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Polarization in fragmentation, g factor of %K
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Spin polarizationP>1% has been observed f8fK fragments produced in the reactidiCa+ °Be at 500
MeV/nucleon. The polarization was measured as a function of fragment longitudinal momeatlamaber
distribution. The experimental results are well described by a new Monte Carlo—based mode-deuoay
half-life of 3K was remeasured a$;,=178(8) ms. Using polarized®™K fragments, theg factor
gexp(35K)=0.24(2) was measured. The magnetic moments of isddpir=3/2 mirror pairs are discussed.
[S0556-28188)03305-9

PACS numbes): 25.70.Mn, 29.27.Hj, 21.10.Ky, 27.36t

I. INTRODUCTION projectile beam direction. In the low- and medium-energy
range, the polarization of projectile fragments was success-
Products of fragmentationlike reactions at Fermi energiesully applied tog-factor measurements of unstable nuclei via
are known to be spin polarizgd]. This feature has been B-nuclear magnetic resonan@MR) spectroscopyl,3,4.
ascribed to a recoil of the nucleons removed peripherally In the relativistic energy domain, where the deflection of
from the localized volume of the projectile. The experimen-fragments due to Coulomb and nuclear forces is much
tal data indicate that for any specifiemal)) deflection angle, smaller than the angular straggling induced by (in&rinsic)
a distinction can be made between the near- and far-sidgansverse momentum of the removed nucleons, no distinc-
(right and lef} trajectories of the projectile around the targettion between near and far trajectories can be made. Conse-
nucleus[1,2]. A small contribution to the fragment polariza- quently, no polarization of the fragments due to the mecha-
tion of another mechanism as proposed by Okahal.[2]  nism dominating at Fermi energies is predicted. Only the
was also identified. It is based on the assumption that thalignment of fragment spins is likely to occur at the very
abraded nucleons are more likely to be removed from théiigh projectile energies and was recently measured at the
backward hemisphere of the projectile with respect to the5SI-Darmstadt. In that experimefg], the spin alignment of
4Mgc fragments was detected because of the anisotropy of
emitted y rays using the time differential perturbed angular
*Present address: Roland Berger & Partner GmbH, Internationatorrelation(TDPAC) method.

Management Consultants, ArabellastraRe 33, 81926dken, Ger- On the other hand, the second mechanism based on the
many. forward/backward asymmetry in the abrasion of nucleons
"Present address: EG&G GmbH, VerkalfsbBerlin, D-14197  could produce spin polarization also at higher energies. The
Berlin, Germany. aim of this work was to check this hypothesis.
*present address: Department of Physics, Osaka University, In a recent experiment, the fragment separé®S was
Toyonaka, Osaka 560, Japan. used to produce and separate such fragments for an investi-
S0n leave from: School of Engineering, Nagoya University, gation of their polarization by th8-NMR method. Prelimi-
Chigusa-ku, Nagoya 464-01, Japan. nary results were already reported [i6]. In addition, the
IPresent address: Department of Physics, Osaka University, Toydmplications of the3K result for the magnetic moment sys-
naka, Osaka 560, Japan. tematics of isospir=1/2 and 3/2 mirror nuclei pairs are dis-
TPresent address: The Institute of Physical and Chemical Resussed, as well as a new Monte Carlo—based model describ-
search(RIKEN), Saitama 351-01, Japan. ing the mechanism behind polarization in fragmentation
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FIG. 1. Fragment separator FRS at GSI and stopping area. l@etiited beam on targefviewed from above Insert(b): new slit
system in the dispersion plafeiewed from abovgfor selection of a longitudinal momentum cut; each jaw of slit | can be moved ix the
direction up to center, slit Il is movable in thedirection across the center axis of FRS.

reactions at high energies. This paper deals with the experéontrolled oil cooling, was better than 0.2%B4=0.493 T,
ment in detail, including the positive identification of polar- while the field inhomogeneity across the implantation crystal
ization of 3>3K and the application of polarization to a first was less than 1%.

measurement of thék g factor. The stopper consisted of a 30 B0 mmx3 mm
single-crystal, either CagFor KBr, tilted at an angle of 30°
Il. EXPERIMENTAL PROCEDURE with respect to the beam axis. In previous experiments, ionic

crystals had been used for stopping Ca and K isotopes. A
r]arge percentage of the original spin polarization is preserved
in ion implantation into crystals containing the same kind of

