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b-level mixing resonance: A method to study the spin alignment and spin polarization
of projectile fragments
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In this paper we present theb-level mixing resonance~b-LMR! method as a tool to measure the initial
spin-orientation of exotic nuclear beams produced and oriented in a fragmentation reaction. Understanding this
spin-orientation process is the key to allow studies of nuclear moments of nuclear states far from stability. The
b-LMR method is a unique tool, sensitive to both the spin-polarization and the spin-alignment component in
the selected ensemble of fragment spins. In the paper we describe the formalism to extract this information
from the experimental data and report on a first test experiment.
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I. INTRODUCTION

As with most of the techniques to measure nuclear m
ments, the prerequisite for theb-level mixing resonance
(b-LMR) techniques@1,2# is to start from an initially ori-
ented ensemble of nuclear spins. It has been shown tha
clei produced in a projectile fragmentation reaction are s
oriented@3–6#. While spin-alignment~A! is obtained simply
by selecting recoiling nuclei in the forward direction, spi
polarization~P! requires selection at an angle with respect
the primary beam.

A major advantage of theb-LMR method is its applica-
bility in either case of spin orientation~polarization, align-
ment, or a combination of both! while b-NMR @7# and
multiple-rf b-NQR @8# are limited to an initially polarized
secondary beam. Severalb-NMR measurements were pe
formed to study polarized beams of fragments selected a
angle with respect to the primary beam axes@4,9–13#. It
should be noted, however, that the mechanism leading
spin-oriented fragments is not yet completely understood
previous studies, only the spin-polarization component w
measured, although an alignment component was prese
well. On the other hand, in the case of forward selected fr
ments there is a complete lack of information on the beh
ior of spin orientation as a function of the reaction para
eters~primary and secondary beam energy, fragment m
etc.!. We demonstrate in this paper the possibility to dedu
both the initial spin-alignment and spin-polarization comp
nent from the amplitude of the level mixing resonance
switching the direction of the magnetic field. We plan to u
this technique in the future to make an elaborate study of
spin orientation created in a projectile fragmentation re
tion. This can be done by performingb-LMR on fragments
of which the nuclear moments,b decay, and solid state prop
erties are known, such that the only unknown paramete
the initial spin orientation. Here we develop the model a
provide the basic equations to study the spin orientation

*On leave from: Faculty of Physics, St. Kliment Ohridsky Un
versity of Sofia, BG-1164 Sofia, Bulgaria.
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secondary exotic nuclear beams. We report on a first
experiment to show the feasibility of this technique.

II. DESCRIPTION OF AN ORIENTED ENSEMBLE
OF FRAGMENT NUCLEI

An ensemble of nuclei with spinI, having (2I 11)
quantum-states denoted asum& states is called spin aligned
the probability @p(m)# to populate theu1m& and u2m&
states is equal andp(m50 or 61/2! is different fromp(m
5I ) ~m being the projection ofI on a quantization axis with
axial symmetry!. If the ensemble is not inversion symmetri
e.g., for a certainm number the probabilityp(m)5” p(2m),
the ensemble is called spin polarized.

The initial orientation@(A) or (P)] is axially symmetric
with respect to a reference frame of which thez axis is de-
fined by this symmetry axis. The symmetry axis of the init
alignment does not necessarily correspond to the symm
axis of the initial polarization. Both orientations will be de
scribed in their own orientation frames~denoted as ‘‘or (A)’’
for alignment and ‘‘or (P)’’ for polarization! and in the final
LMR formalism they will be transferred to the laborato
frame ~lab! ~Fig. 1!.

FIG. 1. Frame definition in the case ofb-LMR. There is a
separate orientation frame for the alignment@zor(A)# and for the
polarization@zor(P)#. The tilt angleb between thezlab axis and the
zPAS axis is important.
©2001 The American Physical Society05-1
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A general description of the orientation of an ensemble
spins is given by the orientation tensorsBk

n(I ,t) as defined in
Refs.@14,15#. Spin polarization is described by the odd te
sor components@B1,3, . . .

