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Spin polarization of 2’Na and 3'Al in intermediate energy projectile fragmentation of 3°S
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Spin-polarized?’Na and Al secondary beams have been produced at GANIL by the fragmentation of a
77.5 MeV/nucleon®s'%* primary beam onto &@Be target. The primary beam was deflected at an angle of
—2(1)° with respect to the entrance of the LISE3 spectrometer, where the target was placed. For linear
momenta higher than that of th&°S projectiles, a deduced spin polarizatiéh= —6.2(9)% and P
=—1.5(4)% wasobtained for?’Na and®3Al projectile fragments. These results demonstrate for the first time
that fragments far from the projectile mass can be substantially polarized.
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[. INTRODUCTION the issues of spin-polarization for reactions with a very light
target(e.g., °Be) and with the secondary beam differing sig-
Spin-oriented nuclear ensembles are needed for a varietyificantly from the primary one. Since at present we lack a
of physics experiments, e.g., to investigate the structure ofletailed understanding of the process, more experimental
nuclei by measuring their static nuclear moments, for fundastudies are needed to trace the trends and provide a firm basis
mental interaction studies, etc. Several methods with theifor the theoretical analysis. In this work, pure secondary
own specific range of applicability, depending on the producbeams of?’Na and3!Al were produced in the fragmentation
tion method and element of interest, have been developed wf ¢S nuclei on a’Be target. Note that, e.g., in the case of
polarize nuclear ensembles at low-energy ISOL-type beam$’Na, 25% of the projectile nucleons are abraded. We inves-
[1-4]. The possibility to produce spin polarization of a tigated the spin-polarization of these secondary beams, using
nuclear ensemble via projectile-fragmentation reactions athe 8-nuclear magnetic resonancg-NMR) techniqug 10].
intermediate energig$,6] gives the opportunity to investi- It was for the first time that spin-polarized fragment beams
gate the structure of exotic nuclei and in particular ofwere produced at the GANIL facility.
neutron-rich nuclei in in-flight experiments. Up to now, spin-
polarized secondary beams have been used to measure staf
nuclear moments ot?13141518 [6,7], *'N [8], and *°CI [9]. '
A systematic study of the fragment polarization as a function
of the longitudinal momentum distribution has been done in  The projectile-fragmentation reaction can produce exotic
Ref.[6] for >18B fragments which are produced in the frag- isotopes in every mass region, both at the proton and
mentation of**1N beams on different targetd®(Au,%*Nb,  neutron-rich side of the nuclear chaftl]. Several qualita-
and ?’Al). In all these studies the secondary beam differstive models[12—-15 are able to reproduce the characteristic
only by two or three nucleons from the primary beam.features, such as the momentum distribution, of nuclei pro-
Okuno et al. developed a kinematical model, based on theduced in such reactions. At relativistic energies the fragmen-
Goldhaber abrasion/ablation model for high-energy fragmentation process occurs for peripheral collisions. One can as-
tation [5,6] to explain the qualitative behavior of the polar- sume that nucleons from the projectile, which belong to the
ization as a function of fragment linear momentum. For thegeometrical overlapping volume with the target nuclei, are
reactions on the"*/Au and ®*Nb targets, the polarization is removed and the rest of the projectile, called ejectile or pre-
overestimated by a factor of 4, while for the reaction on afragment, follows its way with a velocity similar to that of
27Al target, where the nuclear attraction is expected to be ththe primary beam. This simple picture, known as the
dominant process in the reaction mechanism, theory and exXparticipant-spectator model,” results in a Gaussian-like
periment differ by a factor of 10. The present study addresseshape for the longitudinal momentum distribution of the out-
going fragments. The width of this distribution depends on
the fragment and projectile mass and is known as the Gold-
*Present address: CEA/DIF/DPTA/PN, BP 12, F-91680 Bruyerediaber  width U:UO\/[Af(Ap_Af)]/Ap_l with o

