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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 sﬁiand the atomic spiﬁ 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 technigi®S), used to measure nuclear
guadrupole 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 Iith& interaction and its influence on a LEMS
measurement performed in a recoil-shadow geometry. The formalism is used to describe experimental data for
the "G 1 "=9/2", 7=4.05(7 s, u=—1.0011(32) nmisomers recoiling out of 42Fe target into a Ni and
a Pt host.

PACS numbds): 23.20.En, 21.10.Ky, 27.58., 31.30.Gs

[. INTRODUCTION this point, fusion-evaporation reactions are used to produce
the isomers of interest. The use of the recoil-shadow configu-
Measured quadrupole moments provide direct informaration will reduce the prompt background radiation coming
tion on the deformation of the nucleus and therefore providdérom the target to allow the measurement of weakly popu-
a stringent test for nuclear calculations. Especially for nuclelated isomers. A complicating factor for the application of
having extreme characteristics, i.e., nuclei with high isospirthe recoil-shadow technique is that in most of the c&sss-
or high spin, it is interesting to test experimentally the valid-ally for the energies of the fusion-evaporation reactions of
ity of these models. The family of level mixing techniques interesj the recoiling nuclei are not fully stripped. Thus
has proven to be a very powerful tool for measuring quadruthere is a loss in the nuclear spin orientation due to the in-

pole moments of a wide variety of nuclei. While recently theteraction between the randomly oriented atomic spiand
level mixing resonanceLMR) techmque[l] has_been €X the nuclear spirf during the flight through the vacuum. As
tended for quadrupole moment studiesfotiecaying nuclei o o rientation will be restored by applying a sufficiently
with high isospin[2-9], its variant level mixing Spectros- ;40 magnetic field in the direction of the initial orientation
CODV(LEM_S) IS suna_ble_ for measuring quadrupole momentsaxis, a change in the anisotropy as a function of the magnetic
of y-decaying nuclei with high spif6—9]. field strength will be measured. This means that the influence

Similar to all level mixing techniques, LEMS is based on fthel.J i . h . fth .
the change of the anisotropy of the emitted radiation as &f the!-J interaction on the anisotropy of the radiation, as a

function of the magnetic field strength due to a combinedunction of the magnetic field strength, should be investi-
magnetic dipole and electric quadrupole interaction. Thedated in order to ensure a correct quadrupole moment deter-
electric field gradientEFGQ) is provided by the internal crys-  mination. . _ _

talline fields after in-beam implantation of the reaction resi- Section Il contains a theoretical study of the influence of
dues in a suitable host. The magnetic field is provided by dhe combinedl-J + magnetic dipole interaction and the
superconducting magnet. In this paper we will add a thirdcombinedi-J + magnetic dipole+ electric quadrupole in-
interaction. This interaction is due to the coupling of theteraction on the anisotropy of the radiation. Experimental
nuclear spiri and the atomic spid during the flight through  results on the known®Gd17=9/2",7=4.05(7)us, u
vacuum of the isomers of interest. This extension allows the= —1.0011(32) nmQ=1.0(2)eb [10]] isomers recoiling
use of the recoil-shadow configuration, i.e., separating targeh a Ni host and a Pt host, respectively, will be presented in
and host and shielding the detectors from the target, to imSec. lll. In addition to testing experimentally the improve-
prove the peak to background ratio in a LEMS experimentment of the peak to background ratio in a recoil-shadow
This increases the applicability of the LEMS technique. Atgeometry and the applicability of the LEMS technique in
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combination with the recoil-shadow configuration, these ex- Hg=—wglz, )
periments also reveal information on the magnetic hyperfine

field, caused by the atomic_ electrons at the position of th‘\’vvherewB=g,uNBO/ﬁ is the magnetic interaction frequency.
nucleusBy, and the atomic structure of th€Ge atoms o g axially symmetric electric field gradient, the Hamil-
recoiling out of an Fe target with an average velocity Ofionian of the quadrupole interaction can be written in the

v/c=1.7%, which will be discussed elsewhefil]. principle axis systenfPAS) of the EFG
IIl. THE INFLUENCE OF THE [-J INTERACTION H :E(SIZ—IZ) )
ON THE LEMS TECHNIQUE QU p V2 ’

