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Determination of the quadrupole moment of the 11À isomer in 194Pb via a double perturbation
analysis of a level mixing spectroscopy measurement
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The quadrupole moment of the 112 isomer in 194Pb has been determined asuQsu54.48(86)e b via a new
extension of the level mixing spectroscopy technique~LEMS!. The new analysis technique allows one to take
into account the influence of the electric quadrupole and the magnetic dipole interactions of two subsequent
isomers on the angular distribution of the lower lyingg-ray transitions. For each isomeric state the ratio of its
quadrupole interaction frequency to its magnetic moment can be extracted from this double perturbation
analysis, thus allowing to deduce their quadrupole moments provided that the electric field gradient and the
magnetic moments are known.
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I. INTRODUCTION

Measurements of spectroscopic quadrupole moments
vide a stringent test for nuclear models because these
ments are related to the deformation of the nuclear sta
Over the last decade several level mixing techniques h
been developed for measuring quadrupole moments o
wide range of nuclear states@1–7#. One of the variants, the
level mixing spectroscopy~LEMS! technique, is especially
designed for measuring quadrupole moments of high s
isomers@6–10#. Several quadrupole moments of high sp
isomers in the Pb region have already been measured
applying the LEMS technique@8,11#. A difficulty for the nu-
clei close to theZ582 shell is, however, the cascades
isomers which are present. The angular distribution of
most intense low-lyingg-ray transitions depends on the ele
tromagnetic interactions of all contributing isomers. A LEM
analysis, taking into account all electromagnetic pertur
tions of the preceding isomers, allows one to extract the r
of the quadrupole interaction frequency to the magnetic m
ment of all these isomers. Hence, the quadrupole momen
the isomers can be deduced if the electric field gradient
the magnetic moments are known from other measureme
So far, LEMS is the only technique offering this possibilit
Other techniques, such as the time-differential perturbed
gular distribution~TDPAD! technique, fail when more than
isomer contributes to the angular distribution of the rad
tion. Note that a dedicated TDPAD analysis allows one
distinguish theg factors of subsequent isomers@12,13#.
However, the analysis of a TDPAD quadrupole moment m
surement is too complicated in the case of subsequent
mers because of the many frequencies superimposed in
time-differential spectrum@14#.

The new LEMS analysis technique has been applied
the first time to extract the quadrupole moment of the 12

isomer in 194Pb, where both the decay of the 121 and the
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112 isomers are contributing to the intensity of the low lyin
g ray transitions. The 112 isomer in 194Pb has the
p(s1/2

22h9/2i 13/2) proton configuration. Knowledge of its quad
rupole moment allows to study the deformation of intrud
states, which is discussed in Ref.@15#. Here, we deal with the
experimental analysis procedure. Section II contains a th
retical study of the influence of the interaction of two subs
quent isomers with the surrounding electromagnetic fields
the anisotropy of theg radiation. In Sec. III the experimenta
results are presented. From the ratio of the deduced inte
tion frequencies for the 121 and the 112 isomers the quad-
rupole moment of the 112 isomer in 194Pb is determined.
The reliability of the new extension of the LEMS techniqu
is demonstrated via the determination of the electric fi
gradient~EFG! of Pb in Re from the measured quadrupo
interaction frequency of the194Pb(121) isomer.

II. EXPERIMENTAL METHOD

In order to discuss the influence of the electromagne
interactions of two subsequent isomers on the anisotrop
the g radiation as a function of the magnetic field streng
first the main principles of the LEMS formalism will b
briefly repeated. More details about the LEMS technique
be found in Refs.@6,7#.

A. The LEMS technique

In a LEMS experiment the electric quadrupole interacti
is studied by implanting the isomer of interest in a cryst
providing the EFG, and applying an external magnetic fi
by means of a superconducting magnet. Either monocrys
or polycrystals can be used. In the case of a monocrysta
crystal is oriented such that thec-axis makes a large angleb
~;40°! with the direction of the magnetic field.
©2002 The American Physical Society20-1
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In the axis system with theZ axis parallel to the direction
of the magnetic field~lab system! the following nonvanish-
ing matrix elements of the HamiltonianHLEMS are obtained
for the combined magnetic dipole and electric quadrup
interaction@16#

^muHLEMSum&

52\vBm1\vQ

1

2
~3cos2b21!@3m22I ~ I 11!#,

~1!