B OLARIZATION IN A PROJECTILE-FRAGMENTATION
REACTION

le Chatel, France. =80 MeV/c[6,12]. The reaction mechanism is not so simple
TPresent address: GANIL, BP 55027, F-14076 Caen Cedex Ht intermediate energies because of the interplay between
France. transfer and fragmentation reactidi$,18. In first approxi-
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© polarization for fragments with a higher momenturp; (
>py) and a negative polarization for fragments moving
slower than the primary beaffig. 1(c)]. For a far-side tra-
jectory, dominated by nuclear attractidR, is positive[Fig.
1(b)] and an opposite behavior for the polarization as a func-
tion of the fragment momentuip; is seen.

In general both the Coulomb repulsidnear-sid¢ and
FIG. 1. (a),(b) Schematic view of the definition of the used nuclear attractiorifar-side processes can occur in the frag-
orientation frame and the trajectories of the fragment and projectilén€ntation reaction. That means the assumption of uniform

nuclei. p, and p; are the linear momentum of the projectiles and nNucleon removal is not valid. In that caBg is not necessar-

fragments, respectively, while is the linear momentum of the re- ily zero such that in the polarizatior? =J,/J; = RyKy

m0\£ed nucleons. The position of the removed nucleons is presented Exky 13 the extra term- ﬁxky leads to a vertical and hori-

by R and 6 [6]. (b) Schematic view of the near-side/far-side tra- zontal shift of the polarization curve as a function mf.

jectories of the fragment and projectile nuclei. In the far-side tra-Consequently the polarization is no longer vanishingder

jectory, nuclear attraction dominates while in the near-side trajec=p, |n this case, the average position of the removed nucle-

tory Coulomb repulsion dominatel®) Simulation of polarization in 2. . o .

the kinematical model of Okunet al. [6] for an example of a onsR is not p‘f"'fa”e' with they axis, indicating a Shlft. of the
averaged position of the removed nucleons essentially due to

near-side and a far-side trajectory of the projectile nuclei. ) =
rescattering effectf6]. The angledr betweenR and they

mation one can assume that fragmentation is the dominamixis, which determines the sizeR§, can be calculated only
process [19] using the mentioned participant-spectatorapproximately with an intranuclear cascade mda@él, in-
model. Asahiet al. demonstrated experimentally that projec- cluding nucleon-nucleon cross sections, secondary reactions
tile fragments can be polarized when emitted at a finite angland the Pauli-blocking effe¢®1]. In the polarization model

0, and explained it in the framework of this model, consid- of Okunoet al, the reaction angléy is introduced as a free
ering the abraded nucleons as participants and the fragmeparameter.

as a spectatof5]. Conservation of linear and angular mo-

mentum (spin) in the projectile-rest frame give@ssuming I1l. PRODUCTION OF POLARIZED FRAGMENTS

zero spin of the projectile, a static target and negligible in- AT GANIL

trinsic spins of the removed nuclegns

nuclear
aftraction

 near-side

Polarization +

Coulomb
repulsion

For the production of the secondaf{Na/*'Al beam, a 1
mm thick °Be target and &°S'%" jon primary beam at 77.5
MeV/nucleon were used. The outgoing fragments were se-
lected by their mass over charge ratio through the LISE3

22 > : spectrometer by two dipoles, a Be wedge-degrader placed at
With py, po, andk the linear momenta of the fragment, the the dispersive plane after the first dipole. An extra purifica-

projectile and the abraded nucleen respectively,J; the o is performed by a Wien-filtd1]. This filter consists of
angular momentum of the fragmei.is the position vector 3 static magnetic fieldy;e,, in the horizontal direction and a

of the removed nucleds) [Fig. 1(a) and Ref[6]]. We define  perpendicular electric field to select the nuclei by their ve-
a reference frame with the axis parallel to the fragment |ocity. The unambiguous identification of the fragments and
beam-axis and th& axis alongpoX p¢, such that the polar- of the purity of the secondary beam was achieved by energy-
ization is defined as positive when parallelZoThe indices loss and time of flight measurements using a removable Si
X,Y,Z indicate the projection on these axes. The linear modetector. The purity of the secondary beam varied from 93%
mentum p; of the fragment, with a Gaussian distribution to 98% for ?Na and from 97% to 99% fof‘Al, depending