The principles of the LEMS technique have been exten-Where wo=eQV,,/h41(21~1) is the electric quadrupole

sively treated in Ref[6], while the formalism of thel-J  fequency andQ is the spectroscopic quadrupole moment.
interaction is discussed in Ref§l2-13. Here we will  TransformingH, from the PAS to the lab system and com-
briefly review the main features relevant for including the ining poth interactions results in the following nonvanish-

I-J interaction in the LEMS formalism. ing elements for the LEMS HamiltoniaH, gys [16]:
: 1
A. Tt.1e LEMS technl.que . . (M| Hemgl M) = —ﬁme-i-ﬁwQE(S cogB—1)
In the LEMS technique the electric quadrupole interaction
is studied by submitting the isomers of interest to a com- X[3m?—=1(1+1)], ®)

bined electric quadrupole and magnetic dipole interaction

which are misaligned with an ang|g. In the axis system 3 )
with the Z-axis parallel to the magnetic field directidab (M[Hiems|m—1)=~ 5hwqcospsin(1-2m)
system, the Hamiltonian of the magnetic interaction can be
written as X N(I—=m+21)(1+m), (4)
|
3 .
(m|H emslm—2) = 77190 sitBV(I+m—1)(I +m)(I—m+1)(I —m+2). (5)

The nondiagonal elements involve a mixing of the popula- n o
tions of the differentn states and are thus responsible for the BR(1.)= > Gy (I, Higws B, (t=0). 0
change of the orientation of the nuclear ensemble. They are Kn’
only present when the misalignment angediffers from .
zero. When polycrystals are used the solution of the timeThe GEE,(I ,Hiems,t) are the perturbation factors that con-
evolution equation has to be integrated over all possibleain the influence of the Hamiltonian on the orientation of the
anglesp. levels, as described by the density mapikl2]. The pertur-
The influence of the perturbation, governedMiy:us, on  bation factor can be calculated explicitly by solving the von
an isomeric state, can be studied by observing the subsequa&umann equatioi: (dp, gms/dt) =[ H ews.p] from which
radiation of this state. The perturbed angular distribution ofthe time evolution of the density matrixL7] is deduced,
the radiation is given by12] using the eigenstates 6{, gys. Via the direct relationship
between the orientation tensd8§(l,t) and the density ma-
trix elementsm/ | p_ems(t)|m;) [17], the perturbation factors
can be calculated explicitly as

1
W(6,¢,0)= Va7 >, G AUEKILOY 04,
©) GEE’,(I’HLEMSrt): Vv2k+1+2k'+1 E (=1)M~

my NN/
with A, being the radiation parameters of the observed tran- I Ik
sitions, U, describing the loss of orientation due to nonde- X /
. n . ) ) -m m/ n
tected preceding rays,B,(l,t) being the orientation tensors
at time t and Y{(6,¢) being the spherical harmonics in I I k'’ )
which # and ¢ describe the detection directions. The orien- X o owl e 'nvi(my[N)
’ |
tation parameters are related to the initial orientaBj}n(t , )
—0) by[12] XENJ s )M [NT)* (N[ )*, )
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with wyn = (En—Ene)/f. Ey and|N) are the eigenvalues restored by applying a sufficiently high magnetic field paral-

and eigenvectors df{ gys. Further the LEMS perturbation lel to the nuclear orientation axis so that both the atomic and

factor will be noted as nuclear spins perform a Larmor precession around this mag-
netic field[12—-15. As the Bohr magneton is about 2000

' LEMS — i EMS times larger than the nuclear magneton, the decoupling oc-
GEEI(IIHLEMSIt)ZZ (fNN’ )kk/e lonNN t. (9)

= curs when(u; - B) is larger thar(al - J). The Hamiltonian of
the interaction is given bj12]
The GEE,’(n’#O) terms are 0 because of the axial symmetry HIJ:ar.jJr ,&J. E§—ﬁ| B, (12)

of the orientation of the compound nuclei produced in a
fusion-evaporation reaction. If the EFG is provided by a
polycrystal, only thchk)g, terms need to be taken into ac-
count. This is because of the axial symmetry of all interac
tions with respect to the symmetry axis of the initial orien- 4jactrons. So, ifu, is known, By, can be deduced from the
tation. , value ofa and vice versa.

