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Pion single-charge-exchange reaction oALi
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We have studied the pion single-charge-exchange reactiofLbteading to isobaric analog state under
distorted-wave impulse approximation. A cluster-model wave function is used to describe the ground state of
“Li and "Be, and the results are compared with those of the shell-model calculation. The forward cross section
above 50 MeV is well explained but the theoretical value is larger than the experimental cross section about a
factor 2—2.5 at lower energies. The shell-model and the cluster-model wave functions predict quite different
second rank tensor polarizatidi50556-28139)01804-X]

PACS numbegs): 25.80.Gn, 21.60.Gx, 27.26n

The pion single- and double-charge-exchange reactionsinction with effective charge. As will be shown, the cluster-
on complex nuclei have been studied extensively both theomodel and the shell-model wave functions give similar re-
retically and experimentally1-5]. The pion single-charge- sults for the forward cross section, while these models pre-
exchanggSCX) reaction is expected to provide us with in- dict considerably different second-rank tensor polarization.
formation about the isovector component of the nucleusThe second-rank tensor polarizatidn, takes a nonzero
Recently, the experiments of SCX reactions on polarized tarvalue in the forward direction and is shown to be quite sen-
gets have been done for ligptshell nuclei 2]. For the spin-  sitive to the quadrupole deformation of the isovector type.
1 nuclei, the right-left asymmetry comes from the interfer- We calculate the SCX reaction cross section for
ence between spin-dependent and independent isovector arfl-i (7, 7% ’Be under the distorted-wave impulse approxi-
plitudes. Thus, the right-left asymmetry is sensitive to themation(DWIA). The reaction amplitude can be written as
o - 7 component of the nuclear density which is largely influ-

enced by the nuclear core polarization. In this context, the (=)t A

effects of the higher configurations in sorpeshell nuclei f(kf’ki):f xi (ke )| @y E t(ry.n)| @i

have been studigd—9]. On the other hand, for the case of a .

polarized nucleus with spin larger than one, the multipole x)(i(“(ki ,rdr, 1)

contribution affects the polarization observables and the
quadrupole contributions are important for deformed nucleiwhere®; and®; are the initial and the final nulcear states.
In the elastic and inelastic scattering of pion from polarizedThe incoming and outgoing pion wave functions are denoted
’Li, we have shown that the nuclear quadrupole deformatioms Xi(+)(ki ,r) and Xg_)(kf ,r), respectively. The scattering
affects appreciably the second-rank tensor polarizdtl®  amplitude between pion arjth nucleon can be written up to
In the pion SCX reaction, we can study the isovector quadp wave as
rupole component of the target nucleus.

In the present paper, we have studied the pion SCX reac- t(r;,r)=[bg+ Cok¢-kj+idgoyj-kiXki+(by+ciKs-k;
tion on ‘Li leading to the isobaric analog state )
“Li( 7", 7% 'Beys. It is well known that the ground state of +idyoy-kexki)7-17]8(r—ry), @
’Li and "Be nuclei are known to have cluster structure and

they are well described with the resonating-group wave func\rNhere”J and; are the spin and the isospin operators for the

tion [11-17. The electromagnetic propertiesg&2 fm™ ! ith ngc_:leon and,, is the pion isospin operator. The rglevant
are explained well with the cluster-model wave functionCOfoICIentS of the isovector terniig, ¢4, andd, are given

[17]. A more elaborate calculation has been dén@], but  PY the pion-nucleon phase shifts as

the additional components of the wave function give an im- 32 12

portant contribution only to excited states. A number of blzl &,

works have been done for the,(y) reactions on’Li to K 3

extract the astrophysical S factd9]. Since we have fairly

good wave function for these nuclei, we could minimize the T

ambiguity coming from the nuclear wave function. We have CFF(Z%+ —aptap T ay”), (©)
calculated the pion SCX reaction cross section K

"Li(7*,7°) "Beys in the low-energy region and compared it

with the available experimental data. We have also studied dy= 1 e

o L . =——(a a2 — o324 o112
the polarization observables to see the sensitivity to the is- 33 P+ TPy TR TRT
ovector quadrupole densities. We could consider this as a
typical example of the pion SCX reaction for the deformedwith
nuclei. The above calculations with the cluster-model wave .
function are compared with those by the shell-model wave a=€?sins, etc. (4)
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The upper indices represent the pion-nucleon isospin channel . .

andp* corresponds tg=I+% for the p-wave terms. The Xi (ke =472 ilfuf:)(f)Yﬁ m (KD Y1 m (N&r, (9)
pion-nucleon relative momentum in the pion-nucleon center 'y

of mass system is denoted as The pion-nucleus SCX am-

litude is written as o . .
P where theé'’s are the pion isospin wave functions. We re-

()t place the momentum variablés and k; to the derivative
f(ky vki):f xi (kg ,)[bipr(r) +ca(Ke-Ki)pr(r) operator acting on the pion wave functions. Then the DWIA
amplitudef (k; ,k;) can be written a§20]
+idipsr(r) - (kX k) Ixi ' (ki,r)dr - (9)

with the transition densities
f(kf,ki>=<4w>3’2§ (1iL1iM|14l )