> - . . on the selected momentum window. The Si detector was
aroundp and a finite Goldhaber widtlr [12], is correlated taken out of the beam after the ion identification. The pres-

with its angular momenturdy viak, the Iingar momentum of ence of a position sensitive Si detector (500) inside the
the abraded nucle¢s). With the assumption of uniform re- o013 tation chamber allowed event-by-event verification of
moval of the nucleons over the (yerlap region of the projecipe purity and the position of the secondary beam.

tile and the target, we get a me&)=0 and|R|=Ry, the To create spin polarization, the primary beam was devi-
radius of the projectile. For a certain fragment momenpym ated by 2° via a movable dipole magriétg. 2(@]. This

the resulting polarization i®=J,/J;=Ryk/J;. In the cen- ~ dipole magnet can deflect the primary beam from 0° up to
ter of the fragment momentum distributiom& po), K is —3.5° with an angular acceptance of 1°. The fragments

dicular t@ lting ink.—0 and th were selected at an anglg =—2(1)°.
perpendicuiar tqo, resufting ink,=u and thus a zero po- gt in the horizontal dispersive plane controlled the

larization. The average value &, is positive or negative longitudinal momentum acceptance window. We put
depending on which process—nuclear attraction or CoulomipA p/p)(?’Na)= +0.29% and Ap/p)(3'Al) = +0.46%. To
repulsion—dominates the fragmentation reaction. For a neakelect another part of the momentum distribution, we
side trajectory[Fig. 1(b)], that is dominated by Coulomb changed the target thickness by tilting the target over an
repulsion, Ry is negative. In that case we find a positive angle6,. An

pi=Po—K, Ji=—RxKk, and J,=(Rk,—Rk,u,
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(a) 365164 | (b) IV. EXPERIMENTAL DETERMINATION
. OF REACTION-INDUCED POLARIZATION P
dipole Ij__l B,
v magnet' T Nup@ A. Experimental procedure: B-NMR
- The ?’Na and 3'Al fragments were continuously im-
. /| R planted at room temperature in a NaCl or a MgO single
X %Be fragmentbeam || By X crystal, respectively, both having a fcc lattice structure. The
target ./ 3 Al or "Na YW crystal was positioned between the poles of an electromag-
net, which produces a magnetic fie}, antiparallel toZ
. —_— [Fig. 2(b)]. Additionally, a linearly polarized oscillating mag-
secondary beam primary beam Niown netic field B,; was applied, oriented perpendicular Bg.
31,y 27 rf ’
Al" Na,... stopper This radio-frequentrf) field B,; breaks the axial symmetry

of the Hamiltonian. When the Larmor precessign of the

FIG. 2. Experimental setup for the study of spin polarization of nuclear spins matches the radio frequemgy
secondary beams in in-flight experiments at GANI&). Schematic

view of a part of the LISE beam line, indicating the beam deflection gunBo
via the movable dipole(b) Schematic view of the experimental v = h = Vrt (2
setup, where the secondary beam was analyzed.