As LEMS measurements are time-averaged measure- ¢ can e shown that the nuclear density matrix elements

ments, a time integration, includingea " weight to incor- of the two-spin system can be written [ds]

porate the nuclear lifetime of the isomer, has to be made

with a= u,(By«(0))/13%2 being the coupling constang,
the nuclear magnetic momer]i,J the electronic magnetic
‘moment, andBy; the hyperfine field induced by the atomic

© - (milpy(Im{)= > (mmylpy5(t)|m/my), (12
fo G (I, Hiews e~V dt m,

G:E (I Higms 7) = o . with p, the density matrix describing the nuclear spin system
f e Vdt and p,; the density matrix describing the total ensemble of
nuclear and atomic spins. Further note, since the nuclear spin
system and the atomic spin system are not coupled=&t
(the moment of the recoil out of the targethe following
relationship holds:

0
(10

The result for the anisotropy of the radiation as a func-
tion of the magnetic field is a decoupling curve, which can

be explained in a handwaving way as follows. After produc- (mym;y| p5(t=0)|m/ m})
tion and orientation the isomers of interest are caught in a
suitable host where they are submitted to a combined electric =(my|p,(t=0)[m/){my|p,(t=0)[my), (13

qguadrupole and magnetic dipole interaction. The magnetic
field is oriented parallel to the beam axis, i.e., the symmetryVith p; the density matrix describing the atomic spin system.
axis of the initial orientation. At zero magnetic field only the Using the relationship$12) and (13), the rJ perturbation
quadrupole interaction is present and the initial orientatiorfactor can be calculated in a similar way as the LEMS per-
and anisotropy is decreased to the hard-core value. At higturbation factor
magnetic fieldseveral 7, the electric quadrupole interac-

tion is negligible compared to the Larmor precession of the GO (1,3, H,y 1) = VZk+1y2k'+1 D
isomeric spins aroun@. As the precession axis coincides ke T 2J+1 my My ey NN

with the initial orientation axis, the initial anisotropy is mea-
sured. At intermediate fields there is a competition between Mg ' Ik
the quadrupole and the magnetic interaction and a smooth X(=1) -m m O
change from the hardcore anisotropy to the initial full anisot-

ropy takes place. This part of the LEMS curve is sensitive to | Ik’

—iopnn't

the ratio of the quadrupole interaction frequenay, X —u O)e NNy m; | N

=eQV,,/h to the magnetic moment of the isomer. So, if

the magnetic moment is known, the quadrupole interaction X(N g pag) g NY* (N’ [mimy)*,

frequency can be deduced. (14)
B. The combined magnetic+ I-J interaction with ey =(En—En:)/h and Ey and [N) the eigenvalues

- i - and eigenvectors df,;. Further thel - J perturbation factor
In free atoms the nuclear spinand the atomic spid will be noted as

interact with each other, coupling to a total angular momen-
tum F, around which both andJ precess. This means that
during the flight through the vacuurfwhen the recoiling
atoms are freg nonfully stripped nuclei will be submitted to
this I'- J-coupling interaction. As the atomic spin is randomly Only the Gy, terms need to be taken into account, since all
oriented, the net result of the precession is a lowering of thénteractions are axially symmetric with respect to the sym-
orientation of the nuclear ensemble. The orientation can benetry axis of the initial orientation.

RN
G(k)g’(l"J'HlJvt):E (f:\]]N,)kkre_leN’t_ (15
NN’
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The main difference with Refd.14,15 is the way in  the average flight time and
which the time integration of the perturbation factor is per-
formed. In Refs[14,15 it is assumed that all nuclei decay in
flight. In our formalism we also consider the case when the m 1
nuclei survive the flight and decay in a cubic héstibic to or= 5JE?d_TO
exclude the quadrupole interaction, which, if present, also 0~ JE
influences the anisotropy of the radiation, see Secs. Il A and

