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Preservation of orientation of fusion-evaporation reaction residues recoiling into vacuum
in a level mixing spectroscopy experiment
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The interaction between the nuclear spinIW and the atomic spinJW of the not fully stripped nuclei, which are
recoiling after a nuclear reaction, reduces the nuclear orientation during their flight through vacuum. In this
paper we report on how the orientation is restored by applying a magnetic field in the direction of the initial
orientation axis. This implies that the level mixing spectroscopy technique~LEMS!, used to measure nuclear
quadrupole moments of high-spin isomers, can be applied for nuclei which have traveled through a vacuum
before being implanted in a suitable host. Such a recoil-shadow configuration, where target and host are
separated from each other and the detectors are shielded from the target, improves the detection efficiency in
a LEMS setup. This increases the possibilities for application of the LEMS method. We have developed a

formalism that describes the loss of orientation due to theIW•JW interaction and its influence on a LEMS
measurement performed in a recoil-shadow geometry. The formalism is used to describe experimental data for
the 69mGe@ I p59/21,t54.05(7)ms, m521.0011(32) nm# isomers recoiling out of anatFe target into a Ni and
a Pt host.

PACS number~s!: 23.20.En, 21.10.Ky, 27.50.1e, 31.30.Gs
a
id
le

pi
id
es
ru
he

-
nt

n
s
e
h

-
si
y
ir
he

th
rg
im
n
A

uce
gu-
ng
u-

of

of
s
in-

s
ly
n
etic
nce

a
ti-
ter-

of
e

tal

in
e-
ow
in
I. INTRODUCTION

Measured quadrupole moments provide direct inform
tion on the deformation of the nucleus and therefore prov
a stringent test for nuclear calculations. Especially for nuc
having extreme characteristics, i.e., nuclei with high isos
or high spin, it is interesting to test experimentally the val
ity of these models. The family of level mixing techniqu
has proven to be a very powerful tool for measuring quad
pole moments of a wide variety of nuclei. While recently t
level mixing resonance~LMR! technique@1# has been ex-
tended for quadrupole moment studies ofb-decaying nuclei
with high isospin@2–5#, its variant level mixing spectros
copy ~LEMS! is suitable for measuring quadrupole mome
of g-decaying nuclei with high spin@6–9#.

Similar to all level mixing techniques, LEMS is based o
the change of the anisotropy of the emitted radiation a
function of the magnetic field strength due to a combin
magnetic dipole and electric quadrupole interaction. T
electric field gradient~EFG! is provided by the internal crys
talline fields after in-beam implantation of the reaction re
dues in a suitable host. The magnetic field is provided b
superconducting magnet. In this paper we will add a th
interaction. This interaction is due to the coupling of t
nuclear spinIW and the atomic spinJW during the flight through
vacuum of the isomers of interest. This extension allows
use of the recoil-shadow configuration, i.e., separating ta
and host and shielding the detectors from the target, to
prove the peak to background ratio in a LEMS experime
This increases the applicability of the LEMS technique.
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this point, fusion-evaporation reactions are used to prod
the isomers of interest. The use of the recoil-shadow confi
ration will reduce the prompt background radiation comi
from the target to allow the measurement of weakly pop
lated isomers. A complicating factor for the application
the recoil-shadow technique is that in most of the cases~usu-
ally for the energies of the fusion-evaporation reactions
interest! the recoiling nuclei are not fully stripped. Thu
there is a loss in the nuclear spin orientation due to the

teraction between the randomly oriented atomic spinJW and

the nuclear spinIW during the flight through the vacuum. A
the orientation will be restored by applying a sufficient
large magnetic field in the direction of the initial orientatio
axis, a change in the anisotropy as a function of the magn
field strength will be measured. This means that the influe

of the IW•JW interaction on the anisotropy of the radiation, as
function of the magnetic field strength, should be inves
gated in order to ensure a correct quadrupole moment de
mination.

Section II contains a theoretical study of the influence
the combinedIW•JW 1 magnetic dipole interaction and th
combinedIW•JW 1 magnetic dipole1 electric quadrupole in-
teraction on the anisotropy of the radiation. Experimen
results on the known69Ge@ I p59/21,t54.05(7)ms, m
521.0011(32) nm,Q51.0(2)e b @10## isomers recoiling
in a Ni host and a Pt host, respectively, will be presented
Sec. III. In addition to testing experimentally the improv
ment of the peak to background ratio in a recoil-shad
geometry and the applicability of the LEMS technique
©2000 The American Physical Society17-1
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combination with the recoil-shadow configuration, these
periments also reveal information on the magnetic hyper
field, caused by the atomic electrons at the position of
nucleusBh f , and the atomic structure of the69Ge atoms
recoiling out of an Fe target with an average velocity
v/c51.7%, which will be discussed elsewhere@11#.