the initial polarization is destroyed. This can be detected by a
increase of the target thickness corresponds to a decreaseatfange of the asymmetry of the nucle@ decay, R
the outgoing fragment linear momentum. Keeping the same=N,,/Ngown, @s a function of the rf-frequenay; (keeping
magnetic rigidityBp for the dipoles of the spectrometer, we the static magnetic field strengBy, constank or vice versa.
were able to investigate the momentum distribution of theNup andNg,w, are the coincident count rates in the telescope
produced fragments for several momentum cuts in the highdetectors above and below the crystal, respectijéig.
energy part of the momentum distribution. The theoretica(0)]. In this experiment, the static magnetic field strength
production yield andBp values corresponding to particular Bo was the variable parameter and the rf frequency was
target thicknesses have been obtained using the LISE Ior(§|_xed. This f_|eld strength was varied in regular time intervals
gram with the convolution of a gaussian and an exponentia?’ @ féw minutes and monitored with a Hall probe on an
shape[16,17). The calculated yield was scaled to the maxi_event-by-event b§3|s. The rf frequency was swept continu-
mum of the experimental yield. This longitudinal momentumo'JSIy around a fixed value,s over a rangevy;—Awys 10
selection was experimentally verified by measuring the selj”JrAVrf . This was done because the exact resonance fre-

21 \ )
lected fragment intensity for different target thicknesses, i.e.gzggﬁ%gﬁsaggtvggmng; Ifi?sr;;;tmf&rn dAtla)st?S((:)triotr? (i?lsolar-
with an angled, on the target of 40°, 50°, and 58° féfNa

. . ization. Th lati ith
and of 50° and 56° for'Al (Fig. 3). After the selection, the Ization e modulation range;; was scanned with a

lei | umi h ¢ modulation frequency of 50 Hz and a rf-field strength of
nucler were Q?Ce ergted by an A uminum s eet of 1500 6-10 G, using a RAMP scan profile in which the frequency
that was positioned in a degrader box in front of the eXPeriss varied linearly fromw,;— A w,; to v+ Av,; and changes

mental 8-NMR vacuum chamber. In this manner, the nucleihen abrupt tas,; — A v, . Because of the particular shape of

crystal of 2 mm thickness. In Fig.(®), a scheme of the gestroyed at a resonant rf signal can be expected to be the

experimental setup is presented. same for the entire modulation interval. More details about

the experimental setup and procedure can be found in Ref.

[22].

B. Determination of P
— 4050 58 50 56 & [degl] h o
Za000 { gy Tar, 1 e resonant magnetic field strendgh, and the value of
21500 the rf frequencyv,;=A,; determine theg factor of the
= nuclear state using E@2) [10]. The difference in8 asym-
g“’oo 1 1 metry in and out of resonance determines the polarization of
5 500 1 . the nuclear ensemble.
§ oo 00N ‘ ‘ , Bo[Tm] The angular distribution oB decay is given by23]
& 2.6 2.8 3 2.6 2.8 3
v
FIG. 3. Experimental yields of’Na and 3'Al fragments as a W(0,¢,7)=\4m < k}: AQBR(IL, ) YR(6,6) (3
n

function of the calculated magnetic rigidiBp (lower scalg, which

is related to the effective target thicknésaried by tilting the target

over an angle,, upper scale The theoretical yield distribution is  With 6,¢ the angles defining the detector position with re-
obtained from the LISE program, assuming a Gaussian curve witlspect to the chosen reference frafas in Figs. 1 and)2 A,

an exponential taif16,17. are the radiation parameters determined by the type of radia-
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tion. By(l,7) is the time-integrated orientation tensor for a
nuclear ensemble with lifetime (odd k tensor components

are related to the amount of polarization, even ones to the
amount of alignment Qy represent the experimental losses

0,=40deg

Yield[arb.units]

23 2.7 3.123 2.7 3123 2.7 3.1 Bp[Tm]

of orientation between the time of production and detection. o ey — T
v is the velocity of theB particles and denotes the constant £ osss - | Ry
speed of light. 30.645 7 ]

. i .