I1C). During the time interva[0,T], with T the fl'gbt M€ " the standard deviation. Hedds the recoil distance on which
(of order 10 ns for a recoil-distance of 6 gnthe | - J inter-  the flight timeT, and the standard deviatian; depend lin-
action will perturb the orientation. S)rlce the nuclei reach theagyly. E, is the average energy with which the nuclei leave
host the orientation is kept, since the] is only active when the target, i.e., the recoil energy minus the loss of energy due
the atom is fregapart from some exceptional cases whereto the travel of the nucleus through the target is the
thel-J interaction is also active in insulatds2,19). In the ~ spread in energy with which the atoms leave the target. This
time integration of the-J perturbation factor, not only a SPread in energy, and as a consequence the spread in flight
weighte™ V" to incorporate the lifetime is taken into account, time, is mainly caused due to the fact t'hat the nuclei are
but also a Gaussian weight over the flight time p_roduced th_roughout the whole target thickness and _foIIo_w
(T-Too? i d!fferent trajectories before_ leaving the target, resulting in
e T, with different energy losses, which can, e.g., be demonstrated by

=1 TRIM [20] calculations.
To= \ﬁ—d The following expression for the time integrated) per-
2 \/E—o turbation factor is obtained:

” T ”
fo e—<T—To>2’<’3( fo e 7GRy (1,3, )+ Gy (1,0, 7,5, T) fT e‘t”)dth
Gy (1,3, Hy3,7,Tg) =

(16)

fwe—(T—TO)Z/aijwe—t/Tdth
0 0

The integrals can be calculated in an analytical way, resultysually the last two terms are negligible: for sma;l:[fN,T

ing In they cancel each other, for largg),,  the exponentials go
to 0. This means that in most of the cases the expression
1 reduces to the ﬂ.1+(w:\fN,r)2] term, i.e., the term which is
obtained by assuming all nuclei decay in flight, which is the
result considered in Refs.[13-15. However the
R LN GX(1,3,H,5,7,To) perturbation factors should go to 1 and
e Tol7 (oFl4r )[(wNN,T) 1] 00 , )
+ the G,,,(1,J,H,;,7,Tg), k#k' perturbation factors to 0
1+(wa,\,,7)2 when the interaction time approaches 0. The interaction time
is equal to the lifetime of the nucleus or the flight time,
. a%w:jN, depending on which of them is the shortest. It is clear from
—co§ —ony Tot — expression(17) that for a zero flight timgboth T, and o¢
going to 0 this condition is only fulfilled when the last two
2 1 H terms are present. So they are necessary in the case when a

GO (1,3, Hyy 7 To) =2 (Fan kel ——15——
kk T NN 1+(w|l\‘l]N’T)2

X

ITENN short flight time reduces the interaction time too much to
27 reach the hard core value for the anisotropy.

Note that in reality not the flight time distribution, but the

energy distribution is a Gaussian, resulting in a

(md2/T3)e*"+4(1”2*1”3)2dT distribution function for the
}_ flight time T. Here o} is defined asym/2(1/\/og)d. The

1J . 1J
- wNN,TSIH( —ogy Tot

1J

2_
NN

+ e Tolm (o5 (w

X

0'2(0”
1] TYNN’
CO{ _wNN’T0+ T)

latter distribution function results in a summation of integrals
which have to be calculated in a numerical way. We prefer to
(17) mention the Gaussian approach in this paper, because its
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FIG. 1. Simulations of the change in the anisotropy as a function of the magnetic field due to the canﬁined”nagnetic dipole
interaction for the®Ge(I™=9/2",7=4 us, u=—1.0011(32) nm isomer. In(a) the atomic spind has been varied, irth) the i

interaction frequency,;=(A#/2m)a has been varied.

analytical solution has a direct physical interpretation. Onlyl

1. Intuitively it is clear that a large atomic spihcompared to

when the flight time is too short to reach the hardcore valughe nuclear spid will disturb the nuclear orientation a lot
for the anisotropy, the results obtained by using the Gaussiamore, than a smaller orfd3].