^muHLEMSum21&

52
3

2
\vQcosbsinb~122m!A~ I 2m11!~ I 1m!,

~2!

^muHLEMSum22&

5
3

4
\vQsin2b

3A~ I 1m21!~ I 1m!~ I 2m11!~ I 2m12!.

~3!

Here vB5gmNB/\ is the magnetic interaction frequenc
with g the gyromagnetic ratio,mN the nuclear magneton an
B the magnetic field strength,vQ5eQsVZZ /\4I (2I 21) is
the electric quadrupole frequency andQs is the spectroscopic
quadrupole moment. It is assumed that the EFG is axi
symmetric. The nondiagonal matrix elements, only pres
when the misalignment angleb differs from 0, cause a
change of the orientation of the nuclear ensemble beca
they are responsible for a mixing of the differentm states.
When polycrystals are used the perturbation fact

Gkk8
nn8(I ,HLEMS,t) ~see below! need to be integrated over a

possible anglesb.
The change of the ensemble orientation of the orien

isomeric states with spinI is due to the applied electromag
netic interactions, governed byHLEMS. Via the detection of
the angular distribution of the subsequent radiation the
entation change is measured as a function of the app
magnetic field. The perturbed angular distribution of the
diation is given by@17#

W~u,f,t !5A4p(
k,n

1

A2k11
AkUkBk

n~ I ,t !Yk
n~u,f!, ~4!

with Ak being the radiation parameters of the observed tr
sitions,Uk describing the loss of orientation due to nond
tected preceedingg rays,Bk

n(I ,t) being the perturbed orien
tation tensors at timet, and Yk

n(u,f) being the spherica
harmonics in whichu andf describe the detection direction
with respect to the magnetic field direction. The orientat
parameters at a certain timet are extracted from the initia

orientationBk8
n8(t50) parameters via@17#
02432
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Bk
n~ I ,t !5 (

k8n8
Gkk8

nn8~ I ,HLEMS,t !Bk8
n8~ t50!. ~5!

The initial orientation of the nuclear ensemble is created
the fusion-evaporation reaction itself and is axially symm
ric around the beam axis. A Gaussian distribution with st

dard deviations is assumed@18#. TheGkk8
nn8(I ,HLEMS,t) are

the perturbation factors that describe how the induced m
netic dipole and electric quadrupole interactions modify
relative population of them-quantum states, as described
the density matrixr @17#. By using the direct relationship
between the orientation tensorsBk

n(I ,t) and the matrix ele-
ments^m8urum& @19# and solving the time-evolution equa
tion i\(dr/dt)5@HLEMS,r# the perturbation factors can b
calculated explicitly as

Gkk8
nn8~ I ,HLEMS,t !5 (

NN8
~ f NN8

LEMS
!kk8

nn8e2 iv
NN8
LEMS

t ~6!

with

~ f NN8
LEMS

!kk8
nn85A2k11A2k811 (

m,m,N,N8
~21!m2m

3S I I k

2m m8 nD S I I k 8

2m m8 n8
D ^muN&

3^Num&^m8uN8&* ^N8um8&* ~7!

in which vNN85(EN2EN8)/\. EN anduN& are the eigenval-
ues and eigenvectors ofHLEMS. If the EFG is provided by a
polycrystal and the magnetic field is oriented parallel to
beam axis only theGkk8

00 terms need to be considered becau
of the axial symmetry of the system with respect to the sy
metry axis of the initial orientation.

LEMS measurements are time-integrated measurem
and, therefore, a time integration, taking into account
isomeric decay timet, needs to be performed

Gkk8
nn8~ I ,HLEMS,t!5

*0
`Gkk8

nn8~ I ,HLEMS,t !exp~2t/t!dt

*0
`exp~2t/t!dt

~8!

