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Electron-g directional correlation measurements have been done in134Ba for the first time using an appa-
ratus including cooled Si surface barrier detector for the electrons and HPGe for theg’s. Experimental particle
parameters for pure intenseE2 transitions have been calculated fromgg and electron-g results,
giving b2(605K)51.31(28) andb2(795K)51.20(23). Some mixed transitions were also analyzed. The 326K
electron conversion ratioa326K514(6)31022 was measured. An upper bound for theE0/E2 mixing ratio was
estimated to the 218→21(563 keV! transition by theeg interferenceE0/E2 method, givingqK

2 (E0/E2)
<0.06. @S0556-2813~98!00909-1#

PACS number~s!: 23.20.En, 23.20.Gq, 23.20.Nx, 27.60.1j
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Conversion electrons have long helped to assert spin,
ity and multipole mixing ratios@1–3#. The 281→21 transi-
tion allows the electron mixingE0, M1 and E2 @4#. The
E0/E2 mixing ratio can be inferred by electron-g correla-
tions or alternatively by thegg indirect cascade metho
@5,6#. Although 134Ba is not expected to have theE0 channel
highly favored, we used our setup to investigate it and als
cross check data with thegg experiment~see Fig. 1!.

Our main goal was to measure directionaleg angular cor-
relations in 134Cs decay for the first time. These data wou
provide particle parameters and a cross check ofgg results.

We describe the experimental methods, i.e., the sou
preparation, electron-g apparatus, and the method of acqu
ing and correcting data. We then discuss the electron-g data
are analyzed and compared to the predicted results using
theoretical particle parameters and multipole mixing rat
extracted fromgg measurements@7#. An upper limit for the
qK(E0/E2) mixing ratio is inferred in the 281→21 transi-
tion. The electron-g data together withgg data provided pre-
cise internal conversion coefficients~ICC! for the 795K and
802K cascades. A first evidence of the 326K transition is
described and the ICC estimated. Finally the main res
and conclusions are summarized.

A thin spot (,1 mg/cm2, 3 mm diameter! of natural CsCl
was made on a 99.99%, 0.7 mg/cm2 aluminum foil, by
vacuum deposition, for theeg experiment. The source wa
covered with a thin spot (;20 mg/cm2, 5 mm diameter! of
carbon to avoid deliquescence. The source was then irr
ated at IPEN, Sao Paulo, with 1013 neutrons/cm2 s flux for
200 h, resulting in a specific activity of about 10mCi. After
fifteen days the aluminum contaminants~as Au! decayed.

The electrons were detected by a windowless Si surf
barrier detector, surface area 200 mm2, depletion depth 1.5
mm, reverse polarization tension 150 V, 2mA leak current.
PRC 580556-2813/98/58~3!/1829~4!/$15.00
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A 17 keV resolution at room temperature was obtained w
a 207Bi thin calibration source. The Si detector was cool
down to 230 °C by means of a cold finger. Then the le
current dropped to 2 nA and the resolution improved to
keV. With the 134Cs thin source the resolution was arou
8.0 keV for the 605K conversion electrons. The Si detect
was operated in vacuum and a device provided rota
maintaining vacuum better than 1026 torr. The distance to
the source was 3 cm. The solid angle was corrected assum
that the efficiency is constant with the absorption angle. T
g detector was a 50 cm3 HPGe, 45.8 mm crystal diamete
36.1 cm crystal length and placed 10.1 cm from the sou
The solid angle corrections made in thegg experiment were
also done in theg detector. The biparametric data were a
cumulated in two arrays of 4096(g)32048(e) channels.

FIG. 1. Level scheme of134Ba from 134Cs decay,b2 feeding
taken from@19#.
1829 © 1998 The American Physical Society
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TABLE I. eg directional angular correlations in Ba134. Our experimental data are presented in bo
characters and below them are given the values predicted using experimentalgg multipole mixing ratios@7#
and the theoretical particle parameters interpolated from@12#. The last column shows the superposing lin
~SL! and background which significantly increased the errors. C5Compton.