approximation forT differ up to 15% from the correct ones.
In all other cases the difference is negligible. In addition it is
straightforward that the calculation time will be a lot longer
when numerical calculations for the integrals are needed.
Simulations of the anisotropy as a function of the mag-
netic field for the combined magneﬂcfﬁ interaction are
shown in Fig. 1 for the®®Gd17™=9/2",7=4.05(7) us, u
=-1.0011(32) nrhisomer. Figure (b) shows that the -J
interaction frequencyv,;=(#/2w)a influences the decou-
pling value of the curve. The largef;, and thus the inter-

action between the atomic electrons and the nucleus, th

C. The LEMS formalism including the I-J interaction

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

EFG is present in the host, consecutively the combinel

+ magnetic dipole interactiofduring recoi) and the com-
bined electric quadrupole: magnetic dipole interactiotaf-
ter implantation take place. The change of the orientation
during the time interva] 0,T] is taken into account by the

-

Iéj perturbation factmGEE,(l,J,H,J ,t) and the change in

larger the decoupling field. This can also be understood fronhe time interval[T,>] by the LEMS perturbation factor

the condition(x;-B)>(al-J). Figure 1a) shows that the
amplitude of the curve depends on the atomic shimore
precisely on the ratio of the atomic spirio the nuclear spin

‘ T
fwe—(T—TO)Z/,%f
0 0

e

GEEI(I,HLEMS,t). The time integration, again including a
weighte™ Y7 to incorporate the nuclear lifetime and a Gauss-
ian weight for the flight time, results in

*'[/TGOO

kkl(l 1J1H|J !t)dth

Gew (1,3, Hi3+ Higus 7. To) =

J Te(T-To)
0

>

- (T-To¥e2 0
Joe( 0) ‘TTGk

oo

)

IoTdT | e Vndt

1,9, Hy5,T) JT e V"G (I, Higws, t)dtd T
(18

+

Again an analytical solution is obtained:

03431
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1J
1+ e—To/T— 012—/472[(10NN,7)2— 1]

Ggg’(l "]’H|J+HLEM81T!TO): E (fll\fN’)kk'Tz
NN’ 1+ (ogy )

O'ZwIJ
1J . 1J NN’
_ wNN,TS|n( — wNN'TO+T) :H

1 2, 2., 13 LEMS, .o

N LEMS - . _

+2 E E (fNN’)k|(fMM’)|k’TSZe Tol7—o5/AT {[(wNN,erMM,S)T] 1}
I NN’ MM’ 1+ (oyy: 7)

Uz(le +wLEMS)
NN’ MM’ .
X COS{ —(w:\fN, + wk,lE,\'x,S)TO—i- 5 + kaE,\'X,STSIH( — (a)INJN, + kaE,&A,S)TO
2, 13 LEMS
o (o T oyu)
(19
27

We restrict ourselves to the_, terms, because in a LEMS the - J interaction(Sec. Il B). To decouple the quadrupole
experiment usually a polycrystal is providing the EF&3. In interaction very often magnetic fields of several T are neces-
this case all interactions are axially symmetric with respecsary, depending on the nuclear deformation and the magnetic
to the initial orientation axis. If a single crystal is used, themoment of the isomer of interest. Only in the case of a re-
GEEf(”gﬁo) terms need to be considergsl. QUced L_EMS_amplltude, e.g., when th(_e nuclei are implanted
If no quadrupole interaction takes place, the expresln acgb|c latttice qnd only part of them Interact with a defect-

. 00 associated EF@Fig. 2(b)], or in the exceptional case that the
sng(? for Gy (1.3, Hig+Hiems, 7. To)  reduces 10 the  j4qmic spingis comparable to the nuclear sgimnd a large
Gyw (1,J.H,5,7,To) perturbation factor. This is also the case hyperfine field is presentl €9/2, J=7/2, and v,;=1.25
when all nuclei decay in flightT,> 7). When no recoil dis-  GHz) [Fig. 2(c)], thel-J interaction has an important influ-
tance is presentTp=or=0) the expression reduces to the ence on the LEMS curve, as is demonstrated in Figs) 2
G, (I, Hiems,7) perturbation factor. If nd-J interaction ~ and Zc).
takes place during the flight through the vacuum, e.g., be-
cause the recoiling ions are fully stripped or are in an atomic

noble-gas-like configuratiof21—23, the pure LEMS pertur- Hll. EXPERIMENTAL RESULTS