5 (
NN8

~ f NN8
LEMS

!kk8
nn8 1

11 ivNN8
LEMSt

. ~9!

For n5n850 the real part equals

Gkk8
00

~ I ,HLEMS,t!5 (
NN8

~ f NN8
LEMS

!kk8
00 1

11~vNN8
LEMSt!2

,

~10!

while the imaginary part drops, because it is odd invNN8
LEMS.

The resulting LEMS curve is a decoupling curve,
which three regimes can be distinguished. At zero magn
field only the electric quadrupole interaction is present a
the initial orientation is reduced to the hard-core value.
0-2
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high magnetic fields~several T! the electric quadrupole in
teraction is negligible compared to the magnetic dipole in
action and the isomeric spins perform a Larmor precess
around the magnetic field. If the magnetic field is orient
parallel to the beam axis, i.e., the axis of the initial orien
tion, the initial anisotropy induced by the nuclear reaction
measured. In between, there is competition between both
teractions and a smooth change from the hardcore anisot
to the initial full anisotropy is observed. This part of th
LEMS curve is sensitive to the ratio of the quadrupole int
action frequencynQ to the magnetic momentm. So, if the
magnetic moment is known the quadrupole interaction
quency can be deduced.

Notice that a detectable perturbation of the orientation
the nuclear ensemble due to the electric quadrupole inte
tion is only possible if the lifetime of the isomeric state
long enough. This is the case if the lifetimet, the quadrupole
interaction frequencynQ , and the nuclear spinI, fulfill the
LEMS condition

nQt/I .0.5. ~11!

This condition is derived empirically in Ref.@20#. When the
LEMS condition is fulfilled allvNN8

LEMS(NÞN8) are large and
give a negligible contribution in the time-integrated pertu
bation factor~10!. The time-integrated perturbation factor
fully determined by theN5N8 terms and reduces to

Gkk8
nn8~ I ,HLEMS,t!5(

N
~ f NN

LEMS!kk8
nn8 . ~12!

B. Extension of the LEMS formalism towards two subsequent
isomers interacting with electromagnetic fields

The high spin isomers of interest in a LEMS measurem
are produced by a fusion-evaporation reaction. However,
fusion-evaporation reaction many highly excited states
populated. They decay to the ground state by passing thro
a lot of intermediate states, some of them isomeric as w
All isomeric states having long enough life times~order of
tens of nanoseconds! interact in a detectable way with th
surrounding electromagnetic fields.

This subsection contains a theoretical description of
influence of the electromagnetic interactions on the ang
distribution of theg rays if two isomeric levels, each of them
having a corresponding rationQ /m, are present in the deca
path. In principle, a further expansion towards interactio
with more isomers is possible. However, in practice
analysis for more than two subsequent perturbations is c
plicated due to the many parameters involved. Therefore,
theoretical description is restricted to two contributi
isomers.

1. The perturbation factor for two subsequent perturbations

Assume two isomers 1 and 2, having the nuclear prop
ties (I 1 ,t1 ,Q1 ,m1) and (I 2 ,t2 ,Q2 ,m2), respectively. Isomer
1 is populated directly in the nuclear reaction or from high
levels by promptg decay. It decays after a timet5t1 via a
cascade of promptg rays to isomer 2.t1 can be any time in
02432
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the time interval@0,̀ #, however with a probability which is
quantified by exp(2t1 /t1), in which t1 is the nuclear life
time of isomer 1. The initial orientation of the isomeric sta
1 is given byBk

n(I 1 ,t50). This orientation is perturbed du
to the interaction of the nuclear momentsm1 andQs,1 with
the surrounding electromagnetic fields. At the moment
decay,t1, the orientation can be written as@6#

Bk1

n1~ I 1 ,t5t1!5(
k,n

Gk1k
n1n

~ I 1 ,HLEMS1,t1!Bk
n~ I 1 ,t50!.

~13!