The nuclides studied were produced from fragmentatio
of a 500 MeV/nucleorf®Ca beam delivered by the GSI syn-
chrotron SIS a 4 g/cm °Be target placed at the entrance ' .. " D ) )
of the projectile fragment separator FRG (see Fig. 1 The posmvg ions[8,9]. Depolarization effects due to spin-lattice
average intensity was i@articles per spill, with 3 seconds '€laxation are small. At room temperature<293 K), ex-
between consecutive spills. The extraction time was adjusteBeimental relaxation times were several secdigd8], and
according to the half-lives of the nuclides under investiga-2'¢ thus much longer than the half-lives of the investigated
tion. The angle of the incident beam could be adjusted in th@uclei. The polarization produced in the fragmentation reac-
range= 10 mrad using two dipole magnets upstream of thelion is expected to be preserved during the deceleration of
target[see inserta) of Fig. 1]. The fragments were separated the ions in the target and degrader materials and is main-
in the FRS and identified using standard energy loss vs timdained after implantation in the static magnetic field.
of-flight techniques. The right or left side of the fragment With the help of two Si detectors in front of and one
transverse momentum distribution could be selected witlPIN-diode behind the stopper, the implantation profile was
slits placed directly after the target. An additional selectionoptimized by adjusting the thickness of the degratiere
across the fragment longitudinal momentu@oldhaber Fig. 2). Two 120 mnX 100 mm scintillator telescopes were
(GH) distribution) was achieved with new slits placed at the placed above and below the center of the stopper crystal,
middle dispersive plane of the FRS. With these slits, any partach telescope covering a solid angle of 32%. The telescopes
of the GH distribution can quickly be selected without retun-consisted of one 1.5-mm-thick and two 3-mm-thick plastic
ing of the FRYsee insertb) in Fig. 1]. scintillators, the latter separategt B 6 mmaluminum layer

At the final focal plane of the FRS, angle- and (see Fig. 2 Using glass fibers, the scintillators were opti-
momentum-selected®Ca and®>*K fragments were slowed cally coupled to photomultiplie(PM) tubes placed outside
down in an aluminum degrader before being implanted into dhe static magnetic field.
stopper crystal placed in the central region of a room- The telescopes allowed to measure the up-to-down ratios
temperature magnésee Fig. 2. The self-constructed 33000- of positrons emitted in the decay of the implanted fragments.
ampere-turn magnet with an 82 mm pole gap was used t order to compensate for geometrical asymmetries of the
produce a strong static magnetic fi@g. The long-term con- setup and to determine the nuclear magnetic resonance, the
stancy of the field was monitored with a Hall probe. Thespin-reversal produced in an adiabatic fast pas$¢age) of
stability of the field, achieved by using temperature-the magnetic moments in a radio frequenef) magnetic
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TABLE I. Time settingd; to ts andt.,, in msto define the start  particleg, and A denotes the asymmetry parameter of the
of rf power and duration of counting as used in the experimesgés  decay which can be derived frogrdecay theory11].
Fig. 3). The telescopes detected positrons emitted in an interval of
6 angles, withd=0° corresponding to the axis of the static
field. The mean value;=cosd was determined with static
39Ca 190 250 942 997 2900 697 1903 200 field giving the counting ratedJx1+AP7 and Dx1
37K 190 250 1100 1150 2900 843 1749 200 —APmn forthe upper and lower telescopes, respectively. The
as 40 100 230 280 2500 130 320 50 loss in detection efficiency caused by the helix-like trajecto-
ries of the positrons in the magnetic field was estimated with
a Monte Carlo simulation. Assuming spherically symmetric

field perpendicular tB, was used10]. This rf magnetic emission 01_‘ positrons with momentum dis_,tributic_m shapes
field B, was produced by means of a powerful adjustableco”es_pon‘ﬂg‘xg to allowed dec%?,: 0.64(1) is obtained for
LCR circuit with two coils placed on each side of the stopper” K With Eg™=5127 keV. For™Ca, the same; value was
crystal (see insert of Fig. 2 obtained. It can be compared with the estimate0.63(1)

In addition to the setup shown in Fig. 2, a 70% Ge detecdiven in Ref.[9] for a comparable detection apparatus.
tor was positioned laterally between the pole pieces of the The up-to-down ratidR is given by
magnet at a distance of 60 mm from the center of the stopper
crystal. The Ge detector used for estimating the purity of the R=G 1+APy
implanted beam by recording-delayedy radiation had an 1-APy’
efficiency of 0.642)% at 661 keV.