No. g Cascade~keV! x2 a0 A22 A44 SL

475
1 475g 563K 0.33 345~27! 0.16„17… 20.01„22…

0.077 0.0027
2 475g 605K 0.45 308~20! 20.11„13… 0.09„18… 563L,M

0.115 0.0022
3 475g 1168K 0.17 8.7~24! 20.48„53… 0.23„76…

20.460 20.04

563
4 475K 563g 0.34 293~25! 20.09„17… 0.21„25… C605g

0.029 0.007
5 563g 605K 0.59 1715~35! 20.112„41… 20.048„57…

dg528.5 20.144 20.026
dg510.9 20.199 20.026

6 802K 563g 0.52 776~15! 20.011„41… 20.056„57…
20.010 0.00059

569
7 569g 605K 0.08 3225~42! 0.142„27… 0.001„38…

0.161 0.0004
8 569g 795K 0.16 1671~21! 0.131„25… 20.007„36…

0.149 20.026

605
9 475K 605g 0.74 403~101! 20.15„50… 0.05„71… C,b2

0.08 0.02
10 563K 605g 0.50 2266~100! 20.240„94… 0.13„14… 569K ,b2

20.147 20.040
11 569K 605g 2.1 4530~110! 0.191„49… 0.022„69… 563K ,b2

0.057 0.0006
12 795K 605g 0.94 8619~80! 0.143„20… 20.015„27… 802K

0.134 0.0020
13 802K 605g 0.24 652~64! 0.003„212… 0.14„29… 795K

20.028 0.001
14 1038K 605g 0.10 37.6~67! 0.39„37… 20.11„51…

0.150 0.084
15 1365K 605g 0.51 31.4~37! 0.39„25… 20.41„32…

0.119 0.26

795
16 569K 795g 1.5 3768~90! 0.042„49… 0.041„69… b2

0.057 20.0004
17 795g 605K 2.6 13016~102! 0.115„17… 20.071„24… 569L,M

0.161 20.00032

802
18 802g 563K 0.87 1350~22! 20.017„34… 0.029„47…

0.020 0.0003
19 802g 605K 2.5 1115~11! 0.024„40… 0.044„57… 563L,M

20.031 0.0003

1038
20 802g 1168K 1.1 28~4! 20.07„27… 20.22„37…

0.122 20.54
21 1038g 605K 1.4 109~7! 0.38„12… 0.13„17…

0.352 0.0012

1168
22 475K 1168g 0.76 51~6! 20.50„23… 0.34„34…

20.396 0.025
23 802K 1168g 1.3 76~6! 0.46„14… 0.09„20…

0.134 0.002

1365
24 1365g 605K 1.16 290~9! 0.217„63… 20.150„90…

0.145 20.0005
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Around 85 measurements of one hour each were mad
90°, 120°, 150°, 210°, 240°, 270°, and 167 one hour m
surements at 180°. Half life effect was also corrected.
maximum of 3 keV shift and resolution<9 keV in the 795
K line was accepted in the electron spectra.

A least-square fit to the correlation function,W(u),

W~u!5a0@11Q22A22P2~cosu!1Q44A44P4~cosu!#
~1!

was performed to the corrected coincidence rates to finda0 ,
A225B2(e)A2(g), and A445B4(e)A4(g) or alternatively
A225B2(g)A2(e) andA445B4(g)A4(e) and thus 24 coinci-
dence cascades were measured. The orientation coeffic
Bl and distribution coefficientsAl are defined in Ref.@8#
and depend on the multipole mixing ratio of the transition

The g detector geometrical correction factorsQl were
computed using the method of Camp and van Lehn@9#.

We assumed that the electron detector efficiency does
change with the entrance angle(ua) and its geometric correc
tion must beQ2(e)5J2 /J05n(n11)/2 andQ4(e)5J4 /J0
5n(n11)(7n223)/8, wheren5cosua @9–11#. In our ex-
perimentua519.1° which givesQ2(e)50.9189 andQ4(e)
50.7468.

Theeg results forA22 andA44 obtained from experimen
tal data using the fitting procedure are listed in bold in Ta
I. The values predicted using the experimentalgg multipole
mixing ratios@7# and the theoretical particle parameters
terpolated from Hager and Seltzer tables@12#, are shown also
below the data in bold characters. Although there are la
errors in most cascades, there is an overall agreemen
tween the results ofgg and eg data analysis, except whe
the measurement had superposition with other lines as i
cated in column SL. We have also enough statistics to ext
experimentalb2 particle parameters for the transitions 605K
and 795K. They are obtained by the relationshipb25A22(e
2g)/A22(g2g). We have five cascades that can be used
find b2 for the 605K. We disconsidered the 795–605K be-
cause the 605K should be separated from 569L,M taking out
theb2 background. Averaging for the four cascades left,
haveb2(605K)51.31(28), that is in good agreement to t
theoretical valueb251.42 interpolated from Hager and Se
zer tables@12#. The transition 569–795K gives b2(795K)
50.131(25)/0.1087(21)51.20(23), when we considered th
795 keV as a pureE2 transition. This is also in good agree
ment with the theoretical valueb251.31. If we use this the-
oretical particle parameter, we can even infer the multip
mixing ratio in the 569g transition. To obtaind in the fitting
procedure, instead of the usuala0 , A22, andA44 fit, a direct
least-squares search fora0 and d @13# was performed, i.e.
we took into account the constraint betweenA22 and A44,
while minimizing x2. This givesd569(E2/M1)50.274(44),
with x250.70, in agreement with the value 0.226~9! ob-
tained in thegg measurements@7#.