0 (I ,t50)or(P)
# and spin alignment by

the even tensor components@B2,4, . . .
0 (I ,t50)or(A)

#. The
higher order tensors have negligible contributions for nuc
with I ,4\ @16#, so here we only considerB1

0(I ,t50)or(P)

and B2
0(I ,t50)or(A)

which are related toP(t50) and A(t

50) as follows@15,16#:

B1
0~ t50!or(P)

52A 3I

I 11
P~ t50!, ~1!

B2
0~ t50!or(A)

5
A5ua2~max!u

A~ I ~ I 11!~2I 13!~2I 21!
A~ t50!, ~2!

with a2(m)5I (I 11)23m2 defined such that21<A<1.
For maximal oblate alignment (A,0), all nuclei are pro-
duced in the lowestum& state (m50 or 61/2) and for maxi-
mal prolate alignment (A.0) all nuclei are produced in th
highest state (m5I ).

The orientation of the beam is observed in the laborat
frame. By transforming the initial orientation tensors to t
laboratory frame, the tensors (Bk

n) with n5” 0 also become
nonzero:

Bk
n~ I ,t50! lab5A 4p

2k11
e1 ingYk

n~e,0!Bk
0~ I ,t50!or ~3!

with the Euler angles@17# e andg defined as in Fig. 1.
The orientation frame of the polarization has itsz axis

perpendicular to the reaction plane. In the case where pro
tile fragments are selected in the horizontal plane at an a
relative to the primary beam axis, thezor(P)

axis is in the

vertical direction. Consequently, in the case of ab-LMR
setup, it coincides~parallel or antiparallel! with the labora-
tory frame~Fig. 1! so the anglee50° or 180°:

B1
0~ I ,t50! lab5~1/2 !B1

0~ I ,t50!or(P)
, ~4!

B1
61~ I ,t50! lab50. ~5!

Due to symmetry considerations, thez axis of the orientation
frame of an aligned ensemble@zor(A)

# of nuclei is oriented
parallel to the beam axis. Because thez axis in the laboratory
frame is perpendicular to the beam axis, the Euler ang
take valuese590° andg50°. In the particular case where
secondary beam is purified by a mass separator, the angg
is nonzero, due to the difference between the Larmor
quency and the cyclotron frequency in the dipole magn
@1#. The transformation of the alignment tensor compone
can be written as follows:

B2
0~ I ,t50! lab5A4p

5
Y2

0~90°,0°!B2
0~ I ,t50!or(A)

, ~6!

B2
61~ I ,t50! lab50, ~7!
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B2
62~ I ,t50! lab5A4p

5
e6 i2gY2

62~90°,0°!B2
0~ I ,t50!or(A)

.

~8!

III. PERTURBING THE INITIAL ORIENTATION
BY b-LEVEL MIXING

A. The Hamiltonian

The level mixing formalism is based on the combinati
of two static interactions: an electric quadrupole@interaction
of the nuclear quadrupole moment with the electric field g
dient ~EFG! of the host# and a magnetic dipole interactio
~interaction of the nuclear magnetic moment with the ma
netic field at the position of the nucleus!. The Hamiltonian of
an ensemble of nuclei with spinI, submitted to an axially
symmetric EFG (Vzz) and a static magnetic fieldB0, can be
written in the principal axis system@~PAS!, Fig. 1# of the
EFG as

HLMR5HQ1HB ~9!

5
vQ

\
~3I z

22I 2!2vBI z cosb1vBI x sinb, ~10!

wherevB5gmNB0 /\ is the magnetic interaction frequenc
vQ5eQVzz/\4I (2I 21) is the quadrupole interaction fre
quency,Q is the spectroscopic quadrupole moment, andb is
the tilt angle betweenVzz andB0 ~Fig. 1!. Whenb50°, i.e.,
when the orientation of the EFG coincides with the magne
field, the Hamiltonian is axially symmetric (vBI x sinb50)
in the PAS frame and the eigenstates (um.) are fully deter-
mined by the magnetic quantum numberm ~the projection of
IW on thezPAS axis!.