Since for allowedB-decayA,# 0 for oddk only and be- = osx i %f% S E——
causeA, decreases strongly for higk values[2] and the B B0 B o m m re miw St w m
higher order terms oBy are negligible forl <47 [24], we Byl Gauss]
can restrict expressiai3) to k=1. Because of the axial sym- ) ; )
metry of the experimental setup, ony=0 terms contribute FIG. 4. (Top) Momentum selection of’Na corresponding to the
to the final angular distribution ' different angles of the targgBottom) Experimental3 asymmetries

for the selected momentum windows. Notice that the resonant point
v (indicated in bold equals the experiment@ asymmetry with non-
W(6,7)=1+ _AlQlB‘l)“ ,7)COSH. (4) polarized nuclei. Thgg asymmetry of the points out of resonance is
c a measure for the reaction-induced polarization.

The spin-orientation of the nuclear ensemble will be per-

turbed by the two magnetic interactions. This perturbation is Rin(Bo=Bg,) = €up ,
expressed by the perturbation factfﬂ%f,'(vL ,Vri ,7), Which €down
in case of a NMR-interaction reduces to terms with k’ v
andn=n’ [10] . 1= EAlle‘{(l t=0)
Roul(Bo# Bo,) = == — . ®
! ! own
BY(1,m= 2 G (v, v, 7B (1,t=0) 1+ ZA1Q;BY(1,t=0)
k’,n’
=G¥v vy, 7)BYI,t=0) (5)  The experimental asymmetry cancels when we take the nor-

_ o o malized ratioR,= R, /R, . In order to extract the polariza-
with Bi(l,t=0) the tensor component describing the reac+tion P created in the projectile-fragmentation reaction out of
tion induced polarizatiorP(t=0) with respect to th& axis  the measured normalize@l asymmetryR,,, we calculate

[23]
30 YA QB t=0)= /LY A0.P(1=0)
01 s _ Ry+1 ¢ TetPilt= = N g Mrerr =i
B(1,t=0) =~ \/;—P(t=0). ©6) o

It can be shown that in the resonance condition, with a sufThe factorsv/c, A; and Q, determine how much of the
ficiently strong rf field, all Zeeman levels are equally popu-reaction-induced polarization is experimentally measurable.
lated, i.e., G{%(v.=v,{)=0. At resonance the reaction- The radiation paramete, is related to the spins of the
induced polarization is then destroyed and we find annitial and final states of th@ decay and depends on the kind
isotropic angular distribution, derived from Edd) and(5):  of transition, Gamov-Teller or Fermg™ or 8~ [25]. Based
W(6,7)=1 for all 6. Far from the resonance condition, the on the observed decay schenj@$], the radiation param-

rf perturbation is negligible oiG)(» #vrf)=1, so the eters are calculated to b&,(*’Na)=0.619 andA,(*'Al)
measured3-asymmetry reflects the initial polarization. The =0.639. The meaB energy for 3*Al (E%'=3.8 MeV) and

experimental ratio ?/Na (E)f =4.3 MeV) is high such that/c=0.99, giving a
A minor reductionQ, represents the experimental losses of the
R(By) = Nup  €upW(180°) @ orientation. Before the implantation of the nuclei, spin polar-
o) =

Ngown €dowrW(0°) ization can be lost due to electron pickup of the fully stripped
nuclei 3Al and ?'Na passing through the material in the
is measured as a function of the static magnetic field strengthlSE beamling\wedge, Al-degrader, position sensitive Si de-
Bo, as shown in Fig. 4. Here,,/ €40,n represents an experi- tecton down to the stopper. Calculations with the LISE pro-
mental correction factor, the experimental asymmetry due tgram for 2’Na and**Al ions in this energy range predict an
the possible different efficiencies of the detectors, the posielectron pickup of less than one percent, inducing no loss of
tion of the beam with respect to the crystal, etc. To extracorientation. During their passage through the Wien-filter, the
out of these data the polarization, independent of this experinuclear spins rotate over a small angle with the Larmor fre-
mental asymmetrye,,/€4oun, the ratio out of resonance quency[Eqg. (2)]. In this experiment the field was set to
(Roup) Which is sensitive tdP, is compared to the ratio in  Byj.n,=252 G. With the speed of the fragments of 10.14
resonanceR;,) which is sensitive to the experimental asym- cm/ns ad 5 m efective magnetic length of the filter, the
metry of the detection setup passage takes=49 ns. The spins or thus the polarization
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symmetry axi<Z, will be rotated ove= w, t afOUﬂd§Wiem TABI._E I Polarization. of the27Na and3'Al nuclei, crgated in
causing a reduction of the measured spin polarization in thé€ projectile-fragmentation reaction 6fS on °Be for different
vertical direction. The reduction is minor and similar for both Selections in the momentum distribution.

