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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 the-level mixing resonancé€sB-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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[. INTRODUCTION secondary exotic nuclear beams. We report on a first test
experiment to show the feasibility of this technique.
As with most of the techniques to measure nuclear mo-
ments, the prerequisite for thg-level mixing resonance Il. DESCRIPTION OF AN ORIENTED ENSEMBLE
(B-LMR) techniqued[1,2] is to start from an initially ori- OF FRAGMENT NUCLEI
ented ensemble of nuclear spins. It has been shown that nu-

clei produced in a projectile fragmentation reaction are spin An ensemble of nuclei with spin, having (2 +1)
oriented[3—6]. While spin-alignmentA) is obtained simply quantum-states denoted |as) states is called spin aligned if

- n ~
by selecting recoiling nuclei in the forward direction, spin- the probability [p(m)] to populate the| +m) and | ~m)

larization(P . lecti le with states is equal and(m=0 or £1/2) is different fromp(m
po ar|z_at|on( ) requires selection at an angle with respect tozl) (m being the projection of on a quantization axis with
the primary beam.

‘ o ) axial symmetry. If the ensemble is not inversion symmetric,

A major advantage of th@-LMR method is its applica- e.g., for a certaim number the probabilitp(m) # p(—m),
bility in either case of spin orientatiofpolarization, align-  the ensemble is called spin polarized.
ment, or a combination of bothwhile g-NMR [7] and The initial orientation (A) or (P)] is axially symmetric
multiple-rf 8-NQR [8] are limited to an initially polarized with respect to a reference frame of which thexis is de-
secondary beam. Sever@INMR measurements were per- fined by this symmetry axis. The symmetry axis of the initial
formed to study polarized beams of fragments selected at aalignment does not necessarily correspond to the symmetry
angle with respect to the primary beam afds9-13. It  axis of the initial polarization. Both orientations will be de-
should be noted, however, that the mechanism leading tecribed in their own orientation framedenoted as 6r )"
spin-oriented fragments is not yet completely understood. Ifior alignment and ‘6r )" for polarization) and in the final
previous studies, only the spin-polarization component wasMR formalism they will be transferred to the laboratory
measured, although an alignment component was present igme (lab) (Fig. 1).
well. On the other hand, in the case of forward selected frag-
ments there is a complete lack of information on the behav- Polarization Alignment
ior of spin orientation as a function of the reaction param- st fv,
eters(primary and secondary beam energy, fragment mass
etc). We demonstrate in this paper the possibility to deduce
both the initial spin-alignment and spin-polarization compo-
nent from the amplitude of the level mixing resonance by
switching the direction of the magnetic field. We plan to use
this technique in the future to make an elaborate study of the<
spin orientation created in a projectile fragmentation reac-
tion. This can be done by performingrLMR on fragments
of which the nuclear momentg,decay, and solid state prop-
erties are known, such that the only unknown parameter is
the initial spin orientation. Here we develop the model and ,'
provide the basic equations to study the spin orientation of

beam

FIG. 1. Frame definition in the case @-LMR. There is a

separate orientation frame for the alignméng,(A)] and for the

*On leave from: Faculty of Physics, St. Kliment Ohridsky Uni- polarization[ z,,(P)]. The tilt angles between the,,, axis and the
versity of Sofia, BG-1164 Sofia, Bulgaria. Zpag XIS is important.
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A general description of the orientation of an ensemble of Ao
spins is given by the orientation tens@¥(1,t) as defined in B3 *(1,t=0);35= \/ ?ei'27Y§2(90°,0°)Bg(| 1=0)or -
Refs.[14,15. Spin polarization is described by the odd ten- ®
sor componentsB? 5 (I t=0)qr ] and spin alignment by

the even tensor componen{®3,  (I,t=0)o, 1. The ll. PERTURBING THE INITIAL ORIENTATION
higher order tensors have negligible contributions for nuclei BY B-LEVEL MIXING

with 1<4# [16], so here we only consideBY( =0)or
and Bg(l,t=0)0r(A) which are related td(t=0) and A(t
=0) as follows[15,16]:

A. The Hamiltonian

The level mixing formalism is based on the combination
of two static interactions: an electric quadrupfieteraction
3l of the nuclear quadrupole moment with the electric field gra-
B‘l’(t=0)Or =—\/——=P(t=0), (1) dient (EFG) of the host and a magnetic dipole interaction
(P) I+1 . . ? .
(interaction of the nuclear magnetic moment with the mag-
5 netic field at the position of the nucleu3he Hamiltonian of
BY(t=0),, = | az(max)| A(t=0), (2) an ensemble of nuclei with spihh submitted to an axially
? w1+ 1)(21+3)(21-1) ' symmetric EFG V,,) and a static magnetic fielly, can be
written in the principal axis systef{PAS), Fig. 1] of the
with a,(m)=1(1+1)—3m? defined such that 1<A<1. EFG as
For maximal oblate alignmentA<0), all nuclei are pro-
duced in the lowegtm) state (n=0 or + 1/2) and for maxi- Hivr=Ho+Hg ©)
mal prolate alignmentA>0) all nuclei are produced in the
highest statera=1).

The orientation of the beam is observed in the laboratory
frame. By transforming the initial orientation tensors to the
laboratory frame, the tensor8}) with n#0 also become
nonzero:

YQ 22 ;
27(3IZ—I ) — wgl; COSB+ wgly SN, (10

wherewg=gunBo /% is the magnetic interaction frequency,
wo=eQV,,/h4l(21—1) is the quadrupole interaction fre-
qguency,Q is the spectroscopic quadrupole moment, Arid

Ar the tilt angle betweeW,, andB, (Fig. 1). WhenB=0°, i.e.,

BR(1,t=0) = \/2k+ 1e“”W{Q(a,O)B‘k’(I ,t=0),, (3)  when the orientation of the EFG coincides with the magnetic
field, the Hamiltonian is axially symmetricagl, sin3=0)
in the PAS frame and the eigenstatgs$) are fully deter-

ith the Euler angle$17] € and y defined as in Fig. 1.
W ! glepl] e [t "9 mined by the magnetic quantum numipefthe projection of

The orientation frame of the polarization has #saxis
perpendicular to the reaction plane. In the case where projed-0n thezp,g axis).
tile fragments are selected in the horizontal plane at an angle For a small tilt angleg, the last term in the Hamiltonian
relative to the primary beam axis, thg,  axis is in the (wglxSinp) can be considered as a perturbation. This causes
vertical direction. Consequently, in the case of3eLMR a breaking of the axial symmetry, giving rise to a two-level-

setup, it coincidegparallel or antiparallglwith the labora- mixing interaction in the first order perturbation thedi].
tory frame(Fig. 1) so the anglee==0° or 180°: It induces mixing of the level populations of the crossing

states|m) and |m’) at the crossing field, which occurs if

B(l)(|1t=0)|ab=(+/_)52(|J:O)or(P), 4 wg=3(M+m)wgcosp [19,20. The level mixing is seen
as a repelling of the two respective hyperfimequantum
Bfl(l t=0),5=0. (5) states. The mixing of the level populations results in a reso-

nant change of thgg-asymmetry around the mixing field
Due to symmetry considerations, thexis of the orientation ~values. The position of the resonances is dependent on the
frame of an aligned ensembje,, ] of nuclei is oriented ratio of the nuclear moments of the nucleus and the ampli-
* tude is dependent on the initial orientation. Analytic expres-
sions for the mixed eigenstates, calculated in a two level-
take valuess=90° andy=0°. In the particular case where a mixing approximation using the quasidegenerate pertur-

secondary beam is purified by a mass separator, the angleP@tion theory[18], are given in Refs(1,2,19.

is nonzero, due to the difference between the Larmor fre-

quency and the cyclotron frequency in the dipole magnets B. The angular distribution in 8-LMR