For a small tilt angleb, the last term in the Hamiltonian
(vBI x sinb) can be considered as a perturbation. This cau
a breaking of the axial symmetry, giving rise to a two-leve
mixing interaction in the first order perturbation theory@18#.
It induces mixing of the level populations of the crossi
statesum& and um8& at the crossing field, which occurs
vB53(m1m8)vQ cosb @19,20#. The level mixing is seen
as a repelling of the two respective hyperfinem-quantum
states. The mixing of the level populations results in a re
nant change of theb-asymmetry around the mixing field
values. The position of the resonances is dependent on
ratio of the nuclear moments of the nucleus and the am
tude is dependent on the initial orientation. Analytic expre
sions for the mixed eigenstates, calculated in a two lev
mixing approximation using the quasidegenerate per
bation theory@18#, are given in Refs.@1,2,19#.

B. The angular distribution in b-LMR

The resonant change of the initial spin orientation can
measured by the radioactive decay distribution. The time
tegrated angular distribution of the decay of the perturb
nuclear system can be calculated explicitly@14,15#:

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

AkBk
n~ I ,t! labYk

n~u,f!. ~11!
5-2
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The angular distribution contains information on the type
detected radiation~b,g, . . . ! via the radiation parameter
Ak , on the position of the detectors with respect to the la
ratory frame via the spherical tensorsYk

n(u,f), and on the
perturbed spin orientation via the orientation tens
Bk

n(I ,t).
The measured quantity in ab-LMR experiment is the

asymmetry of theb decay as a function of the external
applied magnetic fieldB using As(B)5@12R(B)#/@1
1R(B)# with R(B)5W(0°,t)/W(180°,t). W(0°,t) and
W(180°,t) are, respectively, the time integratedb-intensity
emitted parallel and antiparallel with respect to the magn
field orientation. The measured asymmetry reduces to

As~B!52A1B1
0~ I ,t! lab. ~12!

The orientation tensorB1
0(I ,t) lab can be written as a function

of the initial orientationBk
n(I ,t50)lab and the perturbation

factorsGkk8
nn8(I ,HLMR ,t) lab:

Bk
n~ I ,t! lab5 (

k8,n8
Gkk8

nn8~ I ,HLMR ,t! labBk8
n8~ I ,t50! lab.

~13!

The perturbation factors contain all interaction paramet
such as quadrupole frequency, magnetic moment, spin,
time, etc., and are extensively described in Ref.@19#.

In a b-LMR experiment only B1
0(I ,t50)lab, B2

0(I ,t
50)lab, andB2

62(I ,t50)lab are nonzero, including the trans
formation of the orientation tensors from the orientation
the laboratory frame, and we can explicitly write Eq.~12! as

As~B!52A1B1
0~ I ,t50!or(P)

G11
00~ I ,HLMR ,t!

2A1B2
0~ I ,t50!or(A)

F2
1

2
G12

00~ I ,HLMR ,t!

1A3

8
G12

062~ I ,HLMR ,t!e6 i2gG . ~14!

The first term of Eq.~14! contains the perturbation factorG11
00

which causes the breakdown of initial polarizatio
As(P)(B), and the second term contains the perturbation f
tors G12

00 andG12
062 which causes the transfer of initial align

ment into polarizationAs(A)(B)

As~B!5As(P)~B!1As(A)~B!. ~15!

Each of the terms consists of three factors determining
amplitude of the resonance: the radiation factor (A1), the
orientation factor (B1 or 2

0 ), and the hyperfine interaction fac
tor ~or perturbation factor!.

The perturbation factors are a function of the magnetic
the quadrupole interaction frequency ratio, the nuclear s
lifetime, and the tilt angleb @19#. For the noncollinear cas
~bÞ0!, and if the energy difference between the mixi
states is larger than their natural linewidth, the perturbat
factors reduce to pure Lorentz absorption or Lorentz disp
sion resonances@1,19#
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G11
00~ I ,HLMR ,t!511

1

2 (
i

g11
i ~L !L i , ~16!

G12
00~ I ,HLMR ,t!5

1

2 (
i

g12
i ~L !L i , ~17!

G12
02~ I ,HLMR ,t!5

1

2 (
i (Dm52)

g21
i (Dm52)~D !Di . ~18!