Isotope t; t, t3 ts ts Aty Aty teyr

with G including asymmetries of the implantation and the
Ill. MEASUREMENTS AND EXPERIMENTAL RESULTS detector system. Performing a similar measurement after re-
versing the spins gives
In order to derive the nuclear polarizatidh from the
measured up-to-down positron emission ratios, the well- , 1-APy
known expression for the3*-decay angular distribution R'= m
W(6) can be used:

By forming the double rati®R/R’ the experimental asymme-
W(6)=1+(v/c)APcog 0), tries cancel.

Our measurements were performed in a sequence of im-
whered is the angle between the emitted positron relative tgplantation, rf application, ang counting as depicted in Fig.
the spin axis of the parent nucleusc is the positron veloc- 3. In the beam-off periods between consecutive spills, first
ity divided by the speed of lightufc~1 for high-energys  the ratioR and then the rati®’ were measured. In the next

scinlillalors:
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FIG. 2. 8 detectors in the static field, perpendicular to the rf fiel®,. For 35°K fragments a KBr stopper, fot°Ca fragments a CaF
stopper was used. Insert: radio frequefidy circuit with adjustable capacitd, coil inductance., damping resistoR and for monitoring
Ry is connected to a power amplifier ENI A50@mp), a self-constructed amplitude shagass) and a function generator HP 33120fg.).
The trigger signal is provided by a time sequen(ere Fig. 3
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on tum. While changing the incident beam direction reverses the

— tox sign of the polarization, the absolute value P#&1.5% is
comparable for both angles. It is also notable that the polar-
> t ization does not change sign when scanning the longitudinal
extraction . . .
on fragment momentum and that its magnitude is nearly con-
o stant over the whole momentum rangRossibly the largest
1 l l [ l ] {""'““Z“"O“ effect is obtained when the fragment velocity matches that of
off t the incident projectilg. The result is discussed in detail in
rf power Sec. V.
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B. The polarization of 3*Ca
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Tala lakin‘g Thg Ca fragmgnts were stopped in a Galngle crystal.
¥ ; , t The trigger condition was identical to that used for the case
ot bt b & b s b of 3K and the timing was similatsee Table)l The *Ca
i i - i round state has”=3/2" and decays exclusively to the

FIG. 3. Time schedule of the experiment: the collection of frag-9 " Yy y .
ments is done during SIS spills, the rf application and data acqui3/2" ground state of the daughter nucled$Ar, with
sition in beam-off periods. The distance of the subsequent spills is 8;,=859.614) ms andQgc=6530.6(18) keM[12]. For this
s. The extraction time,,, is adjusted to the half-lives of the frag- mixed Gamow-Teller and Fermi decay, the empirical asym-
ments and is 200 ms and 50 ms, timing sigrialto ts were deliv-  metry parameteA(3°Ca)=0.83(2) was givei9].

ered by time sequencers. Values are given in Tallgis provided While keeping the primary beam incidence angle constant
by the SIS synchrotron. In resonance, the spin polarization is reat 7.5 mrad, four different fragment longitudinal momentum
versed. bins were investigated. By forming fourfold ratios of the

up-to-down ratios measured at each setting, the correspond-
counting period, the polarization directions were inversedng polarization value$ given in Fig. 5 were obtained. To
and the ratiofR” and R were obtained. Each of the double check this, a measurement was performed with the rf field
ratiosR/R’ andR'/R can be used to derive the polarization. tyrned off. Within the experimental uncertainties, no polar-
In cases with high counting statistics, the fourfold ratio canization could be observed, allowing an upper limit of
also be used9]. P(%%Ca)<0.3%. This “negative” result is discussed in Sec.
V.
A. The polarization of ¥K

The 3K fragments were stopped in a KBr single crystal. C. The g factor of *K

Table | lists the fragment collection, rf-power application, Prior to our experiment, the magnetic properties3a{
and positron measurement timing schedule used. Because @kre largely unknown. Our experiment, aimed at measuring
the lower positron energy iA’K decay, only the two inner-  the magnetic moment of this drip-line nucleus, should be

most scintillator telescope membét$l-U2 and D1-D2, re-  seen as a first step towards an accurate determination of the
spectively could be usedsee Fig. 2 For this purpose, the 35 g factor.