II. THE INFLUENCE OF THE I¢"J¢ INTERACTION
ON THE LEMS TECHNIQUE

The principles of the LEMS technique have been ext
sively treated in Ref.@6#, while the formalism of theIW•JW
interaction is discussed in Refs.@12–15#. Here we will
briefly review the main features relevant for including t
IW•JW interaction in the LEMS formalism.

A. The LEMS technique

In the LEMS technique the electric quadrupole interact
is studied by submitting the isomers of interest to a co
bined electric quadrupole and magnetic dipole interact
which are misaligned with an angleb. In the axis system
with the Z-axis parallel to the magnetic field direction~lab
system!, the Hamiltonian of the magnetic interaction can
written as
la
he
a

e
ib

u
o
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e
s
n
n
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HB52vBI Z , ~1!

wherevB5gmNB0 /\ is the magnetic interaction frequenc
For an axially symmetric electric field gradient, the Ham
tonian of the quadrupole interaction can be written in t
principle axis system~PAS! of the EFG

HQ5
vQ

\
~3I Z

22I 2!, ~2!

where vQ5eQVZZ /\4I (2I 21) is the electric quadrupole
frequency andQ is the spectroscopic quadrupole mome
TransformingHQ from the PAS to the lab system and com
bining both interactions results in the following nonvanis
ing elements for the LEMS HamiltonianHLEMS @16#:

^muHLEMSum&52\vBm1\vQ

1

2
~3 cos2b21!

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

^muHLEMSum21&52
3

2
\vQ cosb sinb~122m!

3A~ I 2m11!~ I 1m!, ~4!
^muHLEMSum22&5
3

4
\vQ sin2bA~ I 1m21!~ I 1m!~ I 2m11!~ I 2m12!. ~5!
n-
he

on
The nondiagonal elements involve a mixing of the popu
tions of the differentm states and are thus responsible for t
change of the orientation of the nuclear ensemble. They
only present when the misalignment angleb differs from
zero. When polycrystals are used the solution of the tim
evolution equation has to be integrated over all poss
anglesb.

The influence of the perturbation, governed byHLEMS, on
an isomeric state, can be studied by observing the subseq
radiation of this state. The perturbed angular distribution
the radiation is given by@12#

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

1

A2k11
AkUkBk

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

~6!

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

n(I ,t) being the orientation tensor
at time t and Yk

n(u,f) being the spherical harmonics i
which u andf describe the detection directions. The orie

tation parameters are related to the initial orientationBk8
n8(t

50) by @12#
-

re

-
le

ent
f

-
-

-

Bk
n~ I ,t !5 (

k8n8
Gkk8

nn8~ I ,HLEMS,t !Bk8
n8~ t50!. ~7!

The Gkk8
nn8(I ,HLEMS,t) are the perturbation factors that co

tain the influence of the Hamiltonian on the orientation of t
levels, as described by the density matrixr @12#. The pertur-
bation factor can be calculated explicitly by solving the v
Neumann equationi\(drLEMS/dt)5@HLEMS,r# from which
the time evolution of the density matrix@17# is deduced,
using the eigenstates ofHLEMS. Via the direct relationship
between the orientation tensorsBk

n(I ,t) and the density ma-
trix elementŝ mI8urLEMS(t)umI& @17#, the perturbation factors
can be calculated explicitly as

Gkk8
nn8~ I ,HLEMS,t !5A2k11A2k811 (

mI ,m I ,N,N8
~21!mI2m I

3S I I k

2mI mI8 nD
3S I I k 8

2m I m I8 n8
D e2 ivNN8t^mI uN&

3^Num I&^mI8uN8&* ^N8um I8&* , ~8!
7-2
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PRESERVATION OF ORIENTATION OF FUSION- . . . PHYSICAL REVIEW C 62 034317
with vNN85(EN2EN8)/\. EN and uN& are the eigenvalue
and eigenvectors ofHLEMS. Further the LEMS perturbation
factor will be noted as

Gkk8
nn8~ I ,HLEMS,t !5 (

NN8
~ f NN8

LEMS
!kk8e

2 iv
NN8
LEMS

t. ~9!