The geometrical factorsgkk8 determine the amplitude of th
resonance and are sums over Wigner 3J symbols. The am-
plitude of the resonances is fully determined by the g
metrical factorsgkk8 ~sums over Wigner 3J symbols@19#!,
the nuclear spin and the order of the perturbation, but in
pendent on the nuclear moments.

As theL i andDi resonances are approaching zero, theb
asymmetry at nonresonant fields is sensitive to the ini
polarization (G11

0051) but not to the initial alignment (G12
00

5G12
06250). At resonant fields, an amount of the initial p

larization will be destroyed and from the initial alignment, a
amount of secondary polarization will be created.

Particularly interesting is the influence of inverting th
magnetic field on the amplitude of the resonance. Due to
inverted field the sign of the mixing levels changes. Th
exerts no influence on the Lorentz absorption resonanceL i

but it changes its amplitudegkk8(L) by a factor (2)(k1k8).
For a Lorentz dispersion resonance, changing the sign of
mixing levels changesDi by a factor (2)(Dm21) andgkk8(D)
by a factor (2)(k1k8)1(Dm21) @17,19#. Consequently Lorentz
absorption and dispersion resonances will only change
by inverting the field if (k1k8) is an odd number. Therefor
a resonance originating from the initial polarization (k5k8
51) will not change sign by inverting the field and a res
nance originating from the initial alignment (k51, k852)
will change sign by inverting the field

As(P)~B!5As(P)~2B!, ~19!

As(A)~B!52As(A)~2B!. ~20!

Having a mixed initial orientation, dependent on the sign
the field, the resonant effect from the initial polarization a
the initial alignment will add up or cancel out. This chara
teristic feature ofb-LMR makes it possible to deduce bot
the initial alignment and the initial polarization by measuri
the resonances at positive and negative field

As~B!1As~2B!

2
5As(P)~B!52A1B1

0~ I ,t50!or(P)

3G11
00~ I ,HLMR ,t! ~21!
5-3
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As~B!2As~2B!

2
5As(A)~B!52A1B2

0~ I ,t50!or(A)

3F2
1

2
G12

00~ I ,HLMR ,t!

1A3

8
G12

062~ I ,HLMR ,t!e6 i2gG .
~22!

From the sum of the resonances measured, the reson
originating from the initial polarization (B1or

0 ) is obtained,

while the subtraction of these resonances gives a reson
due to the initial alignment (B2or

0 ). In the ideal case where

the asymmetry parameterA1 is known or can be calculated
the initial orientation can be deduced from the amplitudes
Eqs.~21! and ~22!.

Unfortunately several effects can give rise to a reduct
of the measured polarization: the geometrical limitations
the setup, scattering ofb particles in the crystal, implantatio
behavior of the nuclei in the crystal, relaxation of the orie
tation in the host material, and background radiation com
from b decay of contaminating and/or daughter nuclei. Th
the measured values will always provide a lower limit to t
real orientation produced in the reaction. To some extent
possible to take these effects into account.

The reduction due to the detection solid angle can be
culated and is called theQk factor which is added to the
angular distribution@21#. The loss due to scattering can b
simulated, knowing the energy of theb decay, the properties
of the crystal and the experimental setup, using theGEANT

code@22#. TheGEANT calculation also includes the geomet
cal reduction.

As the quadrupole frequency is a product of the quad
pole moment and the electric field gradient, it is important
implant the nuclei in a correct site in the crystal where
nuclei experience this EFG. If this is not the case, the elec
field gradient changes and gives rise to a resonance
different position or no resonance at all. Theb radiation
coming from the fraction of nuclei implanted in a wrong s
is the most difficult to account for. To avoid this, the choi
of the crystal will be dependent on what is known of t
implantation behavior of the impurity-host combination
solid state literature.

Several processes can be the cause of losses via relax
@23–25#. The spin-lattice relaxation time is dependent on
impurity-host combination. For impurities implanted in me
als, the relaxation is mainly of the Korringa-type and t
time constant is measured for many impurity-host combi
tions @7,26,27#. In this case the reduction often can be tak
into account. The best case is to implant the nuclei in
insulator: without free electrons the relaxation time is lo
and relaxation effects can be neglected@27#.