The initial orientation of isomer 2 equals the final orientati
of isomer 1 corrected by the deorientation coefficie
Uk1

(R1) which take into account the loss of orientation d

to the intermediate promptg rays. Therefore, the initial ori-
entation of isomer 2 is given by

Bk1

n1~ I 2 ,t5t1!5Uk1
~R1!Bk1

n1~ I 1 ,t5t1!

5Uk1
~R1!(

k,n
Gk1k

n1n
~ I 1 ,HLEMS1,t1!

3Bk
n~ I 1 ,t50!. ~14!

Isomer 2 interacts with the electromagnetic fields during
time interval@ t1 ,t2#. At the timet5t2(t2P@ t1 ,`#), also iso-
mer 2 decays with a weighted probability exp@2(t2t1)/t2#, in
which t2 is the nuclear lifetime of isomer 2. Its orientation
the moment of decay,t2, is

Bk2

n2~ I 2 ,t5t2!5 (
k1,n1

Gk2k1

n2n1~ I 2 ,HLEMS2,t22t1!Bk1

n1~ I 2 ,t5t1!

5 (
k1 ,n1

Gk2k1

n2n1~ I 2 ,HLEMS2,t22t1!Uk1
~R1!

3(
k,n

Gk1k
n1n

~ I 1 ,HLEMS1,t1!Bk
n~ I 1 ,t50!

5(
k,n

Gk2k
n2n

~ I 1 ,I 2 ,HLEMS1,HLEMS2,t !

3Bk
n~ I 1 ,t50!. ~15!

After the decay of isomer 2 no further change of the orie
tation takes place. Hence, the perturbation factor for two s
sequent perturbations at a timet.t2 is

Gk2k
n2n

~ I 1 ,I 2 ,HLEMS1,HLEMS2,t !

5 (
k1 ,n1

Gk2k1

n2n1~ I 2 ,HLEMS2,t2

2t1!Uk1
~R1!Gk1k

n1n
~ I 1 ,HLEMS1,t1!. ~16!

The following expression for the time-integrated pertu
bation factor is then obtained:
0-3
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Gk2k
n2n

~ I 1 ,I 2 ,HLEMS1,HLEMS2,t1 ,t2!5 (
N1 ,N18 ,N2 ,N28 ,k1 ,n1

~ f N2N
28

LEMS2
!k2k1

n2n1Uk1
~R1!~ f N1N

18
LEMS1

!k1k
n1n

3

*0
`exp~2t1 /t1!exp~2 ivN1N

18
LEMS1

t1!* t1
` exp@2~ t2t1!/t2#exp@2 ivN2N

28
LEMS2

~ t2t1!#dtdt1

*0
`exp~2t1 /t1!* t1

` exp@2~ t2t1!/t2#dtdt1
.

~17!
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The integrals can easily be calculated in an analytical wa

Gk2k
n2n

~ I 1 ,I 2 ,HLEMS1,HLEMS2,t1 ,t2!

5 (
N1 ,N18 ,N2 ,N28 ,k1 ,n1

~ f N2N
28

LEMS2
!k2k1

n2n1Uk1
~R1!

3~ f N1N
18

LEMS1
!k1k

n1nS 1

11 ivN1N
18

LEMS1
t11 ivN2N

28
LEMS2

t1
D

3S 1

11 ivN2N
28

LEMS2
t2
D . ~18!

The time-integrated double perturbation factor is NO
equal to the product of the two time-integrated single p
turbation factors times the deorientation coefficie
Gk1k

n1n(I 1 ,nQ1
/m1 ,t1)Uk1

(R1)Gk2k1

n2n1(I 2 ,nQ2
/m2 ,t2), because

an extraivN2N
28

LEMS2
t1 term is present in the denominator. How

ever, if the LEMS condition~11! for isomer 2 is fulfilled,

then similar to Eq.~12! only thevN2N28
LEMS2 5

(N25N28)
0 terms con-

tribute and the formula reduces to

Gk2k
n2nS I 1 ,I 2 ,

nQ1

m1
,
nQ2

m2
,t1 ,t2D

5Gk1k
n1nS I 1 ,

nQ1

m1
,t1DUk1

~R1!Gk2k1

n2n1S I 2 ,
nQ2

m2
,t2D .