trigger condition was defined as Motivated by the observation that the sign of tR&
N N polarization was independent of the fragment longitudinal
(U1IAU2)AU3)\/((D1/AD2)/\D3). momentum, the FRS was set to simultaneously accept the

- full momentum distribution of°K fragments. The**K frag-

The anticoincidence conditiorld3 and D3 suppressed the ments were implanted into a KBr single crystal. The timing
background from cosmic radiation to a level of 10%. By of implantation and measurements is given in Table I. In
requiring the coincidencdd1/\U2 andD 1/\D2, the effect Comparison to the other isotopes studied in this W&IEK
of PM noise was effectively reduced. The detection thresholghas a shorter half-lif§t,,,= 190(30) mg13]] and a largeQ
was~0.5 MeV. The ground state ofK hasI"=3/2" and  ygJye [Qec=11853(7) keV[12]]. The decay of thel”
decays with a half-life ofty,=1226(7) ms andQ value  =3/2* ground state feeds ten levels in the daughter nucleus
Qec=6148.5(15) ke[12]. The main decay brandl98.1%  35ar [12,13, the four most intense branches being indicated
is the mixed Gamow-Teller and Fermi transitiolf € 3/2"  in Fig. 6. Because of its short half-liffty,=1.775(4) s
—17=3/2",T=1/2) to the ground state of the daughter[12]], the decay of the daught&Ar was disturbing the mea-
nucleus *’Ar. For this transition, the asymmetry parameter syrement. Because of the low@rvalue of the contaminating
A(®¥K) =—0.55(2) was given by9]. decay [Qe(°Ar) =5964.9(13) keV[12]], it was initially

For each of two primary beam inclination angle settings attempted to suppress its influence by selecting only the

+7.5 mrad anq— 8.5 mrad, measurements were made forhigh-energy decay branches &K by imposing the triple-
four different bins of the fragment longitudinal momentum cojncidence trigger condition

distribution. The up-to-down ratid® andR’ obtained in the

time intervals I, Il, 1ll, and IV, as defined in Fig. 3, are listed (ULAU2AU3)\/(D1AD2/\D3).

in Table Il. From the producAP#, obtained by forming

fourfold ratios (see previous sectignthe polarizationP However, with this condition the counting rate was very low
could be derived. In Fig. 4, the resultant polarization valuesand no polarization could be observed. This may be due to
are plotted as a function of fragment longitudinal momen-the decay branches, which have asymmetry parameters of
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TABLE II. Polarization of 3K observed at the tilting angles of the “°Ca beam.

a +7.5 mrad —8.5 mrad

GH bin? ra—"ra C,—Ca l.—1a lpb—rp lb—1p Cp—Cp
R, 1.007424) 0.989929) 1.002528) 1.027%40) 0.982136) 1.034352)
Ry 1.027222) 1.013825) 1.021126) 1.019331) 0.983732) 1.021843)
R 1.021624) 1.015930) 1.018@29) 1.001839) 0.965735) 1.013251)
Ry 1.024322) 1.003325) 1.012426) 1.031732) 0.984532) 1.036744)
X 0.983444) 0.964352) 0.976%52) 1.038172) 1.017770) 1.035796)
AP7 [%] —0.21(6) —0.457) -0.307) 0.385) 0.229) 0.4411)
P [%] —0.6017) —1.2820) —0.8520) 1.0815) 0.6326) 1.2532)

#The momentum intervals as defined in Fig. 4.