3IAl and ?'Na: cos9=0.996. After implantation and decay
of the nuclei, the emitte@ particles can scatter in the setup

Angle Corresponding Selected  Observed Deduced

and the detectors. Also the solid angle of the detection setu}?'rget Bp ion rate  asymmetry  polarization
needs to be taken into account. Both are calculated using (Tm) (jon/s) Ro—1 P (%)
GEANT [27] simulation of the setup, resulting in a geomet- 1)27\4

ric factor Qgeant="0.71(5) for the?’Na nuclei implanted in 40 2915 1880 -0.007(8) —0.6(7)

a NaCl crystal andQgeant=0.80(3) for the3'Al nuclei  5q 2 952 1601 —0.044(5) —3.5(5)
implanted in a MgO crystal. Besides this quantified lossesg 3.025 755  —0.076(9) —6.2(9)
which amount in total taQ,(?’Na)=0.70(5) andQ,(3!Al) 23|

=0.793), there are some uncontrolled orientation lossesgg 2 865 457 -0019(3) —13(2)
due to the impurity of the crystal and possible implantation50 2910 1254 —0.022(6) —1.5(4)

sites that may be perturbed for some of the nuclei. As we can
not quantify them, we take these effects into account by a
scaling factor (<1) between the deduced polarizatién
and the reaction induced polarizatiéh=qP, . Taking into
account all above effects we find for the deduced polariza-
tion

which will be discussed in the following section.

V. DISCUSSION

We compare the obtained polarizations with the calcula-
Rn—1 1o tionsin the kinematical fragmentation model of Okuetcal.

R,+1’ (10 [5,6]. The parameters used in the calculation are the impact
parameterb, the density of the projectile nucleys(b),

R,— the experimental deflection angle of the primary beam
Rl (11 0. [=—2(1)°] and the reaction anglég (Fig. 1). The im-

n pact parameteb is calculated to bé(?’Na)=5.21(8) fm
andb(3!Al) =5.72(6) fm such that the geometrical overlap-
C. Results ping volume corresponds to the number of abraded nucleons,
assuming one evaporated nucleon per two abraded nucleons
[18]. The density of the projectile nucleuS'®" at a dis-
tanceb of the nuclear center can be written in the Coulomb-
modified Glauber model api(b)=pi(0)exp(—b2/a1-2) with
the central nuclear density;(0,°S)=0.64 fm 3 and the
width of the density distributiom; (3°S)=2.40 fm[29].

In Figs. 5a) and §b), the experimental results fcf'Na

P

5
?INa,l = 5) =1.596)

N[ o1

P(31AI,I=—) =1.374)

The known ground state properties 6fNa [17=5/2",
g=1.5582), t;,=301 ms, Qz=9.010 MeV] [28] fix the
resonant magnetic field strengly, =436 G for the rf set-
tings v,1=450+35 kHz, v,,=100Hz and B
=4.5(1.5) G. The amount of induced polarization was mea
sured for three different linear momentum windows of the
nuclei with an acceptancAp/p=*=0.29%. The first mo-
mentum cut in the outer wing of the yield distribution, cor-

responding to a target tilted &t=58° (Fig. 4 top showed a PP — T Salng L1
change in8 asymmetry ofR,=0.924 or a reaction-induced ol REPSRASES ®
polarization of minimalP=—6.2(9)%. Fornuclei selected ]

in the center of the momentum distribution, the experimental ;g
polarization is found to be zero within the experimental pre-3 454
cision. The measured and deduced spin polarizations are preg 5o 1% 2~ ™
sented in Table (top) for the different momentum cuts.