Another possible cause of reduced measured polariza
is the presence of otherb-decaying nuclei in the selecte
secondary beam, either contaminants or daughter nucle
the Qb of the contaminatingb decay is significantly smalle
than theQb of the nuclei of interest, this influence can b
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reduced with an energy selection in theb spectrum. If not,
theb’s will overlap in the spectra and form a constant bac
ground. If the amount of contamination is known, which
usually the case, it can also be taken into account.

In the case of the projectile-fragmentation reaction, a
riety of isotopes with a mass equal or below the mass of
primary beam are produced. Performing ab-LMR, aiming to
measure the orientation, fragments will be selected w
characteristics to reduce the possible losses as much as
sible ~known asymmetry parameter, short lifetime, high
Qb , no daughter decay, etc.!, and it is important to incorpo-
rate all possible losses in the final result.

IV. SIMULATIONS AND DISCUSSION

Several simulations were made, computing the pertur
tion factors by expressing the interaction Hamiltonian in t
laboratory frame and diagonalizing it numerically@28#. The
effect on the amplitude of the resonance due to a comb
tion of an initially spin-aligned and spin-polarized e
semble of nuclei is shown. We consider an ensemble of
clei with spin I 52, B1

0(I ,t50)or(P)
50.2 (P5214%), and

B2
0(I ,t50)or(A)

50.2 (A517%) and simulate the change o

the asymmetry@As(B)# of the ensemble of nuclei due t
the level mixing interactions as a function of the appli
magnetic field. In Figs. 2~a!–2~c!, we present the chang
in asymmetry induced by the initial alignment@As(A)(B)#,
by the initial polarization@As(P)(B)#, and the combined
result @As(B)# for 14B: @ I p522, t1/2512.8 ms, Qb
520.62 MeV,m51.184mN @5#, nQ(Mg)5106 kHz@29##. A
radiation parameterA1520.7 was assumed. For these sim
lations an angleb56° is chosen. In Fig. 2~a! we demonstrate
that by inverting the sign of the magnetic field, the trans
of alignment into polarization is such that the created po
ization changes sign but the amplitude stays constant. In
2~b! the breakdown of polarization is shown and inverti
the field has no influence on the resonances. In Fig. 2~c! an
ensemble of nuclei with an initial amount of polarization a
alignment is presented. Due to the combination of spin o
entations one observes that, for one direction of the field,
breakdown of polarization and the created polarization re
force each other, while for the other field direction, th
cancel each other out. When performing ab-LMR experi-
ment on an ensemble of nuclei with both spin-alignment a
spin-polarization components it is very important to meas
the asymmetry for both positive and negative fields, as i
possible to miss the resonance in one of the field directio

To study the spin orientation it is necessary to meas
the resonant change of the asymmetry in both directions
the field. Subtracting or adding the resonances will give
spectively the change inb asymmetry due to the initial spin
alignment and initial spin polarization.

V. TEST EXPERIMENT ON 12B

The feasibility to measure spin orientation using the LM
method is demonstrated using12B nuclei implanted in a Mg
single crystal. The experiment was conducted at the Van
Graaf accelerator at the Laboratoire d’ Analyze par Re´ac-
5-4
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tions Nucléaires ~LARN! of the University of Namur. The
experimental details are published in Ref.@2# and only rel-
evant information concerning the extraction of the sp
aligned and spin-polarized component will be given here

The 12B nucleus has been used as a test case
many experiments involvingb decay, because its nuclea
ground-state properties are well known@ I p511, T1/2
520.20 ms,Qb513.4 MeV, m51.00306mN , nQ(Mg)
546.5 kHz] @30,31#. The b decay is a pure Gamow-Telle
transition (11→01) so it has a maximum asymmetry p
rameterA1510.816, meaning that theb decay from a po-
larized ensemble of12B nuclei will be highly asymmetric
with respect to an applied holding field. The nuclei we
produced by directing a deuteron beam of 1.5 MeV ont
11B target (90 mg/cm2 on a gold backing of 25mm @32#!.
The nuclei, which were ejected from the target at an angle

