
0 ~ 2 transition produced in the Mo(g, 2n) reaction
appears in both the prompt and delayed periods. The
peaks from K-shell electrons converted by the 750- and
756-keV transitions are not well resolved, so their areas
were analyzed together, and a small correction for the
756-keY component was made in order to obtain the 750-
keV conversion coefficients.

If there is any alignment of the nuclear states, correc-
tions for the anisotropy of the ~ rays and electrons should
be included. The ~-ray angular distribution was measured
for five angles between 0 and 90 degrees separately for
the prompt and delayed events. In the delayed region the
angular distributions were nearly isotropic. For example,
the delayed 711-keY y ray had an experimental angular
distribution

~(8) = I [ I + A& P& (cos 8 ) + A4 P4 (cos 8 )]

with A&
—-0.05 + 0.05 and A4 = 0.00 + 0.07 compared to

the maximum alignment values of A&
—0.07 and A4 = 0

for a 13/2 ~ 13/2 transition. The alignment loss is
probably due to the time dependent quadrupole inter-
actions from lattice defects caused by the recoiling
atoms. Thus for the delayed transitions the angular
distribution corrections are negligible since the g's and e's
are nearly isotropic.

The prompt l7/2 ~ 13/2 transition has an A& = 0.).
The electron angular distributions are given by Ak

—bkAk
where the bk are calculated ' particle parameters;
b& = 1.00 for the 17/2 ~ )3/2 transition. Taking into
account the solid angles of the spectrometer and the
Ge(Li) detector the angular distribution correction for the
prompt 17/2 ~ 13/2+ transition is estimated as only about
Yi% and hence has been neglected.

ln order to determine the precise energ~ difference
between the 17/2 ~13/2 and 17/2 ~ 13/2 transitions
and to look for evidence for a possible
17/2 ~ 17/2 ~ 13/2+ branch (dashed lines in Fig. 1), high
resolution y-ray spectra were taken for the prompt and
delayed grays simultaneously. Spectra for the 750 keV
y rays are shown in Fip. 5. A Gaussian peak shape was

TABLE l. Experimental and theoretical internal conversion coefficients

E

{kev)

Assignment 8
K (exp)

x 10

Multi-

polarity

&
K (th)

x 103
a

K (exp)/a K(th)

93Tc Prompt

25/, 5 17/2 ~ 13(2

93Tc Delayed

629.0 13/2 ~ 11(2

13/2 ~ 13/2'

750.8 17/2 ~ 13/2

1.00 + 0.06

0.93 + 0.08

0.66 + 0.05

3.3 + 0.2

1.05

0.82

0.63

0.96 + 0.00

1 13 + 0 10

1.05 + 0.08

702.0

807.7

90
Mo Delayed

~ 2

6

1.65 + 0.03

0.98 + 0.02

1.61

1.00

1.02 + 0.02

0.98 + 0.02

a Calculated with CATAR (Ref. 6)
b See Table 2
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FIG. 5. Prompt and delayed g spectra for the 750 keV doublet collected simultaneously during and between
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determined from the prompt data. The dashed curve is the best fit to the delayed data using the same width but
allowing tpe centroid to vary. The 756.3-keV g ray is from the Ru 4 ~ 2 transition which has both prompt
and delayed components.

determined from the prompt data and then this same
Gaussian shape was used to fit the delayed data assuming
no energy shift (solid line in Fig. 5) as well as a best fit
energy shift {dashed line), b, E&

—0.32 + 0.03 keV. The line
shape of the delayed y ray is consistent with a single peak
which would mean that the 17/2 ~ 17/2 branch is small.

The full energy shif t of 0.32 + 0.03 keV is three
standard deviations lower than the full shif t of
0.00 +0.02 keV obtained from the Zr( Li, 3n) reaction
data. At present the best explanation for this discrep-
ancy is that there is a weak contaminant y ray that occurs
in one of the reactions and not the other. The peak to
background ratio is better 'in the present (a,p2n) experi-
ment than it was in the (' Li,3n) experiment. Thus, the
present value of 0.32 + 0.03 keV is adopted.