on Sl [I7=5/2", g=1.517(20)uy, ti,=644 ms,
Qz=7.995 MeV] [22] we performed measurements with 00

%)

5}
&

tion[!

iza

N Scaling factor=0.02

Polari

two different momentum selectiori§ig. 3(b)] with an ac- 0] \ : P
ceptance of Ap/p=*=0.46% and rf settingsy,;=21000 (0 *5+Be—s a1 TV [0 M Beracar e A
+12 kHz, vnoq=50 Hz, B1=10.0(1.5) G. The resonance > . . . 2 o 2 4 o & 5 4 o 1. .

field was found to bé,, =859 G from which the®!Al fac- ) g

tor of g could be deducef2]. The change irB asymmetry b b

was equal, within _errors, for both momentum windows FIG. 5. (a),(b) Kinematical fragmentation model calculation of

(Table 1 bottom, which is expected as both momentum cutSye reaction-induced polarization compared to the experimental data

are far in the outer wing of the fragment momentum distri-fo; 27Na and3!Al. The theoretical values overestimate the experi-

bution. A polarization ofP= —1.5(4)% wasdeduced. mental ones by the mentioned scaling factdcs. Comparison of
Despite the use of the same tard@e and primary®®S  calculated polarizations for fragments with mass 34 down to

beam and the closeness in mass of both nutfsia and  A=27, produced in the fragmentation ofAe=36 beam at 77.5

3IAl, there is a large difference in the evaluated polarizationMeV/nucleon.
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and 3'Al fragments are compared with the theoretical calcu- *° @ 1l ®
lations. Note that the shape of the polarization curve as ¢ 25 \\ ® 9] \

function of the fragment linear momentum corresponds to 2.0 3 5 3: .

that of a far-side trajectory, as we expect for light targets ® 15 % 2 h

where nuclear attraction is the dominating process. In the ;| ‘1 g 4 *
calculations, the reaction angly, indicating the average 05 ‘ R - ‘ ‘
position of the removed nucleons, is varied from 0° to 30° 0 200 400 600 0 200 400 600
with steps of 10°. The experimental results fdNa are best E[MeV/nucleon] E[MeV/nucleon]

reprOdPC‘?d withfr=10° and a scaling factor of 0.11. This 15 g Eygiution of (a) the relative widtha/p, of the ?’Na