opposite sign(see Fig.  and feed the low-lying levels of fragment momentum distribution was accepted and because
35Ar. If this is the case, emphasizing these branches mighof the shorter half-life of**K. Indeed, the data acquisition
result in a very small effective asymmetry parameter. suffered from very high dead times during the initial decay
In a second attempt, the trigger was relaxed to the doublezounting intervalql and Il in Fig. 2). Hence only data ob-
coincidence condition used previously fdfK and 3°Ca. tained during intervals Il and IV were used for the determi-
This approach required correcting for the amount®#Ar  nation of theg factor (see Table II).
decay-related counts in each of the four counting intervals | Although the exact resonance frequency BK is un-
to IV. This could be achieved by fitting the experimental known, it can be estimated from, for example, shell model
decay curves to find the contributions froffK decay and  predictions of theg factor. The frequency of the variable rf
35Ar growth and decay, respectivelfThe amount of*°Ar  magnetic field was swept over two slightly overlapping in-
remaining from previous spills was also taken into account.tervals(see Fig. 8 In the lower-frequency interval, a non-
The deduced net amount 6fK is given in Table Ill. The zeroAPz value was obtained, while the result of the higher-
applied fitting procedure required a more accuri¢ half-  frequency scan is consistent with zero. Considering the
life than the previously reported value 180) ms[13]. Us-  overlap of the sweep ranges, the frequency interval in which
ing the Ge detector, it was possible to selectively measurepin reversal occurs is reduced, and the corresponding limits
the half-life of 3°K parallel to the positron counting. By se- on theg factor of **K are deduced as
lecting the 1750.6, 2589.8, and 2982.7 ke\Wtransitiond see
Fig. 7(a)], the decay curved) shown in Fig. Tb) was ob- 0.2223)=<g(*K)=<0.2524).
tained. After dead-time correction, curve)(was obtained,
yielding the new valué,,(**K) =178(8) ms. The dead-time This experimental valueg=0.242), can becompared to
correction was based on the recorded time behavior of thdifferent model predictions. While the classical Schmidt
room background, 1460.8 key ray from the decay of°K, value[15] is gschmig= 0-083, more recent shell model calcu-
the decay rate of which can be considered as constant.  lations give gpee=0.290[16] and gygp=0.122[17]. The
Although the implantation rate oK was much smaller experimental result agrees best with the prediction by Brown
than for 3K and °Ca (the production cross section is esti- et al.[17], made prior to the measurement,gffL,=0.243.
mated[14] to be two orders of magnitude smallgthe count  The ggp values are based on the complsie shell space
rate in the positron telescopes was still high since the fullvave functions and free nuclean factors, and theyft,
values represeny factors derived with empirical “effec-

K | e a B tive” operators[17]. Such effectiveg factors were found to
E1 b 1 be in good agreement with new experimefig,18|.
&
Iy I M) A
0.5 | A%‘ | 0; [ T T T (N —— T ]
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0.5 - = 04 i
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15 | ! ] O I S ] | ]
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-1.0 0.5 0 0.5 1.0 06 - s |
(0 — po)/po (%) 0. ol off
08 Il c re ror r n
FIG. 4. Polarization of ¥ K in fragmentation of 500 -1l - : 1lo L O'r ! . Lt '0' 1-;) .
MeV/nucleon*°Ca. (a) Tilting angle of primary beam on the target - - BT ST AR : !

is a=+7.5 mrad(b) tilting anglea= — 8.5 mrad. The vertical bars

represent & statistical errors, the horizontal bars give the selected FIG. 5. Search for a polarization dfCa. A tilting angle ofa
momentum bin of the GH distribution which has FWHM =+7.5 mrad was used. Four selected momentum bins are indi-
(p—po)/po of ~1%. The total time of measurement was 22 h.  cated. The total duration of the measurement was 24 h.
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parametersA. The 3K half-life of the present work is given. L0000
It should be noted that, since the sign of the asymmetry . ‘
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an absolutevalue of theg factor. Following the theoretical § E
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While the magnetic moments of many,|=1/2 nuclei
are known in the light mass region up £o=41[19], very FIG. 7. (a) y spectrum of®*K measured with the 70% Ge de-
little is known about the magnetic properties |@f,|=3/2  tector during counting intervalgsee Fig. 3. SpectrumA ungated,
nuclei. Only the values offC and °Li are known, with spectrumB in coincidence with3 rays. The lines d,e,f of*K were
g(°C)=(—)0.9276(4) [4,20] and g(°Li) =2.2927(4)[21]  used for the half-life measurement, line bg is t& background.
and of %0 and B, with g(*30)=(—)0.9261(2)[20] and  (b) Curve is the time behavior of the bg line, curéethe decay of
g(*3B)=2.1181(3)[22]. The new value fog(**K) obtained  ungatedy-ray lines d,e.f, and curve the corrected decay curve of
in this work completes a new pair ¢T,|=3/2 moments, K.
together with theg factor for 3S, g(*°S)=0.667(30)[23].