TheGkk8
nn8(n8Þ0) terms are 0 because of the axial symme

of the orientation of the compound nuclei produced in
fusion-evaporation reaction. If the EFG is provided by
polycrystal, only theGkk8

00 terms need to be taken into a
count. This is because of the axial symmetry of all inter
tions with respect to the symmetry axis of the initial orie
tation.

As LEMS measurements are time-averaged meas
ments, a time integration, including ae2t/t weight to incor-
porate the nuclear lifetime of the isomer, has to be made

Gkk8
nn8~ I ,HLEMS,t!5

E
0

`

Gkk8
nn8~ I ,HLEMS,t !e2t/tdt

E
0

`

e2t/tdt

.

~10!

The result for the anisotropy of theg radiation as a func-
tion of the magnetic field is a decoupling curve, which c
be explained in a handwaving way as follows. After produ
tion and orientation the isomers of interest are caught i
suitable host where they are submitted to a combined ele
quadrupole and magnetic dipole interaction. The magn
field is oriented parallel to the beam axis, i.e., the symme
axis of the initial orientation. At zero magnetic field only th
quadrupole interaction is present and the initial orientat
and anisotropy is decreased to the hard-core value. At h
magnetic fields~several T!, the electric quadrupole interac
tion is negligible compared to the Larmor precession of
isomeric spins aroundBW . As the precession axis coincide
with the initial orientation axis, the initial anisotropy is me
sured. At intermediate fields there is a competition betw
the quadrupole and the magnetic interaction and a sm
change from the hardcore anisotropy to the initial full anis
ropy takes place. This part of the LEMS curve is sensitive
the ratio of the quadrupole interaction frequencynQ
5eQVZZ /h to the magnetic momentm of the isomer. So, if
the magnetic moment is known, the quadrupole interac
frequency can be deduced.

B. The combined magnetic¿ I¢"J¢ interaction

In free atoms the nuclear spinIW and the atomic spinJW
interact with each other, coupling to a total angular mom
tum FW , around which bothIW andJW precess. This means tha
during the flight through the vacuum~when the recoiling
atoms are free!, nonfully stripped nuclei will be submitted to
this IW•JW -coupling interaction. As the atomic spin is random
oriented, the net result of the precession is a lowering of
orientation of the nuclear ensemble. The orientation can
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restored by applying a sufficiently high magnetic field par
lel to the nuclear orientation axis so that both the atomic a
nuclear spins perform a Larmor precession around this m
netic field @12–15#. As the Bohr magneton is about 200
times larger than the nuclear magneton, the decoupling
curs when̂ mW j•BW & is larger than̂ aIW•JW &. The Hamiltonian of
the interaction is given by@12#

HIJ5aIW•JW1mW J•BW 2mW I•BW , ~11!

with a5m I^Bhf(0)&/IJ\2 being the coupling constant,mW I

the nuclear magnetic moment,mW J the electronic magnetic
moment, andBhf the hyperfine field induced by the atom
electrons. So, ifm I is known,Bhf can be deduced from th
value ofa and vice versa.

It can be shown that the nuclear density matrix eleme
of the two-spin system can be written as@18#

^mI ur I~ t !umI8&5(
mJ

^mImJur IJ~ t !umI8mJ&, ~12!

with r I the density matrix describing the nuclear spin syst
and r IJ the density matrix describing the total ensemble
nuclear and atomic spins. Further note, since the nuclear
system and the atomic spin system are not coupled att50
~the moment of the recoil out of the target!, the following
relationship holds:

^mImJur IJ~ t50!umI8mJ8&

5^mI ur I~ t50!umI8&^mJurJ~ t50!umJ8&, ~13!

with rJ the density matrix describing the atomic spin syste
Using the relationships~12! and ~13!, the IW•JW perturbation
factor can be calculated in a similar way as the LEMS p
turbation factor

Gkk8
00

~ I ,J,HIJ ,t !5
A2k11A2k811

2J11 (
mI ,mJ ,m I ,mJ ,N,N8

3~21!mI2m IS I I k

2mI mI 0D
3S I I k 8

2m I m I 0 D e2 ivNN8t^mImJuN&

3^Num ImJ&^m ImJuN8&* ^N8umImJ&* ,

~14!

with vNN85(EN2EN8)/\ and EN and uN& the eigenvalues
and eigenvectors ofHIJ . Further theIW•JW perturbation factor
will be noted as

Gkk8
00

~ I ,J,HIJ ,t !5 (
NN8

~ f NN8
IJ

!kk8e
2 iv

NN8
IJ

t. ~15!