[1]. The transformation of the alignment tensor components The resonant change of the initial spin orientation can be

can be written as follows: measured by the radioactive decay distribution. The time in-
tegrated angular distribution of the decay of the perturbed

(4 ; .
Bg(l t=0) = ?Yg(goo,OO)Bg(l 1t:O)or(A)a (6) nuclear system can be calculated explicftly,15:

parallel to the beam axis. Because #eis in the laboratory
frame is perpendicular to the beam axis, the Euler angle

B5(1,t=0)15=0, @) W( 0,¢,T>=m§ ABL, DapYR(6,¢). (1D
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The angular distribution contains information on the type of

detected radiatior(3,y, . ..) via the radiation parameters G Hiwr T =1+ 5 2 gh(L)L;, (16)

Ay, on the position of the detectors with respect to the labo-

ratory frame via the spherical tensorg(6,¢), and on the

perturbed spin orientation via the orientation tensors 1 .

Bk(1, 7). G Huvr 1) =5 2 GiAL)L, (17)
The measured quantity in 8-LMR experiment is the :

asymmetry of theB decay as a function of the externally

applied magnetic fieldB using As(B)=[1—R(B)]/[1 1

+R(B)o] with R(B):V\/_(0°,r)/W(_180°_,r). W(0°,7) and G%(IvHLMRyT): E gl(Am 2(D)D;. (18

W(180°,7) are, respectively, the time integrat@entensity

emitted parallel and antiparallel with respect to the magnetic

field orientation. The measured asymmetry reduces to ) ] )
The geometrical factorg,, determine the amplitude of the

As(B)=—A;BY(1, 7). (120  resonance and are sums over Wignérsymbols. The am-
plitude of the resonances is fully determined by the geo-
The orientation tensd{(l, 7)., can be written as a function metrical factorsg,s (sums over Wigner 3 symbols[19]),
of the initial orientationB(1,t=0),,, and the perturbation the nuclear spin and the order of the perturbation, but inde-
factorsG””,'(I Hiwr s Diao: pendent on the nuclear moments. _
ki 2 e As thel,; andD; resonances are approaching zero, he
, , asymmetry at nonresonant fields is sensitive to the initial
Br(l, D= 2 G (I, Hiwg s DiaoBie (1,t=0) - polarization G%9=1) but not to the initial alignment@%9
Kn’ (13 =GY%2=0). At resonant fields, an amount of the initial po-
larization will be destroyed and from the initial alignment, an
The perturbation factors contain all interaction parametersamount of secondary polarization will be created.
such as quadrupole frequency, magnetic moment, spin, life- Particularly interesting is the influence of inverting the
time, etc., and are extensively described in R&€). magnetic field on the amplitude of the resonance. Due to the
In a B-LMR experiment only Bl(l t=0)ap, BO o>t inverted field the sign of the mixing levels changes. This
=0)jap, andB; %(I,t=0), are nonzero, including the trans- €Xerts no influence on the Lorentz absorption resonance
formation of the orientation tensors from the orientation tobut it changes its amplitudg, (L) by a factor ()",
the laboratory frame, and we can explicitly write E#j2) as  For a Lorentz dispersion resonance, changing the sign of the
mixing levels changeB; by a factor (—)(A”‘* D andg (D)

- 0/ +_ 00 b
AS(B) = —A1B1(1.t=0)or , C1i(l Hinr . 7) by a factor (-)(kK*k)+(Am=1) 117 19. Consequently Lorentz
1 absorption and dispersion resonances will only change sign
—ABY(1,t=0),, A [ — 5 G Himr » 7) by inverting the_fu_ald |_f k+Kk')is an o_d_d numb(_ar. Thereflore
*) a resonance originating from the initial polarizatiok=k

=1) will not change sign by inverting the field and a reso-
(14) nance originating from the initial alignmenk€ 1, k' =2)
will change sign by inverting the field