If two Gaussians are used to fit the delayed data the X
has a minimum as a function of the area and separation
variables corresponding to an area in the lower energy
peak (which represents the 17/2 ~ 17/2+~ 13/2+ branch

and is therefore fixed at the 17/2 ~ 13t'2 prompt peak
position) of about 10% of the total area. However,
because the two Gaussians are much closer than their
width, the error correlations are very Large and it is
difficult to assign errors. Without a more sophisticated
analysis, only an upper limit of about 30% for the relative
area of the lower peak can be obtained. In a more recent
experiment, ' in which the delayed y-ray angular distribu-
tions were measured by holding the nuclear alignment in a
Pb environment, the relative area of the lower peak was
measured indirectly to be & 6%. For the discussion below
it will be assumed that there is no 17/2 ~ 17/2 branch
and that the separation between the 17/2 and 17/2
levels is therefore given by the full energy shift of
0.32 + 0.03 keV. Our derived results concerning the parity
mixing are changed very little if a 1?/2 ~ 17/2 branch
with a strength on the order of the above limits does
exist.

The internal conversion coefficient for a 0.32-keV El
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TABLE 2. K-Shell internal conversion coefficient for
the isomeric 750.8 keV transition in 9 3 Tc

the 17/2 ~ 13/2 decay,

1.05 R(E2) + 3.92 R(M2) + 3.36 R{E3}= 3.3 + 0.2

g, K (exp) Multipolar ity
where, for example,

R(E2) = r (E2)/ [r(E2}+ r (M2) + 1'(E3)l .'

(3.3 + 0,2) x 10 1.450 x 10

E3

3.921 x 10

3-363 x 10

a Calculated with CATAR {Ref. 6).

Typical El strengths for nuclei with 50 neutrons range
from 10 to 10 e fm~ (see Table 0).

IV Discussion

The experimental and theoretical internal conversion
coefficients are compared in Table 1. The transitions are
divided into three groups; the 'Tc prompt transition
(~ & 1 nsec), the 9'Tc delayed transitions (T = 15psec),
and the ~" Mo delayed transitions which originate from
the T~~2 —)00 min 8 decay of "Tc. The theoretical
conversion coefficients were calculated with the program
CATAR6. The CATAR values were in very good agree-
ment with the values found by interpolating with tables of
Hagar and Seltzer'. ' The experimental and theoretical
agreement is excellent for the transitions which have
predominantly El or E2 multipolarities.

For the- Tc 17/2 ~ 13/2 transition we obtain

g,K (exp) = (3.3 + 0.2) x 10

This is compared with the theoretical values assuming E2,
M2 @nd E3 multipoliarities in Table 2. Assuming at first no
1?/2 ~ 17/2 ~ 13/2 branch, u {exp) determines the
following linear combination of tie relative widths R for

transition which involves the M0, M5... subshells was
calculated with the program CATAR~ as 8.1 x 10'. This,
together with the lifetime and the bt anching ratio limit of
6'6 (Ref. 10}gives

B{E15 l, 7/2 ~ 17/2 ) & 2.Q x 10 e fm

A ~alue for R(E2) cannot be determined until at least one
other combination of the three multipolarities is known.
In the two extremes R(E2) = 0.25 + 0.08 if R(E3) = 0 and
R(E2) = 0.03 + 0.10 if R(M2) = 0. Thus without knowing
5{E3/M2) only a limit is obtained R(E2) & 0.33. This limit
would be on~i slightly reduced if in addition the effect of
a weak 17/2 ~ 17/2 ~ 13/2 branch is considered.