Only theGkk8
00 terms need to be taken into account, since

interactions are axially symmetric with respect to the sy
metry axis of the initial orientation.
7-3
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K. VYVEY et al. PHYSICAL REVIEW C 62 034317
The main difference with Refs.@14,15# is the way in
which the time integration of the perturbation factor is p
formed. In Refs.@14,15# it is assumed that all nuclei decay
flight. In our formalism we also consider the case when
nuclei survive the flight and decay in a cubic host~cubic to
exclude the quadrupole interaction, which, if present, a
influences the anisotropy of the radiation, see Secs. II A
II C!. During the time interval@0,T#, with T the flight time
~of order 10 ns for a recoil-distance of 6 cm!, the IW•JW inter-
action will perturb the orientation. Once the nuclei reach
host the orientation is kept, since theIW•JW is only active when
the atom is free~apart from some exceptional cases whe
the IW•JW interaction is also active in insulators@12,19#!. In the
time integration of theIW•JW perturbation factor, not only a
weighte2t/t to incorporate the lifetime is taken into accoun
but also a Gaussian weight over the flight timeT:

e2(T2T0)2/sT
2
, with

T05Am

2

1

AE0

d

u

03431
-

e

o
d

e

e

the average flight time and

sT5UAm

2

1

AE02sE

d2T0U
the standard deviation. Hered is the recoil distance on which
the flight timeT0 and the standard deviationsT depend lin-
early. E0 is the average energy with which the nuclei lea
the target, i.e., the recoil energy minus the loss of energy
to the travel of the nucleus through the target.sE is the
spread in energy with which the atoms leave the target. T
spread in energy, and as a consequence the spread in
time, is mainly caused due to the fact that the nuclei
produced throughout the whole target thickness and fol
different trajectories before leaving the target, resulting
different energy losses, which can, e.g., be demonstrate
TRIM @20# calculations.

The following expression for the time integratedIW•JW per-
turbation factor is obtained:
Gkk8
00

~ I ,J,HIJ ,t,T0!5

E
0

`

e2(T2T0)2/sT
2S E

0

T

e2t/tGkk8
00

~ I ,J,HIJ ,t !1Gkk8
00

~ I ,J,HIJ ,T!E
T

`

e2t/tD dtdT

E
0

`

e2(T2T0)2/sT
2E

0

`

e2t/tdtdT

. ~16!
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The integrals can be calculated in an analytical way, res
ing in

Gkk8
00

~ I ,J,HIJ ,t,T0!5 (
NN8

~ f NN8
IJ

!kk8H 1

11~vNN8
IJ t!2

1
e2T0 /t2(sT

2/4t2)[(v
NN8
IJ

t)221]

11~vNN8
IJ t!2

3F2cosS 2vNN8
IJ T01

sT
2vNN8

IJ

2t
D

2vNN8
IJ t sinS 2vNN8

IJ T01
sT

2vNN8
IJ

2t
D G

1e2T0 /t2(sT
2/4t2)[(v

NN8
IJ

t)221]

3FcosS 2vNN8
IJ T01

sT
2vNN8

IJ

2t
D G J .

~17!
lt-Usually the last two terms are negligible: for smallvNN8
IJ t

they cancel each other, for largevNN8
IJ t the exponentials go

to 0. This means that in most of the cases the expres
reduces to the 1/@11(vNN8

IJ t)2# term, i.e., the term which is
obtained by assuming all nuclei decay in flight, which is t
result considered in Refs.@13–15#. However the
Gkk

00(I ,J,HIJ ,t,T0) perturbation factors should go to 1 an
the Gkk8

00 (I ,J,HIJ ,t,T0), kÞk8 perturbation factors to 0
when the interaction time approaches 0. The interaction t
is equal to the lifetime of the nucleus or the flight tim
depending on which of them is the shortest. It is clear fro
expression~17! that for a zero flight time~both T0 and sT

going to 0! this condition is only fulfilled when the last two
terms are present. So they are necessary in the case wh
short flight time reduces the interaction time too much
reach the hard core value for the anisotropy.