~19!

2. The influence of the other decay branches
on the angular distribution function

In the most general case ag ray in the cascade below
isomer 2 contains 4 contributions~Fig. 1!: A first fractionD1
originates directly from isomer 1, bypassing isomer 2 in
decay. Further, a certain fractionD2 of the isomers 2 is no
fed via isomer 1, but directly by a cascade of promptg rays,
which are either discrete or statistical. We will refer to this
‘‘direct feeding.’’ Obviously, also a double perturbed fractio
2P is present. Finally, side feeding into levels below isom
2 ensures a prompt component as well. In practice reliabl
results are obtained by neglecting the prompt compon
~which does not influence the extracted frequencynQ), thus
rescaling the fractionsD1,D2 and 2P such thatD11D2
02432
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12P5100%. Hence, the time-integrated angular distribut
function for R contains three contributions

W~u,f!5W~u,f,D1!D11W~u,f,D2!D2

1W~u,f,2P!2P. ~20!

Here

W~u,f,D1!5A4p (
k2even

1

A2k211
Ak2

~g!Yk2
n2~u,f!Uk2

~R18!

3Gk2k
n2n

~ I 1 ,HLEMS1,t1!Bk
n~ I 1 ,t50! ~21!

is the contribution due to the perturbation of isomer 1. T
contribution due to the single perturbation of isomer 2 is

W~u,f,D2!5A4p (
k2even

1

A2k211
Ak2

~g!Yk2
n2~u,f!Uk2

~R2!

3Gk2k
n2n

~ I 2 ,HLEMS2,t2!Bk
n~ I 2 ,t50! ~22!

and the contribution due to the double perturbation of isom
2 is

FIG. 1. Decay scheme of a nucleus in which two isomers
present. The labelsD1, D2, 2P, andS denote the direct feeding
~see text! via isomer 1, the direct feeding via isomer 2, the doub
perturbed fraction, and the side feeding, respectively. Theg rays of
interest are labeledR1 , R2 , R18 , andR.
0-4
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W~u,f,2P!5A4p (
keven

1

A2k211
Ak2

~g!Yk2
n2~u,f!Uk2

~R2!

3Gk2k
n2n

~ I 1 ,I 2 ,HLEMS1,HLEMS2,t1 ,t2!

3Bk
n~ I 1 ,t50!. ~23!

The analysis of a double perturbed decay implies seven
rameters: the direct feedingsD1 andD2, the initial orienta-
tions for both isomers (s/I )1 and (s/I )2, the ratios of the
nuclear moments for each isomer, (nQ /m)1 and (nQ /m)2,
and a normalization factorN, depending on the detector e
ficiencies. The fractions of the direct feedingsD1 andD2,
can be determined from the relative intensities of theg rays
R1 , R18 , R2, andR ~see Fig. 1! so that only five parameter
remain.

III. EXPERIMENTAL RESULTS

The technique has been applied to extract the quadru
interaction frequencies of the 112 and 121 isomers in194Pb
implanted in a Re host. The 50mm thick natRe foil served as
a target, a LEMS host and a beam stopper at the same

FIG. 2. Partial level scheme of194Pb ~taken from Ref.@23#!.

FIG. 3. LEMS curve for the 352 keV transition depopulating t
194Pb(112) isomer. The fit results innQ52802200

1270 MHz.
02432
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natRe has an hcp lattice structure and consists of 62.6%187Re
and 37.4%185Re @21#. The 14N beam with an energy of 87
MeV was delivered by the CYCLONE cyclotron at Louvain
la-Neuve. The data were taken at room temperature. T
cally 16 spectra of 15 min. were collected at each magn
field. No beam pulsing was used. One Ge detector was
sitioned parallel to the magnetic field, while two other dete
tors, one of which was a planar detector, were positione
90° with respect to the magnetic field. In order to account
unphysical effects due to beam fluctuations, etc., an e
normalization of all data points with the prompt 158 ke
transition, present due to Coulomb excitation on185Re @22#,
has been performed.