bation factor is not immediately obtained. If part of the nu- A. The improvement of the peak to background ratio
clei does not reach the hosT{ comparable to or smaller in a recoil-shadow configuration
than the nuclear lifetimer), the LEMS amplitude will be Since LEMS is a decoupling technique, large homog-

reduced. Only when all nuclei reach the host(To), the  enous fields(order of several T are needed at the target
hardcore value of the anisotropy due to the combined electrigosition. Therefore the number of holes in the split-coil su-
quadrupole+ magnetic dipole interaction will be reached. perconducting magnet and thus the number of detector posi-
Figure 2 shows some simulations of a LEMS curve, ations is limited, so that the usual means to clean the spectra,
combined magnetic dipole- I-J interaction, and a com- €.g., measuring coincidence spectra, cannot be applied due to
bined i -J interaction+ magnetic dipole+ electric quadru- the low counting rates. Also the use of anti-Compton shields
pole interaction, respectively, for tH8™Ge(I"=9/2") iso- IS not straightforward for the simple reason that the photo-
mer, leaving the target with an energy and an energy spreddfPes do not work in the stray magnetic field, which can go
typical for a fusion-evaporation reactiof,=9 MeV and  8S high as 1 T. Substantial technical development would be
oe=5 MeV. When the atomic spid is small compared to needed for this case. At t_hl_s po[nt, the only way to reduce the
the nuclear spif, resulting in an amplitude of the J curve ~ PTOMPt background radiation is by pulsing the beam and

. . measuring during the beam-off period only. However, this
which is smaller than the amplitude of the LEMS curve, andmethod is most powerful when one has beam pulsing with a

the magnetic field necessary to decouplelthé interaction  period of the order of the lifetime of the isomer of interest.
is smaller than the magnetic field necessary to decouple thegr short lifetimes(lower than 300 nsthe external high
quadrupole interaction, the influence of thel interaction voltages needed to pulse the cyclotron beam cannot be
on the LEMS curve is negligiblgFig. 2(a)]. These two con-  switched on and off fast enough with the present technology.
ditions are usually fulfilled: the LEMS technique is espe-This problem is solved by using the HF signal of the cyclo-
cially designed to measure quadrupole moments of high-spitron itself, but the technique loses much of its efficiency this
isomers(up tol =40) and even for a large hyperfine field of way, because the typical time between the beam bursts is
10® T, a magnetic field of only 0.8 T is sufficient to decouple only 50 to 80 ns in this case, while the time resolution of a

034317-6



PRESERVATION OF ORIENTATION OF FUSION .. PHYSICAL REVIEW C 62 034317
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FIG. 2. Simulations demonstrating the influence of thé interaction on a LEMS curve for th®"Ge[ | "= 9/2", pu=—1.0011(32) nm,
7=4.05(7) ps] isomer. The solid line represents the LEMS curve, the dashed Iin@ﬁ}(&iecoupling curve and the dotted line the
combined LEMS+ I-J decoupling curve. Irfa) typical values for the quadrupole interaction frequemgy the I J interaction frequency

v; and the atomic spid have been taken. The influence of the interaction on the LEMS curve is negligible. (b) the I J interaction
frequencyy,; and the atomic spid take typical values, but the amplitude of the LEMS curve is reduced, because only 15% of the nuclei
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 interact with

a defect-associated EFG. () the I - J interaction has been taken to be exceptionally strong compared to the quadrupole interaction and its

influence on the LEMS curve is clearly present.

Ge detector is typically 10 to 20 ns. Therefore, the improvedease all recoils. The recoil energy is 15 MeV, but because of
ment of the peak to background ratio using the recoil-shadowhe energy loss in the target, the average energy with which
configuration, i.e., separating target and host and shieldinghe nuclei leave the target B,=9 MeV and the energy

the detectors from the target, has been investigated. An expread has been taken ag=5 MeV (TRIM [20] calcula-
periment using thé?'Fe(°0,2pn) **Ge reaction with a beam tions). In a first experiment, the Ge isomers have been
energy of 65 MeV has been performed. The target thicknesstopped in a 1.78 mg/chthick Ni host at a distance of 6 cm

of 1.57 mg/cm allowed all ®*"Gg|"=9/2", r=4.05(7) from the "Fe target. A 50um thick Ta foil served as a