Note that in reality not the flight time distribution, but th
energy distribution is a Gaussian, resulting in

(md2/T3)e2sT8
4(1/T221/T0

2)2
dT distribution function for the

flight time T. Here sT8 is defined asAm/2(1/AsE)d. The
latter distribution function results in a summation of integra
which have to be calculated in a numerical way. We prefe
mention the Gaussian approach in this paper, becaus
7-4
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FIG. 1. Simulations of the change in the anisotropy as a function of the magnetic field due to the combinedIW•JW 1 magnetic dipole

interaction for the69Ge(I p59/21,t54 ms, m521.0011(32) nm! isomer. In ~a! the atomic spinJ has been varied, in~b! the IW•JW

interaction frequencyn IJ5(\/2p)a has been varied.
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analytical solution has a direct physical interpretation. O
when the flight time is too short to reach the hardcore va
for the anisotropy, the results obtained by using the Gaus
approximation forT differ up to 15% from the correct ones
In all other cases the difference is negligible. In addition it
straightforward that the calculation time will be a lot long
when numerical calculations for the integrals are needed

Simulations of the anisotropy as a function of the ma
netic field for the combined magnetic1IW•JW interaction are
shown in Fig. 1 for the69Ge@ I p59/21,t54.05(7) ms, m

521.0011(32) nm# isomer. Figure 1~b! shows that theIW•JW
interaction frequencyn IJ5(\/2p)a influences the decou
pling value of the curve. The largern IJ , and thus the inter-
action between the atomic electrons and the nucleus,
larger the decoupling field. This can also be understood fr
the condition^mW j•BW &.^aIW•JW &. Figure 1~a! shows that the
amplitude of the curve depends on the atomic spinJ, more
precisely on the ratio of the atomic spinJ to the nuclear spin
03431
y
e
an

-

he
m

I. Intuitively it is clear that a large atomic spinJ compared to
the nuclear spinI will disturb the nuclear orientation a lo
more, than a smaller one@13#.

C. The LEMS formalism including the I¢"J¢ interaction

If there is a recoil-distance between target and host and

EFG is present in the host, consecutively the combinedIW•JW
1 magnetic dipole interaction~during recoil! and the com-
bined electric quadrupole1 magnetic dipole interaction~af-
ter implantation! take place. The change of the orientatio
during the time interval@0,T# is taken into account by the
IW•JW perturbation factorGkk8

00 (I ,J,HIJ ,t) and the change in
the time interval@T,`# by the LEMS perturbation facto

Gkk8
nn8(I ,HLEMS,t). The time integration, again including

weighte2t/t to incorporate the nuclear lifetime and a Gaus
ian weight for the flight time, results in
Gkk8
00

~ I ,J,HIJ1HLEMS,t,T0!5

E
0

`

e2(T2T0)2/sT
2E

0

T

e2t/tGkk8
00

~ I ,J,HIJ ,t !dtdT

E
0

`

e2(T2T0)2/sT
2
dTE

0

`

e2t/tdt

1

(
l
E

0

`

e2(T2T0)2/sT
2
Gkl

00~ I ,J,HIJ ,T!E
T

`

e2t/tGlk8
00

~ I ,HLEMS,t !dtdT

E
0

`

e2(T2T0)2/sT
2
dTE

0

`

e2t/tdt

. ~18!

Again an analytical solution is obtained:
7-5
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Gkk8
00

~ I ,J,HIJ1HLEMS,t,T0!5 (
NN8

~ f NN8
IJ

!kk8

1

11~vNN8
IJ t!2 H 11e2T0 /t2sT

2/4t2[(v
NN8
IJ

t)221]F2cosS 2vNN8
IJ T01

s2vNN8
IJ

2t
D

2vNN8
IJ t sinS 2vNN8

IJ T01
s2vNN8

IJ

2t
D G J

1(
l

(
NN8

(
MM8

~ f NN8
IJ

!kl~ f MM8
LEMS

! lk8

1

11~vMM8
LEMSt!2

e2T0 /t2sT
2/4t2$[(v

NN8
IJ

1v
MM8
LEMS

)t] 221%

3FcosS 2~vNN8
IJ

1vMM8
LEMS

!T01
s2~vNN8

IJ
1vMM8

LEMS
!

2t
D 1vMM8

LEMSt sinS 2~vNN8
IJ

1vMM8
LEMS

!T0

1
s2~vNN8

IJ
1vMM8

LEMS
!