Within theoretical considerationgf. for example[16]),  in that mass regiof4,20], e.g.,{o)=—0.27-0.12-0.40,
isoscalar and isovector parts of the magnetic moments of 0.23 for the mirror pair nuclei witlh= 33, 35, 37, and 39,
mirror nuclei can be derived from experimental values,respectively.
mainly for the isospinT,|=1/2 nuclei. Using the isoscalar In the odd-nucleon group model of Buck and Pefreé],

momentum relation the contribution from the even nucleon group is negligible
because of pairing effects and the magnetic moments of an
w(T,= =312+ u(T,= +3/2 =3+ (pp+ pn— 112){ ), odd proton mirror nucleus and its odd-neutron partner can be

expressed as

Matsutaet al. [4,20] derived the spin expectation val{e)

=1.44 for the °C-°Li pair and (c)=0.76 for the 1*0-1°B mp~0ed+(98—0e)- S,
pair. The second value agrees with the results obtained from

|T,|=1/2 mirror nuclei in the very light mass region and the 5,4

first value does not. The now available moments forihe

%S mirror pair result in{o)=—0.37(14), which corre- . -
sponds well to thé o) values obtained fofT,|=1/2 nuclei uN~Fedt(9s—de) - S;,

TABLE Ill. Experimental values of thé®K g-factor measurement,,,, , D,y total number of double
coincidencesR,, R, derived ratios and\ P values(see texk

rf sweep 0.819 MHz1.001 MHz 0.926 MHz1.133 MHz
total 3% fraction total 35K fraction

Uy, 211795 69.424)% 140336 69.461)%
Uwv 212797 69.08H)% 140404 69.481H)%
D, 208085 67.30H)% 136616 67.86H%
D\ 207834 67.184)% 137093 67.58H%
Ry 1.017832) 1.030134) 1.027240) 1.051342
Ry 1.023932) 1.051934) 1.024239) 1.052841)
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g o . .
0.926 0.239 0566 0.209 0319 ization, the angular mpmentum of the fragment_ is conS|dereq
1 . : : to be caused by the linear momentum of the internal Fermi
0.8 |- . motions of the abraded nucleons.
0.6 1 } ) Vector §=(RX,Ry,RZ) denotes the mean position of the
0.4 | - : e
02 | abraded nucleons with respect to the center of the projectile
APy [%] 0 ¢ andk=(ky,k, ,k,) denotes the Fermi momentum of the re-
0.2 | ampl. : moved nucleons. The axis is taken parallel to the vector of
-g‘ﬁl | ampl. 2. sweep ;] the scattering plane. In the rest frame of the projectile the
:0'8 i [ sweep | angular momentund, which is transferred to the fragment, is
i . . . -7 . . then given by the expression

1800 850 900 950 1000 1050 1100 1150 1200
J 1kt J=—RxK &
FIG. 8. Frequency intervals 1 and 2 used in téactor mea- . . . .
surement of®*K. The resonance with spin reversal is in the first IP peripheral abrasion the mean abrasion position may be
interval (first sweep. The inserted blocks give the mixture of rf R=(Ry,0,0) and a fragment polarization
amplitudes as a function of frequency.

@

respectively, wherg® denotes the orbitaj factors for pro-
tons andgg that for neutronsg? and gq are the respective
spin g factors, J is the z component of the total angular results[1]. In a more detailed picturg2] the abrasion posi-
momentum of the nucleus, artg} is the total spin of the  jon js R=(R,,R,,0). If s0, the polarization of the fragment

3l

odd-nucleon group. can be written as
In the extreme case when only one odd nucleon is active,
the expressions correspond to the classical Schmidt values “R.-Ko+R.-K
which in general show very poor agreement with the experi- =—272 Y = 3
mental values. 9]

The spin part of5, could be excluded from the discussion

by assuming a linear dependence between mirror pair mag- | "€ €ssential argument of Okueoal. [2]is that such a
netic moment§16]: shift of the mean abrasion position in tigedirection can be

explained by an interaction of the nucleons removed from
the projectile-target overlap volume with the remaining part
of the projectile.

At small projectile energies the nuclear and Coulomb
forces cause projectile deflections. Since trajectories of the
fragments around the target nucleus to the left and right sides
are distinguishable due to different deflections, a fragment
polarization according to Eq2) was observed.

As the projectile energy increases, the deflection of the
projectile in the reaction becomes smaller and smaller. At
relativistic energies it is not possible to distinguish between
the trajectories of the fragments having passed the target to
the left or to the right side. Then, according to E2).the net
é)olarization is zero.

pmp=auntbd,

where the coefficienta andb are given by thg?" andg?"
values.

Interestingly, the magnetic moments of {fig|=1/2 mir-
ror nuclei follow this trend with the parametera=
—1.145(12) andb=1.056(21) hardly differing from the
free-nucleon valuea=—1.199 ancb=1 [16].