PT(r):<q)f ; 5(r_rj)7j'lq-rq)i>a (6) Vel
. (2li+1)(21¢+1) .
li—1
X%%' "V itk
pST(r)=<q)f E o(r=ry)oj(7-1;) q)i>- (7 R
) ® Y (k) IEMLE (i L)+ Ea(li 165 L)]
We expand the pion wave function into the multipole series (10)

X ki n=4m2 i (0 YF (k)Y m (D&, (®) . , _
fjm; : o Here, we define the following matrix elements:

duP(r) du’(r) A1, 0L
(f) (i) f i JAGR LN
[bluIf (ruy; (r)+cl< o T

rZ

1 o0
El(li ’If;L):ﬁjo rzdr (|||f00|L0)

| Ayl 1) d . JL(L+1) duf(r)
xufff)(r)ufi')(r))}FL0L<r)—d1[Z(+a[uf?(r)uf;)(r)]— (2r (uff”(r) ar
du(r)
BT: Ul(:)(") Fra(r) |, (12)

and

1 (= 1/ d L _
Ez<li,|f;L)=ﬁjo rZdr dl[N><If,li;L—l);(—a—;)uf{%r)uf?(r)(lilfom—10>FLmm

" 1 d L1 0 o
+A (|f,|i;|-+1)r _54’7 up(ruy, (1) (1i1{00L+10)F | ;15 (r)|, (12
with kinematical factors defined by
1
Al(lfvli;L)EE[Ii(|i+1)+|f(|f+1)_L(L+1)]: (13

0, for Ii=|f=|—=0

Aol liib)= ;Umh+1y44u+nyduL+1x otherwise, 4
1 [0+ h+L+ D) +L—=T(+L—=T)(+,—L+1
A(_)(Ifli;L)E—E\/(f I L(ZoL(_fl) )Ty ] s
1 [(s+L+L+2)(I+L—1+ D) (Ig+L—1,+1)(I;+1,—L)
AH“““i)EE\ﬂJ ( (L+lx2£;3) f | (10
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FIG. 1. Pion SCX reaction cross section feri( =", 7% "Beys E . . 3
in the forward direction. The solid and the long dashed lines are the — = T ! '
results with the cluster and the shell-model wave functions, respec- b i = 48.7MeV
tively. The renormalization factors determined by Glogeal.[27] 3 L .
are used for the shell-model wave function. The dotted line corre- E 10 3
sponds to the result of the cluster-model calculation with the modi- 6‘&, .
fication of s- andp-wave isovector pion-nucleon amplitudes and -ul-c [ e e ]
c; to 0.70; and 0.8,. The experimental data are taken from Ref. ~ 102F KX A
[28] g 5 1 ' 1 §
The nuclear form factors of the isovector type are defined by & = 58.8MeV
) 1 1
E 0L 3
Frsdr)=( &g E _Z_[YL(r )@ o>, é‘l& B TS
(17) R 3
102L 3
where the double bar denotes the spin and the isospin re- F . . : : E
duced matrix element. To describe the polarization of the 0 10 20 30 40 50
target nucleus with spih the tensor operatatq of rankk is Ocm. [deg]

introduced as
FIG. 2. The differential cross section for the pion SCX reaction
Q|7 py =2l +1(— 1) #(11 ' — u|kq), (18) "Li( 7", 7°%) "Beys for the low-energy region. The experimental data
are taken from Ref.29].
then the density matrix describing the target polarization is

interaction, we use the Volkov No. 2 ford@1] with the
written as

Majorana exchange parameter=0.585 which reproduces
TE £, the experimental rms charge radius of thd. The RGM
p(|):2 axa (199 wave function gives the quadrupole momer@=
kq 21+1 —4.45 fnt for 'Li. We have also examined the Hasegawa-
Nagata effective interactigr22]. Since it gives similar wave
functions, we use the Volkov-2 interaction throughout. The
center-of-mass motion of the two clusters is eliminated. The
do details of the calculations for the nuclear multipole densities
— =Tr(fpfh), (200  are found in Ref[10]. Using the nuclear wave function de-
dQ scribed above, we have carried out the DWIA calculation of
pion SCX reactions from polarizedLi at the low-energy
region.
— We have adopted the pion-nucleus optical potential by the
o= M(f 7iqf ) ' (21) Michigan group[23] which has been extensively applied to
a Tr(ff" calculate the low-energy pion-nucleus scattering. We have
used the impulse values for the potential parameters. We also
For the ground states ofLi and 'Be, we employ the calculated the SCX cross section with the potential param-
resonating-group-methodRGM) wave function. We as- eters given by the Michigan groJ@3]. The results for the
sumed thex—t and a—3He cluster states for these nuclei. cross section and the polarization observables are almost the
The internal wave functions are assumed to be those of theame and hence we use the impulse values throughout. For
harmonic-oscillator shell model. The oscillator-size param-+the absorption parameteis andC,, we adopted the value
eters for these clusters are determined so as to reproduce thetermined phenomenologically by Gmitet al. [24]. For
experimental values of the rms charge radii. For an effectiveéhe pion-nucleon phase shifts, we have used the parameters