2t
D G . ~19!
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We restrict ourselves to theGkk8
00 terms, because in a LEMS

experiment usually a polycrystal is providing the EFG@6#. In
this case all interactions are axially symmetric with resp
to the initial orientation axis. If a single crystal is used, t
Gkk8

n0 (nÞ0) terms need to be considered@6#.
If no quadrupole interaction takes place, the expr

sion for Gkk8
00 (I ,J,HIJ1HLEMS,t,T0) reduces to the

Gkk8
00 (I ,J,HIJ ,t,T0) perturbation factor. This is also the ca

when all nuclei decay in flight (T0.t). When no recoil dis-
tance is present (T05sT50) the expression reduces to th

Gkk8
00 (I ,HLEMS,t) perturbation factor. If noIW•JW interaction

takes place during the flight through the vacuum, e.g.,
cause the recoiling ions are fully stripped or are in an ato
noble-gas-like configuration@21–23#, the pure LEMS pertur-
bation factor is not immediately obtained. If part of the n
clei does not reach the host (T0 comparable to or smalle
than the nuclear lifetimet), the LEMS amplitude will be
reduced. Only when all nuclei reach the host (t@T0), the
hardcore value of the anisotropy due to the combined elec
quadrupole1 magnetic dipole interaction will be reached

Figure 2 shows some simulations of a LEMS curve
combined magnetic dipole1 IW•JW interaction, and a com
bined IW•JW interaction1 magnetic dipole1 electric quadru-
pole interaction, respectively, for the69mGe(I p59/21) iso-
mer, leaving the target with an energy and an energy sp
typical for a fusion-evaporation reaction:E059 MeV and
sE55 MeV. When the atomic spinJ is small compared to
the nuclear spinI, resulting in an amplitude of theIW•JW curve
which is smaller than the amplitude of the LEMS curve, a
the magnetic field necessary to decouple theIW•JW interaction
is smaller than the magnetic field necessary to decouple
quadrupole interaction, the influence of theIW•JW interaction
on the LEMS curve is negligible@Fig. 2~a!#. These two con-
ditions are usually fulfilled: the LEMS technique is esp
cially designed to measure quadrupole moments of high-
isomers~up to I 540) and even for a large hyperfine field
103 T, a magnetic field of only 0.8 T is sufficient to decoup
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the IW•JW interaction~Sec. III B!. To decouple the quadrupol
interaction very often magnetic fields of several T are nec
sary, depending on the nuclear deformation and the magn
moment of the isomer of interest. Only in the case of a
duced LEMS amplitude, e.g., when the nuclei are implan
in a cubic lattice and only part of them interact with a defe
associated EFG@Fig. 2~b!#, or in the exceptional case that th
atomic spinJ is comparable to the nuclear spinI and a large
hyperfine field is present (I 59/2, J57/2, and n IJ51.25
GHz! @Fig. 2~c!#, the IW•JW interaction has an important influ
ence on the LEMS curve, as is demonstrated in Figs. 2~b!
and 2~c!.

III. EXPERIMENTAL RESULTS

A. The improvement of the peak to background ratio
in a recoil-shadow configuration

Since LEMS is a decoupling technique, large homo
enous fields~order of several T! are needed at the targe
position. Therefore the number of holes in the split-coil s
perconducting magnet and thus the number of detector p
tions is limited, so that the usual means to clean the spe
e.g., measuring coincidence spectra, cannot be applied d
the low counting rates. Also the use of anti-Compton shie
is not straightforward for the simple reason that the pho
tubes do not work in the stray magnetic field, which can
as high as 1 T. Substantial technical development would
needed for this case. At this point, the only way to reduce
prompt background radiation is by pulsing the beam a
measuring during the beam-off period only. However, t
method is most powerful when one has beam pulsing wit
period of the order of the lifetime of the isomer of intere
For short lifetimes~lower than 300 ns! the external high
voltages needed to pulse the cyclotron beam cannot
switched on and off fast enough with the present technolo
This problem is solved by using the HF signal of the cyc
tron itself, but the technique loses much of its efficiency t
way, because the typical time between the beam burst
only 50 to 80 ns in this case, while the time resolution o
7-6
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FIG. 2. Simulations demonstrating the influence of theIW•JW interaction on a LEMS curve for the69mGe@ I p59/21, m521.0011(32) nm,

t54.05(7) ms] isomer. The solid line represents the LEMS curve, the dashed line theIW•JW decoupling curve and the dotted line th

combined LEMS1 IW•JW decoupling curve. In~a! typical values for the quadrupole interaction frequencynQ , the IW•JW interaction frequency

n IJ and the atomic spinJ have been taken. The influence of theIW•JW interaction on the LEMS curve is negligible. In~b! the IW•JW interaction
frequencyn IJ and the atomic spinJ take typical values, but the amplitude of the LEMS curve is reduced, because only 15% of the
are interacting with an EFG. Physically this can be a case when the Ge atoms are implanted in a cubic lattice and a part of them int

a defect-associated EFG. In~c! the IW•JW interaction has been taken to be exceptionally strong compared to the quadrupole interaction
influence on the LEMS curve is clearly present.
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Ge detector is typically 10 to 20 ns. Therefore, the impro
ment of the peak to background ratio using the recoil-shad
configuration, i.e., separating target and host and shield
the detectors from the target, has been investigated. An
periment using thenatFe(16O,2pn)69Ge reaction with a beam
energy of 65 MeV has been performed. The target thickn
of 1.57 mg/cm2 allowed all 69mGe@ I p59/21, t54.05(7)
ms! recoils to reach the Pt host. Figure 3 shows that impro
ment of the peak to background ratio of the 398 keVM2
transition can go as high as a factor of 5 using the rec
shadow geometry@24#.