) recoils to reach the Pt host. Figure 3 shows that improvepeam stopper. The combination of a thin Ni feil high-Z

ment of the peak to background ratio of the 398 K\2 ~ beam stopper has been chosen in order to decrease the reac-

transition can go as high as a factor of 5 using the recoiltions with the Ni. The Ni foil has been heated up to 450 °C to
reach its paramagnetic phase. Since Ni is cubic, no EFG and

shadow geometrj24].
thus no quadrupole interaction is present unless defects are
trapped by the probe nuclei. An experiment applying the
foil, using the

B. The influence of thei-J interaction on a LEMS curve
direct production in a thick Ni

1. The influence on the anisotropy due to a combined magnetic natNi(12C 20n) 69Ge reaction proves that indeed no defects
dipolet!-J interaction are created. This is shown by the analysis of the 398 &V

Several experiments using tH@'Fe(*0,2pn)%°Ge reac- transition which does not show a change in the anisotropy as

tion with a beam energy of 65 MeV have been performed ag function of B[Fig. 4@]. So if a change in the anisotropy is
the CYCLONE cyclotron in Louvain-la-Neuve, Belgium. observed in the recoil-distance experiment, it is entirely due

The target thickness of 1.57 mg/@ris thin enough to re- to thel -J interaction during the recoil time of thi&Ge ions.
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FIG. 3. Improvement of the peak to background ratio in a spec-
trum taken in a recoil-shadow configuration for the

Anisotropy
®

natFe(%0,2pn)%Ge reaction. The peak originating from the 1.3
89Ge(l =9/2) isomer, is marked with a plus, the Coulex peaks on Pt
with an asterisk. For spectrufib), no means to reduce the back- 1.2 recoil-distance implantation

ground radiation have been used. Spectr(@nis taken in the
recoil-shadow configuration. The number of counts of spectitym
is divided by a factor of 5 in order to make the background levels of ‘ . ‘ . }
spectrum(a) and (b) coincide. 0.0 0.5 1.0 1.5 2.0
B[T]

Notice that the recoil time is only about 10 ns, which is much FIG. 4. (a) LEMS curve for the®®Ge(l = 9/2) isomer in Ni at

shorter }h?n the |sqmer|c lifetime of Ms. ) 450 °C using a direct production in the Ni. No change of the spin
The I-J decoupling curve for thé°Ge(I=9/2) isomers  grientation is measured, as a function of the externally applied mag-
with a recoil velocityv = 1.7%c is shown in Fig. 40). The netic field, proving that no defect-associated electric field gradients
fit results in v;/u;=0.25"003 GHZ/ug and J=2.7(2)  in the Ni are present(b) I-J decoupling curve for theé*G[|
wherepug is the Bohr magneton. For comparison we mention=9/2, r=4.05(7) us] isomers recoiling out &%Fe foil with a
that at a recoil velocity of .= 1.8%c J takes values of velocity of 1.7%c and stopped in a Ni foil heated up to 450 °C after
=3 for the **Fe ions,J=3.5 to 4.5 for the'%’Cd ions and a 9 ns flight time. The ratio,; /1;=0.25 %% GHz/ug with v,
J=5(1) for the 1*Gd ions[22]. An estimate of the atomic = (#/2m)a and u;=g,Jug corresponds for the approximate value

- _ . . . . . 0
magnetic moment can be made using the relationghjp of g,=1 with an atomic magnetic hyperfine field of 10gg2 T.