The 563 keV transition also has the possibility of anE0
@14–16# decay mode competing withE2 andM1 @4#, since
it is a 21→218 decay. Using our experimental resultA22
520.240(94) for the cascade and dividing by the theor
cal A2 from the second transition (20.5976) we getB2
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50.40(15). To get this result from the theoretical express
@17# for B2 , we have estimated@7# that qK

2 (E0/E2)
[^E0&K

2 /^E2&K
2 <0.06.

Comparing thegg andeg measurements we saw that th
gg gave, in general, a much better precision in the multip
lar mixing ratios.

We can also extract ICC from theeg measurements. The
detector efficiency does not have strong changes in this ra
@18# and we can extract the 795K electron conversion ratio
from our measurements combined with other results from
expression

a795K[
I 795K

I 795g
5S I 569g2795K

I 569g2605K
D3S I 569g2605g

I 569g2795g
D3S I 605K

I 605g
D

5S 1671~21!

3225~42! D3~1!3~5.0331023!

52.59~5!31023, ~2!

where I 605K /I 605g5a605K55.0331023 was taken from the
theoretical value quoted by Chand@2#. Our value ofa795K is
in better agreement with the theoretical result 2.5831023 @2#
for pure E2 than the earlier result 2.71(10)31023 @2# ob-
tained from single electron spectra, probably because in
coincidence method the 569g window acts as a filter thus
‘‘cleaning’’ the electron spectrum, reducing background a
superposition from neighbor lines. Using the relative inte
sities measured by Wanget al. @19#, we also extracted the
802K conversion coefficient asa802K52.66(8)31023, in
agreement with the theoretical 2.56(4)31023 and experi-
mental 2.49(12)31023 quoted@2#. We also tried to extract
the ICC from other cascades but they have large errors
have superposition of other lines.

We identified for the first timeK electrons from the 326
keV transition. The 326K line is highly hidden in theb spec-
trum. It was only distinguishable from the background wh
we added the spectra of the seven angles measured an
made a window in the 475 keVg ~Fig. 2!. An energy cali-
bration was made with 475K, 563K, 569K, 1038K, 1168K,
and 1365K using cuts where these lines were free. The t
oretical energy value for the 326K is E326K5326.5237.4
5289.1 keV, where the data from theg energy and theK
shell were taken from Lederer and Shirley@20#. With this
calibration, at the 475 keVg window, we found a line at

FIG. 2. Electron spectrum for the 475 keVg window obtained
adding measurements done at several angles.
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287.7~11! keV and area of 502~221! counts. In the same
window, the adjusted area in the 605K line was 2272~147!
counts. Using the same method described above we ca
timate the ICC for the 326 keV transition, giving

a326K5
I 326K

I 326g
5S I 326K2475g

I 475g2605K
D3S I 475g2605g

I 326g2475g
D3S I 605K

I 605g
D

.S 502~221!

2272~147! D3S 2.497~13!%382.4~3!%

27.28~6!%30.059~6!%D
3~5.0331023!

.14~6!31022.

~3!

The theoretical values for the lowest multipolarities a
a326K(E2)52.731022 and a326K(M1)53.131022, inter-
polated from@12#. The discrepancy led us to conclude th
this is a preliminary result and a better resolution of t
electron detector could eventually achieve more confid
results.

The particle parameters in the 605K and 795K transitions
in electron-g measurements agree with the theoretical valu
An upper bound for theE0/E2 mixing was estimated for the
an
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563 keV transition byeg interference method givingqK
2

<0.06. We developed a method of extracting ICC fro
electron-g correlation measurements and obtaineda795K

52.59(5)31023 anda802K52.66(8)31023, both in agree-
ment with previous data and theoretical values@2#. By this
method we obtaineda326K.14(6)31022, about one order
of magnitude higher than the expected theoretical value
better resolution could eventually confirm or discard this p
liminary result.
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