3
+\/; 92 21, Hywr 1) 127 |,

The first term of Eq(14) contains the perturbation factGfs

which causes the breakdown of initial polarization: Aspy(B)=Asp)(—B), (19
As(p)(B) and the second term contains the perturbation fac-

tors G99 andGY5 2 which causes the transfer of initial align-

ment into polarlzatlorAs(A)(B) Aspy(B)=—Asa(—B). (20

As(B)=Asp)(B)+Asa(B). (15

Having a mixed initial orientation, dependent on the sign of
Each of the terms consists of three factors determining thehe field, the resonant effect from the initial polarization and
amplitude of the resonance: the radiation factdy)( the the initial alignment will add up or cancel out. This charac-
orientation factor B ,, ,), and the hyperfine interaction fac- teristic feature of3-LMR makes it possible to deduce both
tor (or perturbation factor the initial alignment and the initial polarization by measuring

The perturbation factors are a function of the magnetic tahe resonances at positive and negative field

the quadrupole interaction frequency ratio, the nuclear spin,
lifetime, and the tilt angles [19]. For the noncollinear case
(B#0), and if the energy difference between the mixing  AS(B)+As(—B)

_ _ 0/ 4—
states is larger than their natural linewidth, the perturbation 2 =Ase)(B)=—A1By (It O)Of(m
factors reduce to pure Lorentz absorption or Lorentz disper- 0
sion resonanced, 19 XGu(l, Hivr,m) (21
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As(B)—As(—B) o reduced with an energy selection in tBespectrum. If not,
5 =As(n)(B)=—ABy(1,t=0) the B's will overlap in the spectra and form a constant back-
ground. If the amount of contamination is known, which is
00 usually the case, it can also be taken into account.
- 5612“ Himvr »7) In the case of the projectile-fragmentation reaction, a va-
riety of isotopes with a mass equal or below the mass of the
Y N primary beam are produced. Performing-4 MR, aiming to
+ \[gG(f'Z (I, Huwr 7)€ measure the orientation, fragments will be selected with
characteristics to reduce the possible losses as much as pos-
(22 sible (known asymmetry parameter, short lifetime, higher

Qg, no daughter decay, elcand it is important to incorpo-
From the sum of the resonances _mea%ure(_j, the _resonaqcﬁe all possible losses in the final result.
originating from the initial polarization E(lm) is obtained,

while the subtraction of these resonances gives a resonance IV. SIMULATIONS AND DISCUSSION
due to the initial aIignmentE{gm). In the ideal case where

the asymmetry parametdy; is known or can be calculated,
the initial orientation can be deduced from the amplitudes o
Egs.(21) and(22). X .
qUm‘ortunately several effects can give rise to a reductio effect on the_ "’?mp"t“de. of the resonance (_jue toa combina-
of the measured polarization: the geometrical limitations of'O" of an initially spin-aligned and spin-polarized en-
the setup, scattering ¢f particles in the crystal, implantation sembl_e of qucle| IS srowwn. We consider an ensemble of nu-
behavior of the nuclei in the crystal, relaxation of the orien-Clel With spinl=2, By(1,t=0),, =0.2 (P=—14%), and
tation in the host material, and background radiation comind®5(! 1=0)or,,=0.2 (A=17%) and simulate the change of
from g decay of contaminating and/or daughter nuclei. Thughe asymmetryf As(B)] of the ensemble of nuclei due to
the measured values will always provide a lower limit to thethe level mixing interactions as a function of the applied
real orientation produced in the reaction. To some extent it isnagnetic field. In Figs. @)—2(c), we present the change
possible to take these effects into account. in asymmetry induced by the initial alignmepAs)(B)],