FIG. 2. Simulations for ab-LMR of 14B(Mg): ~a! the asymme-
try due to the transfer of initial alignment into polarizatio
@B1

0(I ,t50)#or50.0, B2
0(I ,t50)or50.2, ~b! the asymmetry as a

function of the applied field due to the breakdown of initial pola
ization @B1

0(I ,t50)#or50.2, B2
0(I ,t50)or50.0, ~c! the combined

asymmetry @B1
0(I ,t50)or50.2, B2

0(I ,t50)or50.2#. All simula-
tions are made for positive and negative fields.
05460
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45° with respect to the beam direction were selected. T
selection results in a maximum polarization@33#, accompa-
nied by some amount of alignment@34#.

After the production and selection, the12B nuclei were
recoil implanted into a Mg single crystal. The implantatio
behavior of 12B(Mg) is well known @31,35# and the spin-
lattice relaxation is of the order of 0.1 s@36#. None of these
will induce a significant reduction of the measured polariz
tion. The Mg single crystal has a hexagonal closed pac
~hcp! structure. The principal axis of the crystal was orient
at an angleb51.5~5!° with respect to a static magnetic fiel
axis. All measurements were performed at room temperat
Two sets ofb telescopes, one at 0° and the other at 180° w
respect to the magnetic field axis, were mounted inside
vacuum chamber. The change inb asymmetry was moni-
tored using the upper to lower detector counting ratio. E
perimental asymmetries were normalized to the ratio at z
field (B050), where no spin orientation is present due
small perturbing electric fields which will be decoupled
larger magnetic field values.

A LMR measurement in both directions of the field h
been performed. Theb asymmetry@Eq. ~15!# of the 12B

FIG. 3. A b-LMR measurement on12B(Mg) for two opposite
field directions~the tilt angleb is put at 1.5°!: ~a! theb asymmetry
of the 12B nuclei implanted in a Mg single crystal is shown as
function of negative magnetic fields and~b! for positive fields. Both
curves are fitted with a decoupling curve and a Lorentz absorp
resonance. The difference in amplitude between the resonan
negative field and the resonance at positive field is related to
spin alignment of the nuclear ensemble.
5-5
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N. COULIER et al. PHYSICAL REVIEW C 63 054605
nuclei implanted in Mg is shown as function of negati
magnetic fields in Fig. 3~a! and as function of positive field
in Fig. 3~b!. In both cases we see the asymmetry grow
with increasing external field until saturation is reached. W
see clearly a resonance occurring on top of the decoup
curve at 4.5 mT, with a larger amplitude for negative fie
than for positive fields. As described above, it is possible
derive the spin polarization and the spin alignment fro
the two resonances. We found a measured polariza
Pmeas524.6(1.2)% and a measured alignmentAmeas
522.8(1.3)%. For this experiment, the decrease in
measured orientation comes from the scattering of theb
particles in the crystal and the geometrical limitatio
which is calculated with theGEANT code @a reduction of
14~1!%#. Taking this into account we find a deduce
polarization Pded525.2(1.6)% and a deduced alignme
Aded523.6(1.8)%. This experiment provides a clear indic
tion for the feasibility to measure the spin orientation
means of theb-LMR method.
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VI. CONCLUSIONS

We have developed theb-LMR formalism to be able to
deduce the spin-alignment and the spin-polarization com
nent of the orientation of a nuclear ensemble. We ha
shown with simulations and a test experiment that by inve
ing the magnetic field in ab-LMR measurement, it is pos
sible to deduce the initial spin alignment as well as the ini
spin polarization of an ensemble of nuclei.

The next step of these studies will be to perform a se
of b-LMR experiments on nuclei produced in a project
fragmentation reaction, for which the nuclear moments a
solid state properties are known, which will provide us t
possibility to study systematically the spin orientation c
ated in the reaction. Such a study is needed in order to
able to understand and predict the expected amplitude
sign of the resonance in ab-LMR experiment which would
make the measurement of unknown nuclear moments of
otic nuclei more feasible.
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