The first|T,|=3/2 pair, °Li- °C, does not agree with the
linear dependence of thi,|=1/2 mirror nuclei[4]. The
same is true for the magnetic moments of ffig = 3/2 nu-
clei 3%K-3°s, and *B [22] and %0 [20]. The three|T,|

:3/2_ mi”f’r pair _magnetic moments cannot be describe However, if Eq.(3) applies, the net polarization does not
(within their experimental erroy$y any other linear depen- \anish For the abrasions taking place to the right or left of

dence either. -
X . ) _the projectile, the transferred angular momeRjak, do not
Since some deviations from the linear dependence defmegange' Jout g jaky

by free-nucleon parameters have been discussed for
|T,|=1/2 nuclei[16], and still larger deviations may be ex-
pected fol T,| = 3/2 nuclei[4], it is very desirable tdi) more
accurately determine thg factor for K and (i) determine In order to study the effect proposed by Okugtaal. [2]
the magnetic moments for furthéf,|=3/2 mirror pairs in  we performed a simulation calculation. The fragmentation
order to check whether any linear dependence does exist foeaction is regarded as a two-step process. In the first step a
these nuclei. peripheral collision between projectile and target, with sub-
sequent interaction of the participating nucleons with the rest
of the projectile, is considered. At the end of the first step an
excited prefragment is formed. In the second step the deex-
We assume a projectile incident to be in thelirection  citation of the prefragment by particle evaporation is re-
and to collide peripherally with a target nucleus, and as aarded.
result the nucleons in the overlap volume are abraded from For the simulation we have combined the Monte Carlo
the projectile. In the modelgl] and[2] for fragment polar- code of Okunoet al. [2] and the Monte Carlo code of

A. Monte Carlo calculation

V. POLARIZATION MODEL
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Gaimard and Schmidi24]. The latter particle evaporation . . .
E:;g]e is based on a model proposed by Campi anthétu Pfrag= Pproj—Ei K; . @)
1. Simulation of the first step From these values, a deflection angle was obtained and it
Projectile and target nucleus were regarded as spheresas checked whether the fragment entered the separator.
For a given impact parametdr the overlap volume was
calculated. The size of this volume corresponds to the num- 2. Simulation of the second step
ber of abraded nucleons as proposed by Goessat [26]. . -
In the abrasion process individual nucleon-nucleon colli- The removal of a nucleon with momentukncauses a
sions between nucleons of the target and the projectile takgeating of the prefragment. The excitation corresponds to the

place. Each of the nucleon-nucleon collisions was simulatedifference between Fermi momentdrﬁ;| and momentum
separately. First, the position where the reaction takes plaqq§|. Thus, in the second step the evaporation of nucleons
was chosen uniformly distributed in the overlap volume.from the excited prefragment was calculated. No momentum
Second, the momentum of the Fermi motion of a removedransfer in evaporation was considered.

nucleon was chosen according to its probability distribution  The probability distributionP(A’,Z’) over the proton
function f(p)dp, asf(p)ep? for p<pe andf(p)=0 forp  numberz’ and the mass numbé¢ of the prefragment were
>pr wherepg denotes the Fermi momentum in the Fermi calculated from the corresponding numb@s and A, for

gas model of a nucleus. To simulate the directions of thehe projectile as

nucleons after collision we adopted an isotropic nucleon-

nucleon scattering process in the center-of-mass system of

the two nucleons. (ZP)((AP_ZP)>
Each scattered nucleon traversed the projectile. The posi- o, z (a—2)
tion of the first scattering in the overlap region and the di- P(A",Z")= A ' ®)
rection of the scattered nucleon determine its path ledgth P
within the projectile nucleus. The probability for the oc- a
currence of a secondary scattering process was calculated
from the equation in terms of the removed number of protomsneutronsa
—z, and nucleons. The fragment distribution calculated
W=1-e 9 (4 with such a hypergeometrical ansatz is in good agreement

with previous experimental daf24].
where\ denotes the mean free path length of a nucleon in The simulation of the second step started with a prefrag-

nuclear matter ment with the masg\’, the proton numbeZ’, and the exci-
tation energyE* and ended when the fragment had reached
1 the final parametera;, Z;, andE;.
A==——B. (5) In the cod€g29], the masses, level-density parameter, and
ONNP excitation energy of the decaying nucleus and its daughter