The analysis of the 352 keVE1 transition, directly de-
populating the 112 isomer~Fig. 2 and Ref.@23#!, resulted in
a huge experimental uncertaintynQ52802200

1270 MHz ~Fig. 3!.
This is due to the low intensity of the transition and t
presence of contaminating radiation~Fig. 4!. Therefore, the
965 keV (E2), 575 keV (E2), 280 keV (E1), and 166 keV
(E2) transitions in the cascade underneath the 121 isomer
have been analyzed and a double perturbation fit has b
performed. The magnetic moment of the 121 isomer has
been measured asm52.004(24)mN @24#. No experimental
data on the magnetic moment of the 112 isomer were avail-
able and, therefore, the experimentally deduced magn
moment of the 112 isomer in 196Pb, mN521.920(18)mN ,
has been adopted@25#. This choice is justified as both th
112 isomers in 194Pb and 196Pb have the same
p(s1/2

22i 13/2h9/2) configuration and the magnetic moments
the 112 isomers in the even Po isotopes, having t
p( i 13/2h9/2) proton configuration, are shown to be little ma
dependent@26#. Apart from the two quadrupole interactio
frequencies also the the amount of initial orientations/I of
the 121 isomer and a normalization factorN have been taken
as free fit parameters. The initial orientation of the 112 iso-
mer was kept equal to the initial orientation of the 121 iso-
mer @s/I (112)5s/I (121)# in order to eliminate one more
free fit parameter. This is a reasonable assumption bec

FIG. 4. A typical spectrum obtained in thenatRe(14N,xn) reac-
tion at a beam energy of 87 MeV after 15 min of measurement ti
The peaks originating from the194Pb(121) and 194Pb(112) isomers
are indicated in italic and bold-italic font, respectively. The energ
of the peaks due to Coulomb excitation onnatRe are in normal font.
Contaminating radiation, which is either prompt or from other is
mers or fromb decay, is marked with a square, a cross and
asterisk, respectively.
0-5
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both isomers were produced in the same reaction and ha
similar excitation energy and spin. The direct feedings of
isomersD112 andD121 have been determined from the rel
tive g ray intensities of the 173, the 352, 305, and 933 k
transitions. As the 352 and 305 keV transitions could
be analyzed in a reliable way from our data, the relat
intensities were adopted from Refs.@27,23#, where the
188Os(12C,6n), 162Dy(36S,4n), and 150Sm(48Ca,4n) reac-
tions were used. Rescaling the fractions such thatD112

1D12112P112→1215100% finally results inD112525%,
D122560% and 2P112→121515%. The half-lives of the
101 level @T1/2517(1) ns#, the 92 level @T1/2515(5) ns#,
and the 52 level (T1/251.1 ns! are too short for detectabl
electromagnetic interactions~the anisotropy at a magneti
field B50 T differs less than 0.2% from the anisotropy
the initial orientation!. Therefore, in the fit these levels a
considered to be prompt.

The fits resulted in the quadrupole interaction frequenc
nQ(194Pb;I p5121)528(2) MHz and nQ(194Pb;I p5112)
5262(41) MHz, respectively. The experimental uncerta
ties include the uncertainty of the magnetic moment as w
as the uncertainties due to the fixing of some parameter
described above. The values are the average of the re
obtained from several transitions and different detector co
binations as listed in Table I. Sample LEMS curves a
shown in Fig. 5.