= —gjj,uB/ﬁ with the Landeg factor as a good approxima-

tion for the atomic gyromagnetic ratigp, [27]. The Landeg clei recoiling into a Pt host have been performed. In a first
factor is either 1 when the atomic intrinsic spinds-0, or 2 experiment the"*Fe was evaporated on the Pt, while in a
when the atomic orbital angular momentumlis=0. The second one the Fe foil was placed at a recoil-distance of 6
large total atomic angular momentud2.7(2) indicates Ccm. Ptis cubic but other experimer{6] have shown that
that a considerable amount of orbital angular momentunglefects are easily created in this host resulting in a defect-
must be involved. Indeed the total atomic angular momenassociated EFG. At zero recoil-distance a combined mag-
tum averaged over the Hund ground states yields only 0.9€tic dipole + electric quadrupole interaction takes place.
[11]. Therefore excited atomic states, where, e.g., sevkeral From the amplitude of the LEMS curve one can determine
electrons couple to high orbital momentum levels, must bdhat 587)% of the Ge nuclei end up in a defect-associated
present_ This results in an approximate Va|u@p;f: 1. This site. 245)% of the Ge isomers are interacting with a smaller

value is also confirmed by the general relationship EFG[vq,=6.4(1.5) MHZ, while 31(5)% with a larger one
[vQ2= 18(2) MHz]. Figure 5 shows that the curverfa 6 cm
L+ 232g2 L—2S+1 (20) recoil-distance has a larger amplitude which is caused by an
L+S L-S+1

extra lowering in the anisotropy due to theJ interaction. In
a first fit thel-J interaction was not taken into account in

order to verify the influence of thé-J interaction on the
quadrupole interaction frequencies. The same quadrupole
frequencies, within the error bar, have been fo(hdble ).

Only the fractions of the nuclei submitted to an EFG differ,
since they are directly connected to the amplitude of the
LEMS curve. In a second fit both the LEMS interaction and

theI'-J interaction have been taken into account. Thé fit
) ) ) parameters have been fixed by the experiment with the Ni
In order to verify experimentally the combined LEMS host and the quadrupole frequencies by the experiment with

-

+1-J interaction two experiments with th¥Ge atomic nu-  zero recoil distance. As a result also the fractions agree and

which is valid forL=S [27]. Combining the fit results with
the value obtained fag; results in an atomic hyperfine field
By, of 10807272 T. The difference with the results published
in Ref.[25] is due to the fact that there the Langddactor
has been taken equal to 2.

2. The influence on the anisotropy due to the combinedi |
+magnetic dipoleelectric quadrupole interaction
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TABLE |I. Fit results for the5Ge(l = 9/2) isomer in Pt with a

L) — ORI .
§ 0701 "Ge(l =9/2', = =4.05(7) ps) in Pt zero aml a 6 cmrecoil distance. For a zero recoil distance only the
_g 0.65 pure LEMS interaction takes place. @6 cmrecoil distance also
the I’ J interaction is present, which has been taken into account in
0.60- (b), but not in(a).
0.55 d va, vQ, fi f, V)3 J
(MHz) (MHz) (GH2)
0.501
‘ . . . . 0 6.41.5 182) 0.245 0.315)
0 1 2 3 4 6cm(a) 5.00.8 17(4) 0.508) 0.405) notin fit not in fit
BT 6cm(b) 64 18 0245 0315 068 2.7
= “Ge(l=012', T=405() p)in Pt 4 4 of orientation due to thé- J interaction is small compared to
£ 0.65] b s the loss of orlentathn due to .the quadrupole interaction, even
,g when large magnetic hyperfine fields created by the atomic
0.60/ ’ electrons are present at the position of the nucleus. Indeed it
’ v,=64MHz  £=0.24(5) is proven by the experiments on (¢ and the simulations
o.55] v,=18MHz  £=0.31(5) that the influence of the- J coupling on the fit results for the
; vy =0.68 GHz quadrupole frequencies, derived from a LEMS curve, is neg-
0s0] 1=27 ligible. Even when this is not the case, a LEMS measurement
in combination with the recoil-shadow geometry can be ap-

plied, because a combined LEMS I-J fit produces the

4

BIT) correct quadrupole frequencies. Moreover kha fit param-
FIG. 5. (a) LEMS curves for the®Ge(1=9/2) isomer in Pt eters(the atomic spinJ and the hyperfine fieldy;) can be

using zero and 6 cm recoil distances. Nd interaction has been determined in an additional experiment where the nuclei of

taken into account to fit the data. The fit results can be found idnterest recoil substitutionally into a cubic host.

Table I.(b) Combined LEMS-T - J fit for the 6 cm recoil distance.
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