B. The influence of theI¢"J¢ interaction on a LEMS curve

1. The influence on the anisotropy due to a combined magnet
dipole¿I¢"J¢ interaction

Several experiments using thenatFe(16O,2pn)69Ge reac-
tion with a beam energy of 65 MeV have been performed
the CYCLONE cyclotron in Louvain-la-Neuve, Belgium
The target thickness of 1.57 mg/cm2 is thin enough to re-
03431
-
w
g
x-

ss

-

l-

t

lease all recoils. The recoil energy is 15 MeV, but because
the energy loss in the target, the average energy with wh
the nuclei leave the target isE059 MeV and the energy
spread has been taken assE55 MeV ~TRIM @20# calcula-
tions!. In a first experiment, the Ge isomers have be
stopped in a 1.78 mg/cm2 thick Ni host at a distance of 6 cm
from the natFe target. A 50mm thick Ta foil served as a
beam stopper. The combination of a thin Ni foil1 high-Z
beam stopper has been chosen in order to decrease the
tions with the Ni. The Ni foil has been heated up to 450 °C
reach its paramagnetic phase. Since Ni is cubic, no EFG
thus no quadrupole interaction is present unless defects
trapped by the probe nuclei. An experiment applying t
direct production in a thick Ni foil, using the
natNi( 12C,2pn)69Ge reaction, proves that indeed no defe
are created. This is shown by the analysis of the 398 keVM2
transition which does not show a change in the anisotrop
a function of B@Fig. 4~a!#. So if a change in the anisotropy i
observed in the recoil-distance experiment, it is entirely d
to theIW•JW interaction during the recoil time of the69Ge ions.
7-7
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Notice that the recoil time is only about 10 ns, which is mu
shorter than the isomeric lifetime of 4ms.

The IW•JW decoupling curve for the69Ge(I 59/2) isomers
with a recoil velocityv rec51.7%c is shown in Fig. 4~b!. The
fit results in n IJ /mJ50.2520.04

10.06 GHz/mB and J52.7(2)
wheremB is the Bohr magneton. For comparison we ment
that at a recoil velocity ofv rec51.8%c J takes values ofJ
53 for the 54Fe ions,J53.5 to 4.5 for the107Cd ions and
J55(1) for the 144Gd ions@22#. An estimate of the atomic
magnetic moment can be made using the relationshipmW J

52gJJWmB /\ with the Lande´ g factor as a good approxima
tion for the atomic gyromagnetic ratiogJ @27#. The Lande´ g
factor is either 1 when the atomic intrinsic spin isS50, or 2
when the atomic orbital angular momentum isL50. The
large total atomic angular momentumJ52.7(2) indicates
that a considerable amount of orbital angular moment
must be involved. Indeed the total atomic angular mom
tum averaged over the Hund ground states yields only
@11#. Therefore excited atomic states, where, e.g., severd
electrons couple to high orbital momentum levels, must
present. This results in an approximate value ofgJ51. This
value is also confirmed by the general relationship

L12S

L1S
>g>

L22S11

L2S11
~20!

which is valid forL>S @27#. Combining the fit results with
the value obtained forgJ results in an atomic hyperfine fiel
Bhf of 10802175

1270 T. The difference with the results publishe
in Ref. @25# is due to the fact that there the Lande´ g factor
has been taken equal to 2.