Prior to our experiments the quadrupole moment of
194Pb@ I p5121,T1/25392(10)ns,m52.004(24)mN# has
been measured asQs50.49(3)e b by applying the TDPAD
technique@24#. Hence, the EFG of Pb in Re could be d
duced from the frequencynQ(194Pb;I p5121) as uVZZu
52.36(23)31021 V/m2. This value is in perfect agreemen
with the value ofuVZZu52.42(27)31021 V/m2, which was
derived from the quadrupole interaction frequency of
196Pb(I p5121) isomer implanted in the same Re host@28#.
For comparison, Table I also lists the quadrupole interac
frequencies derived from a fit assuming that the194Pb(112)
isomer does not contribute to the 166, 280, 575, and 965
g ray intensities. They result in a frequencynQ
536.0(2.5) MHz anduVZZu53.04(28)31021 V/m2. This
value is too high compared to the value obtained from

TABLE I. Experimental results obtained for the transitions d
populating the194Pb(112→121) cascade. The right column con
tains the values fornQ(121) obtained from a fit supposing that onl
the 121 isomer contributes to the perturbation of the angular dis
butions.

Eg Detector nQ(121) nQ(112) nQ(121)
~keV! ratio ~MHz! ~MHz! ~MHz!

166 1 3025
17 285280

1120 37.5~6.0!
166 2 3725

16 340(70) 48~5!

280 1 23.525.5
110.5 190290

140 29~3!

280 2 22.5(4) 220240
160 30~4!

575 1 27(4) 330260
1140 39~6!

965 1 30(4) 290(40) 41~6!

weighted mean 28~2! 262~41! 36.0~2.5!
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quadrupole interaction frequency of the196Pb(I p5121) iso-
mer. Hence, these results prove the reliability of the dou
perturbation formalism. In principle, the double perturbati
formalism needs to be applied as well for the analysis of
337 keV transition depopulating the 121 isomer in 196Pb, as
published in Ref.@28#. Indeed, also this transition contains
contribution due to the presence of the 112 isomer on top of
it. However, because the rationQ /m is almost identical for
the 112 and the 121 isomers in 196Pb @(nQ /m;112)
519(3) MHz/mN and (nQ /m;121)518(2) MHz/mN] the
simple LEMS analysis and the analysis taking into acco
the double perturbations give rise to the same re
nQ(196Pb;121)538(3) MHz.

The quadrupole moment of the196Pb(121) isomer
was measured before asQs50.65 e b @29#. Therefore, the
quadrupole moment of the194Pb(112) isomer could be de-
duced from the ratio of the quadrupole interaction frequ
cies nQ(194Pb;112)/nQ(196Pb;121), as uQs(

194Pb;112)u
54.48(86)e b. From the measured spectroscopic quadrup
moment we derive the isomeric deformation asub2u
50.21(4) by applying the standard formulasQs5Q0@3K2

2I (I 11)#/@(I 11)(2I 11)# and Q05(3/A5p)R0
2Zb2(1

10.36b2) @30#. Hence, we can conclude from the expe
mental result that the 112 isomer in 194Pb is a deformed
nuclear state, in agreement with earlier theoretical calcu
tions predicting a moderately oblate deformation@31#. The
significance of this nuclear physics result is extensively d
cussed in Ref.@15#.

-

-

FIG. 5. Sample LEMS curves for the transitions depopulat
the 194Pb(121) cascade. The data are normalized on the prompt
keV transition in185Re. ~a! LEMS curve for the 280 keVE1 tran-
sition. ~b! LEMS curve for the 166 keVE2 transition. The fit results
are listed in Table I.
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IV. CONCLUSION

In this paper we have extracted the quadrupole momen
the 112 isomer in 194Pb asuQsu54.48(86)e b by applying a
double perturbation analysis of LEMS data for the first tim
This extension to the analysis procedure allows to extract
ratios of the quadrupole interaction frequencies to the m
netic moments for all isomers which contribute to the inte
sity of a certaing ray transition. The reliability of the tech
nique has been proven by extracting the EFG of Pb in
The value obtained from this work for the EFG of194Pb in
Re, uVZZ(PbRe)u52.36(23)31021 V/m2 is in perfect agree-
ment with the value obtained in Ref.@28#. The obtained
quadrupole moment for the 112 isomer in 194Pb corresponds
to a deformationb250.21(4). This confirms former calcu-
me
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lations, yielding a moderately deformed oblate shape for
truder isomers in this neutron-deficient Pb region@31#.
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