The reduction due to the detection solid angle can be cabby the initial polarization[ As)(B)], and the combined
culated and is called th@, factor which is added to the result [As(B)] for B:[I"™=2", t;,=12.8 ms, Qs
angular distributior{21]. The loss due to scattering can be =20.62 MeV, u=1.184u,, [5], vo(Mg) =106 kHz[29]]. A
simulated, knowing the energy of tiedecay, the properties radiation parametek, = —0.7 was assumed. For these simu-
of the crystal and the experimental setup, using@B&nT  |ations an angleg=6° is chosen. In Fig. (@) we demonstrate
code[22]. TheGEANT calculation also includes the geometri- that by inverting the sign of the magnetic field, the transfer
cal reduction. of alignment into polarization is such that the created polar-

As the quadrupole frequency is a product of the quadruization changes sign but the amplitude stays constant. In Fig.
pole moment and the electric field gradient, it is important to2(b) the breakdown of polarization is shown and inverting
implant the nuclei in a correct site in the crystal where thethe field has no influence on the resonances. In Fig). &n
nuclei experience this EFG. If this is not the case, the electriensemble of nuclei with an initial amount of polarization and
field gradient changes and gives rise to a resonance ataignment is presented. Due to the combination of spin ori-
different position or no resonance at all. Tigeradiation  entations one observes that, for one direction of the field, the
coming from the fraction of nuclei implanted in a wrong site breakdown of polarization and the created polarization rein-
is the most difficult to account for. To avoid this, the choiceforce each other, while for the other field direction, they
of the crystal will be dependent on what is known of thecancel each other out. When performing3a.MR experi-
implantation behavior of the impurity-host combination in ment on an ensemble of nuclei with both spin-alignment and
solid state literature. spin-polarization components it is very important to measure

Several processes can be the cause of losses via relaxatigfe asymmetry for both positive and negative fields, as it is
[23-23. The spin-lattice relaxation time is dependent on thepossible to miss the resonance in one of the field directions.
impurity-host combination. For impurities implanted in met-  To study the spin orientation it is necessary to measure
als, the relaxation is mainly of the Korringa-type and thethe resonant change of the asymmetry in both directions of
time constant is measured for many impurity-host combinathe field. Subtracting or adding the resonances will give re-
tions[7,26,27. In this case the reduction often can be takenspectively the change if asymmetry due to the initial spin
into account. The best case is to implant the nuclei in arlignment and initial spin polarization.
insulator: without free electrons the relaxation time is long
and relaxation effects can be neglecfad)]. V. TEST EXPERIMENT ON 28

Another possible cause of reduced measured polarization
is the presence of othgB-decaying nuclei in the selected  The feasibility to measure spin orientation using the LMR
secondary beam, either contaminants or daughter nuclei. thethod is demonstrated usiéB nuclei implanted in a Mg
the Qg of the contaminatings decay is significantly smaller = single crystal. The experiment was conducted at the Van de
than theQ of the nuclei of interest, this influence can be Graaf accelerator at the Laboratoire d’ Analyze paade

X

Several simulations were made, computing the perturba-
fion factors by expressing the interaction Hamiltonian in the
aboratory frame and diagonalizing it numericalB8]. The
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E ' FIG. 3. A B-LMR measurement ot?’B(Mg) for two opposite
<UC) -124 : field directions(the tilt angleg is put at 1.5}: (a) the 8 asymmetry
| of the 1B nuclei implanted in a Mg single crystal is shown as a
B<0| | B>0 function of n.egatina magnetic figlds afig) for positive fields. Both .
O e e e S R B curves are fitted with a decoupling curve and a Lorentz absorption
-15-10-5 0 5 10 15

resonance. The difference in amplitude between the resonance at
negative field and the resonance at positive field is related to the
spin alignment of the nuclear ensemble.