2. The influence on the anisotropy due to the combined I¢"J¢

¿magnetic dipole¿electric quadrupole interaction

In order to verify experimentally the combined LEM
1IW•JW interaction two experiments with the69Ge atomic nu-

FIG. 3. Improvement of the peak to background ratio in a sp
trum taken in a recoil-shadow configuration for th
natFe(16O,2pn)69Ge reaction. The peak originating from th
69Ge(I 59/2) isomer, is marked with a plus, the Coulex peaks on
with an asterisk. For spectrum~b!, no means to reduce the bac
ground radiation have been used. Spectrum~a! is taken in the
recoil-shadow configuration. The number of counts of spectrum~b!
is divided by a factor of 5 in order to make the background levels
spectrum~a! and ~b! coincide.
03431
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-
.9

e

clei recoiling into a Pt host have been performed. In a fi
experiment thenatFe was evaporated on the Pt, while in
second one the Fe foil was placed at a recoil-distance o
cm. Pt is cubic but other experiments@26# have shown that
defects are easily created in this host resulting in a def
associated EFG. At zero recoil-distance a combined m
netic dipole1 electric quadrupole interaction takes plac
From the amplitude of the LEMS curve one can determ
that 55~7!% of the Ge nuclei end up in a defect-associa
site. 24~5!% of the Ge isomers are interacting with a smal
EFG @nQ1

56.4(1.5) MHz#, while 31~5!% with a larger one

@nQ2
518(2) MHz#. Figure 5 shows that the curve for a 6 cm

recoil-distance has a larger amplitude which is caused by
extra lowering in the anisotropy due to theIW•JW interaction. In
a first fit the IW•JW interaction was not taken into account
order to verify the influence of theIW•JW interaction on the
quadrupole interaction frequencies. The same quadru
frequencies, within the error bar, have been found~Table I!.
Only the fractions of the nuclei submitted to an EFG diffe
since they are directly connected to the amplitude of
LEMS curve. In a second fit both the LEMS interaction a
the IW•JW interaction have been taken into account. TheIW•JW fit
parameters have been fixed by the experiment with the
host and the quadrupole frequencies by the experiment
zero recoil distance. As a result also the fractions agree

-

t

f

FIG. 4. ~a! LEMS curve for the69Ge(I 59/2) isomer in Ni at
450 °C using a direct production in the Ni. No change of the s
orientation is measured, as a function of the externally applied m
netic field, proving that no defect-associated electric field gradie

in the Ni are present.~b! IW•JW decoupling curve for the69Ge@ I
59/2, t54.05(7) ms# isomers recoiling out anatFe foil with a
velocity of 1.7%c and stopped in a Ni foil heated up to 450 °C af
a 9 ns flight time. The ration IJ /mJ50.250.04

10.06 GHz/mB with n IJ

5(\/2p)a andmJ5gJJmB corresponds for the approximate valu
of gJ51 with an atomic magnetic hyperfine field of 10802175

1270 T.
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the theoretical curve is in better agreement with the exp
mental data. The improvement inx2 is 10%.

IV. CONCLUSION

Since the LEMS technique is applied to measure quad
pole moments of high-spin isomers, the atomic spinJ is usu-
ally small compared to the nuclear spinI. Therefore the loss

FIG. 5. ~a! LEMS curves for the69Ge(I 59/2) isomer in Pt

using zero and 6 cm recoil distances. NoIW•JW interaction has been
taken into account to fit the data. The fit results can be found

Table I. ~b! Combined LEMS1 IW•JW fit for the 6 cm recoil distance
me

um

.
ie

n

.
il

us
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of orientation due to theIW•JW interaction is small compared t
the loss of orientation due to the quadrupole interaction, e
when large magnetic hyperfine fields created by the ato
electrons are present at the position of the nucleus. Inde
is proven by the experiments on Ge~Pt! and the simulations
that the influence of theIW•JW coupling on the fit results for the
quadrupole frequencies, derived from a LEMS curve, is n
ligible. Even when this is not the case, a LEMS measurem
in combination with the recoil-shadow geometry can be
plied, because a combined LEMS1 IW•JW fit produces the
correct quadrupole frequencies. Moreover theIW•JW fit param-
eters~the atomic spinJ and the hyperfine fieldBhf) can be
determined in an additional experiment where the nucle
interest recoil substitutionally into a cubic host.
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TABLE I. Fit results for the69Ge(I 59/2) isomer in Pt with a
zero and a 6 cmrecoil distance. For a zero recoil distance only t
pure LEMS interaction takes place. For a 6 cmrecoil distance also

the IW•JW interaction is present, which has been taken into accoun
~b!, but not in~a!.

d nQ1

~MHz!

nQ2

~MHz!

f 1 f 2 n IJ

~GHz!
J

0 6.4~1.5! 18~2! 0.24~5! 0.31~5!

6 cm ~a! 5.0~0.8! 17~4! 0.50~8! 0.40~5! not in fit not in fit
6 cm ~b! 6.4 18 0.24~5! 0.31~5! 0.68 2.7
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