X . - Sinear fragment momentum distribution with increasing energy and
investigated by Okunet al. [6] onto a light £7Al) target. (b) the polarization of2’Na fragments, averaged over a momentum
E.g., for 1B fragments, produced with &N beam @ window of p;— p,/p,=0.3% from the outer wing of the distribu-
=1.0(5)°; E=68 MeV/nucleon) the polarization was found tion. The beam deviation was taken és=—2(1)° and sinula-
to be a factor of 10 smaller than predicted by the model andions are made fofz=10° and a scaling factor of 0.11. The shaded
an angledr=10° gave the best reproduction of the experi-region is the intermediate energy region for which experiments can
mental trends as a function pf. Thus, the model is able to be performed at GANIL.
predict the trend of the polarization but overestimates the
reaction-induced polarization on light targets by an order oft Strong decrease of the relative widthp, of the fragment
magnitude, independent on how many nucleons are removétear momentum distribution(). Because a minimum lin-
(here nine, in Ref6] three. Note that the evaporated nucle- €ar momentum WanOV\{ is chosen with the momentum_ slits,
ons are removed isotropically and spin polarization is create® averaged polarization over such a momentum window
by the abraded nucleott$ evaporated nucleon for 2 abraded will thus decrease as a function of the beam energy. Figure
nucleons is assumed in intermediate energy readtidns  6(b) shows the dependency on the beam energy of the polar-
Fig. 5(c) the theoretical polarization is compared for frag- iZation, averaged over a momentum W'”(_jOW ops (
ments with different mass, all produced with®S projec-  —Po)/Po=0.3%, starting from the outer wing atp(
tiles at 77.5 MeV/nucleon onto %Be target. The simulations —Po)Po= 0/Po. Schder et al. [30] measured the polariza-
are made for a reaction anglig=10°. The polarization di- tion of *’K, produced in a projectile-fragmentation reaction
minishes with an increasing number of removed nucleonsat 500 MeV/nucleon witt*°Ca projectiles on @Be target.
However, sufficient polarization remains, even if nine nucle-Fragments emitted at an angle 60.5(1)° were selected. A
ons are removed such as f&iNa. This is an indication that KBr crystal was used as a stopper. A more or less constant
sufficient polarization can be produced, even for fragment§olarization of P=—0.8520/% was deduced for different
differing significantly from the projectile nucleus. The curve linear momentum selections spread over the whole momen-
of A=31 in Fig. 5c) corresponds also to the polarization we tum distribution. However the current model predicts a far-
would expect for the3!Al fragments, because the proton S|de—trajectory shapg of thg polarization as a function of the
numberZ of the fragments is not a parameter in the presenffomentum distribution, with an averaged polarization over
kinematical fragmentation model. However, in our experi-(P—Po)/Po=0.3% starting from the outer wing ofP|
mental datdFig. 5(b)] we find less polarization. This is most =7.8%. This |n<_j|cates that the actual model does not repro-
likely due to additional orientation losses, what we repre-duce the trend line and highly overestimates the polarization
sented in the formula of the reaction induced polarization by high-energy projectile fragmentation reactions. In this re-
the factorq (P, = P/q). The deduced polarizatiditq. (10)] ~ 9ime, o/po approaches zero and the dominating process is
is calculated from the observeglasymmetry, neglecting the Not the deflection of fr_agments due to Coulomb and nuclear
unquantifiable orientation losses For the substitutionally ~forces, but the straggling induced by the transverse momen-
implanted?’Na in NaCl, whereg=1, this is justified. In the tum of_ the removed nucleons, which is neglected in the ki-
case of3!Al, the unknown implantation behavior GfAl in ~ nematical model of Okunet al. Schder et al. [30] adapted
MgO makes it necessary to introduce this unknown reducthe model for high energies, e.g., by taking into account this
tion factorg. The very small amount of deducé®Al polar-  Straggling.
ization[ P=—1.54)%] compared to the calculated reaction
induced polarizatioP, =—7.7%(Fig. 5(C)J, is Iikgly due to VI. CONCLUSIONS
the fact that only 1&)% of the 3!Al nuclei contribute to the
NMR effect (=0.19). The remaining 81% of the nuclei do ~ We have been able to produce spin-polarized fragments
not undergo a normal Zeeman splitting, because their nearegut of a reaction where a large number of nucleons was
neighbor lattice structure might be perturbed. removed from the 3°S projectile nuclei. The deduced
Notice that the energy of the projectile beam was keptspin polarizations P(?’Na)=—6.2(9)% and P(*'Al)
constant at 77.5 MeV/nucleon in the experiments of this re=—1.5(4)%will allow to investigate the moments of nuclei
port. In order to probe the issue whether spin polarizatiorfar from the valley of stability using spin-oriented beams at
can be produced also at much higher energies, we plot in Figntermediate energies. The result for th#a fragment nu-
6 the results of calculations performed with the kinematicailclei indicates that high spin polarization can be produced
fragmentation model. These calculations reveal, as expected|so in projectile-fragmentation reactions where 25% of the
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nucleons are removed from the projectile nucleus. The imstand fully the processes leading to spin orientation in a
portance of this result is related to the possibility to study theprojectile-fragmentation reaction, especially at higher beam
structure of very exotic nuclei when going close to the drip-energy.

line both at the proton- and neutron-rich side, also for

heavier systems.
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