B[mT]

FIG. 2. Simulations for 8-LMR of *B(Mg): (a) the asymme-

try due to the transfer of initial alignment into polarization o . . .
[B(1,t=0)]o,=0.0,BY(1,t=0)5,=0.2, (b) the asymmetry as a +° with respect to the beam direction were selected. This

function of the applied field due to the breakdown of initial polar- S€lection results in a maximum polarizatif$8], accompa-
ization [BY(I,t=0)],,=0.2, BY(I,t=0),,=0.0, (c) the combined Nied by some amount of alignmef&4].
asymmetry [BI(1,t=0),,=0.2,B5(1,t=0),,=0.2]. All simula- After the production and selection, théB nuclei were
tions are made for positive and negative fields. recoil implanted into a Mg single crystal. The implantation
behavior of *2B(Mg) is well known[31,35 and the spin-
tions Nuclaires (LARN) of the University of Namur. The |lattice relaxation is of the order of 0.1[36]. None of these
experimental details are published in RgZ] and only rel-  will induce a significant reduction of the measured polariza-
evant information concerning the extraction of the spin-tion. The Mg single crystal has a hexagonal closed packed
aligned and spin-polarized component will be given here. (hcp structure. The principal axis of the crystal was oriented
The B nucleus has been used as a test case foat an angle8=1.5(5)° with respect to a static magnetic field
many experiments involving3 decay, because its nuclear axis. All measurements were performed at room temperature.
ground-state properties are well knowpn"=1%, T,,,  Two sets ofg telescopes, one at 0° and the other at 180° with
=20.20 ms,Qz=13.4 MeV, 1=1.00306ey, vo(Mg) respect to the magnetic field axis, were mounted inside the
=46.5 kHz] [30,31. The B8 decay is a pure Gamow-Teller vacuum chamber. The change ghasymmetry was moni-
transition (I"—0%) so it has a maximum asymmetry pa- tored using the upper to lower detector counting ratio. Ex-
rameterA; =+ 0.816, meaning that thg decay from a po- perimental asymmetries were normalized to the ratio at zero
larized ensemble of?B nuclei will be highly asymmetric field (B;=0), where no spin orientation is present due to
with respect to an applied holding field. The nuclei weresmall perturbing electric fields which will be decoupled at
produced by directing a deuteron beam of 1.5 MeV onto darger magnetic field values.
1B target (90 mg/crhon a gold backing of 2%:m [32]). A LMR measurement in both directions of the field has
The nuclei, which were ejected from the target at an angle obeen performed. Thg asymmetry[Eq. (15)] of the °B
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nuclei implanted in Mg is shown as function of negative VI. CONCLUSIONS
magnetic fields in Fig. @) and as function of positive fields .
in Fig. 3b). In both cases we see the asymmetry growing We have deyelqped the-LMR formghsm to. be_able 0
with increasing external field until saturation is reached. Wededuce the spm-allgpment and the spin-polarization compo-
see clearly a resonance occurring on top of the decoupling€nt of the orientation of a nuclear ensemble. We have
curve at 4.5 mT, with a larger amplitude for negative fieldsShown with simulations and a test experiment that by invert-
than for positive fields. As described above, it is possible tdnd the magnetic field in @-LMR measurement, it is pos-
derive the Spin po]arization and the spin a|ignment fromSible to deduce the initial Spin aIignment as well as the initial
the two resonances. We found a measured polarizatioBPin polarization of an ensemble of nuclei.

Pmeas= —4.6(1.2)% and a measured alignmemteas The next step of these studies will be to perform a series
=—2.8(1.3)%. For this experiment, the decrease in thedf B-LMR experiments on nuclei produced in a projectile
measured orientation comes from the scattering of ghe fragmentation reaction, for which the nuclear moments and
particles in the crystal and the geometrical limitationssolid state properties are known, which will provide us the
which is calculated with thesEaNT code [a reduction of possibility to study systematically the spin orientation cre-
14(1)%]. Taking this into account we find a deduced ated in the reaction. Such a study is needed in order to be
polarization Py~ —5.2(1.6)% and a deduced alignment able to understand and predict the expected amplitude and
Aged= —3.6(1.8)%. This experiment provides a clear indica-sign of the resonance in 8-LMR experiment which would

tion for the feasibility to measure the spin orientation bymake the measurement of unknown nuclear moments of ex-
means of the3-LMR method. otic nuclei more feasible.
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