Following Ref. 1 the matrix element of H „is given by
pv

I
&i7»'

I H, I »/2 &
I

= bE[
y (17/2+)x BR(17/2 ~ 13/2+)x R(E2, 17/2 ~ 13/2 }

~ (17/2 )

~here x (17/2 ) = 1~5sec, v (17/2 ) = 30 psec (calculated
in Ref. 1) and BR(17/2 ~ 13/2 ) = 0.26. Using the limit
R(E2, 17/2 ~ 13/2 ) & 0.33 from the present experiment;

I
&17/2+

I
H I 17/2 &

I «.1 x 10 x SE
pv

Using a separation energy of gE = 0.32 keV for the 1?/2
and 1.7/2 levels we finally obtain

I
&»»'

I H I »/2 &I& 0.&3eV.
pv

This limit for Tc is a factor of 10 times smaller than
the value of

I&"»/2'I H I
"F «2 &

I
=12+06eV

pv

inferred from the experiments on ' F (Ref. II). However
the parity violating effects observed in ' o Hf (Ref. 5)
imply the extremely small value

Hf S
I

H I' Hf S &
I

={1.2+0.2)x10 eV
pv

Clearly, nuclear structure effects must be important.
It is interesting to compare the matrix element of the

two-body operator H „ to the matrix element of the one-
body El operator w ich also connects the same levels.
This is done in Table 3. For these few cases the matrix
elements of the H and El operators scale to a

pv

TABLE 3. Comparison of experimental El strengths and matrix elements of the parity violating Hamiltonian
I

& H &
I

deduced from various experiments.
pv

Nucleus Ref. 5E
(keV)

B(E1)

{e fm x 10 )
2 2 -6

[ 6{El)]
(efm x 10 )

93T

180Hf

1/2

17/2

110

0.32

57

560 + 12

& 2.4

0.6q x 10

2.0

& 0.15

0.80 x 10

1.2 + 0.6

& 0.13

(1.2 + 0.2)
10

a Ref. 0
b Present experiment [Ref. 10 for the B(E1) limit]
c Ref. 5



2046 BROWN, %ARNKR, YOUNG, AND BKRNTHAL

TABLE 0 Experimental El strengths for nuclei with 50 neutrons.

Nucleus 3 ~ 3f1
B(E1)

(efm «0 )
2 2 -6

[ B(EI)l
(efmx 10 )

Ref s.

90Z

Nb

92MMo

Tc

6~5
17/2 ~ 17/2

17/2 ~ 19/2

5

6 ~ 5

17/2 ~ 17/2

30

3.7

57'

19.3 + 0.5

67+7

& 2.0

0.53

& 0.19

0.75

0.00 + 0.01

0.82 + 0.00

& 0.15

a Based on calculated mean lifetimes of y = 12.7 psec for the Zr 6 state and 10.9 psec
for the ~'Nb 17/2 state obtained from the experimental branching ratio of the 6 ~ 0
and 17/2 ~ 13/2 transitions, respectively, together with theoretical B(E2) values
(Ref. 12).

b Ref. 13
c Ref. 12
d Ref. 10
e Ref. 10

remarkable extent. This suggests that these two opera-
tors are sensitive to the nuclear structure in similar ways,
which may imply for example that H may be approxi-
mated by an effective one-body operator. Since H „ is a
pseudoscaiar operator, the simplest one-body oaierator
that one can make must have the form g ~ Y('& . The El
scaling relation is then probably related to the fact that
the matrix elements of theg ~ Y(') operator and the El
operator [ El = Y(')] both have the selection rule of
g g = + 1 between the initial and final single-particle
states.

The measured El and H matrix elements in ~3Tc arepv
consistent since they are both only upper limits.
However, the upper limit on the El matrix element in
~3 Tc is within the range of B(El) values measured for
transitions between levels which involve the g9/2Q

configurations in other N=50 nuclei as shown in Table 0.
Thus, provided the actual El matrix element in Tc is
not anomalously small, the El scaling relation implies that

~

& H „& [
should be on the order of l.0 to 0.1 eV, which

is consistent with the present upper limit of 0.13 eV.
It will be interesting to pursue the parity violating

effects in Tc. Experiments for the angular distribu-
tions and linear polarizations of the delayed transitions in' Tc have recently been completed. '

y -ray circular
polarization and polarized beam experiments could also be
considered. Much needed theoretical calculations of the
H „matrix elements based on the present models of the
weak interaction should be carried out for ~STc. It would
also be interesting to understand the scaling relation
between the H and E1 matrix elements on a
quantitative basis.pv
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