nucleus as well as the separation energiespfon, and «
In this formulaoyy is the average cross section for energydecay were calculated. From these values, probabilities for
dependent nucleon-nucleon scatterf@d,28 andp denotes the p, n, and @ emission were derived and taken into ac-
the density of nuclear matter. The density was assumed to #ount. The evaporation process was repeated until the re-
constant. The factoB takes into account the Pauli blocking maining excitation energy was smaller than any separation
effect. energy. A detailed description of this evaporation model is
The secondary scattering of a nucleon with momentungiven in[25] and[24].
and direction given in the first process was similarly calcu-
lated. This procedure was repeated until each of the partici-

pating nucleons had either left the projectile or had com- _ o
pleted its scattering events within the projectile. A certain fragment can be produced via different mecha-

nisms. Each production path is related to a specific polariza-
tion. Therefore, the observed polarization curve such as in
Fig. 4 may be interpreted to be a superposition of different
contributing curves. We found that the production of frag-
ments which are two or more nucleons lighter than the pro-
J=-> ﬁix ;Zi , (6)  ectile in nearly all the cases involves at least one evapora-
i tion step.

At medium projectile energief?] the polarizations ob-
where R, and k; denote position and momentum of each Served in various reactions were characterized by the width
removed nucleon. o¢ Of the fragments’ transverse deflection distributioe-

The sum of momenta of theremoved nucleons and the coil of the_nucleons' Fermi momentaand the mean deflec-
momentum of the projectile determine the resultant fragmention anglefye¢, Which is caused by the combined Coulomb
momentum: and nuclear forces. The ratio

B. Results of the simulation

The total angular momentund of the prefragment is
given by the sum of angular momenta transferred scat-
terings in the overlap volume and in the projectile volume:
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0
R= ©)

T 2f

approaches zero in the limit of very high projectile energies. TF e

In this simulation we found that th&’K is produced by L

~90% via the following two mechanisms: Pl o e moo T s O
(i) Collision of 4°%Ca projectile and®Be target with an af

impact parameteb, of nearly peripheral contact. Removal i i

of one nucleon from the overlap volume and removal of one Kis I

nucleon in a secondary scattering process within the projec: : B

tile, followed by the evaporation of one nucleon from the -3 o Y e oe o

prefragment £47%). (P-po)/po [°/e]

(i) Collision of the projectile and target with an impact

lap volume, and subsequent evaporation of one nucleofglativistic energies. Curves | and Il correspond to the two main
(~43%). mechanisms off’K production in “°Ca fragmentation(cf. text).

The remaining 10% ofK productions is caused by a Curw_a III_|s the weighted mean of curves I_anc_i Il and gives the n_et
é)olarlzatlon effect as a function of the longitudinal momentum. It is

number of different mechanisms, e.g., the removal of thre ) : .
- . compared with the experimental values of Figa)4
nucleons from the overlap volume without particle evapora-

tion (1%) and the removal of one nucleon from the overlap egses hesides the nucleon-nucleon elastic scattering seem to
volume and subsequent evaporation of two nucle@fs). affect the very peripheral collisions most. The simulation

~ We have considered only procesg@sand (ii). For the  herefore might not apply to the one-neutron removal process
first one, a backshift of the abrasion positiep,>0 resulted  fom 49ca. It seems to be obvious, however, that the back-
from the model calculation, and for the second one,¥he ghift of the mean abrasion position is small and therefore
component changed its sigRy ,<0, and consequently the peqjigible polarization results, as was observed ¥ga.

two polarization curves withR, 1| <|R, | partially cancel We have also applied the model calculation to the produc-
each other as shown in Fig. 9. The net polarization can by, of other fragments and found that optimal polarization is

compared with the experimental result of Fig. 4. The size Ofexpected for the abrasion of 3, 4, and 5 nucleons. When a

the polarization is partly explained by this model. The cal-gijj| jarger number of nucleons is removed, the polarization
culation indicates that the width of the distribution curve of \yj| not increase due to cancelling of the different contribut-

net polarization is somewhat smaller than that of the eXperijng curves.
mental curve, although we have already taken into account
multiple scattering of the primary beam in the thick target.
It should be mentioned that in the earlier mod2] a
scaling factor of~1/4 was necessary to compare the calcu- One of us(M.H.) gratefully acknowledges support from
lation with experimental results. the Alexander-von-Humboldt Foundation. This work was
The limitations of this model, like the assumption of con- supported by the German Ministry of Research and Technol-
stant nuclear matter density and neglection of other proegy (BMFT) under contract No. 06GO667/TPIIl.
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