with t,, being the tensor polarization for the target nuclei.
The cross section for pion SCX reaction is given as

and the tensor polarization
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FIG. 3. The asymmetrie¥,, for the reaction’Li( =+, 7%) "Beys
at T,=50 and 100 MeV. The cluster-modedolid) and the shell- -10' 0 16" 50 80 0 2020 %0 80100

model (dashedl wave functions are used.
(dashed O m[deg] Oc mldeg]

in Ref.[25]. Since we are mainly concerned with the cross FIG. 5. The same as in Fig. 3, but for the third-rank tensor
section and the polarization observables around the forwargblarization.
direction, we have neglected the contribution from the quad-

rupo_le term in the optical potential. __scale factors by Gloveet al. [27] which were determined
First, we have calculated the SCX forward cross sectiony,m the the proton elastic scattering at 200 MeV. Then the

and these are compared with the experimental data in Fig. Jf)p shell-model wave function gives the quadrupole moment
For comparison, we also show the results calculated with thb= —3.68 fntf for 'Li. As seen in Fig. 1, both of the the-
Cohen-Kurath p shell-model wave function26] with the o etica| values are close with each other and agree with the
oscillator parameten=1.76 fm. In this case, we have renor- experiment around =50 MeV. In the forward SCX cross
malized the isovector-type nuclear form factors using thesection, there appegrs a dip structure around 50 MeV which

is due to the interference betweenand p-wave contribu-

1 g T T = T T T tions. Because of this, the results are sensitive tostrend
Ty = 50MeV Tr=100MeV p-wave amplitude of the pion-nuclednmatrix. In order to
05t T E see the sensitivity of the forward cross section to the pion-
2ot _ ] P nucleon amplitude, we have slightly modified theand the
N P I o \ p-wave isovector parametebg andc; to 0.70; and 0.8;.
-0.5F + ] The results are shown as the dotted line in Fig. 1. This shows
the sensitivity of the forward cross sections to the pion-
P AR R L A SR AL AR AR RRAE nucleon amplitude in the low-energy region. In Fig. 2, the
04k £ angular distributions are shown and are compared with the
02k / ] experimental data. In these figures, the experimental cross
N — e N N section exhibits rather flat structure and the theory repro-
0.2F ¥ NG duces these features except for the overall normalization at
-0.4 F + NN energies lower than 40 MeV.
S T A Next, we have calculated the polarization observables. In
o.6F T T the previous work, we have shown that the semi-inclusive
0.4 + ] transitions in’Li( 7=, 7~), leading to the ground plus first-
0.2F / ] excited states, the quadrupole effects are considerably large
80 ~_ - S R for the second-rank tensor polarizatidtO] due to the large
0.2¢ =--" ¥ E quadrupole deformation ofLi. In the case of SCX reac-
0.4 E3 E tions, we can study the quadrupole deformation of the is-
08 e F e ovector type. The calculated polarization observables are

0 20 40 60 80 O 20 40 60 80 100 shown in Figs. 3-5. In the pion elastic scattering, the isos-

Oc.m[deg] Oc.m[deg] calar spin-nonflip amplitude dominates and the first-rank ten-
‘ sor polarization(lasymmetry is fairly small[30], especially
FIG. 4. The same as in Fig. 3, but for the second-rank tensoin the forward direction. Contrary to this, in the pion SCX
polarization. reactions, the isoscalar part does not contribute to the DWIA
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amplitude and the resulting asymmetry takes fairly large valthe forward direction for almost all energy regions consid-
ues as seen in Fig. 3. The shell-model and the cluster-modeted here. The polarizatioh,, accidentally vanishes in the
wave fuctions give somewhat different results for the asymforward direction afl .=100 MeV.

metry but the overall features are almost the same. On the In conclusion, we have calculated the cross section and
other hand, as seen in Fig. 4, the second-rank tensor polathe polarization observables for the SCX reactions
izations are large and, in addition, the cluster and the sheITLi(quf,qu)7Begs in the low-energy region. The results for
models predict considerably different results. For the clustethe cross section are compared with the available experimen-
wave function, the effect of the higher configuration is auto-tal data. The present DWIA calculation reproduce the for-
matically incorporated which affects the radial dependencevard cross section well &, =50 MeV. Since the forward

of the multipole densities. The cross sections of the SCXSCX cross section comes from the interference between the
reaction are not sensitive to the detailed behavior of the muls- and p-wave interactions, it is sensitive to the relative
tipole densities. If we use the appropriate effective chargestrengths of the isovector pion-nucleon interactions. For
for the shell-model wave function, the results are almost théower energies, the theoretical value overestimates the for-
same as those of the cluster wave function. On the othaward cross section about a factor 2—2.5. The cluster- and
hand, the polarization observables come from the interfershell-model wave functions give similar results for the reac-
ence between various multipole matrix elements, and betion cross section, the asymmetry, and the third-rank tensor
cause of this, the results are sensitive to the details of thpolarization if we use the appropriate renormalization factor
multipole densities. In particular, the second-rank tensor pofor the shell-model wave function. On the other hand, the
larizationT g takes large values even in the forward directioncluster- and shell-model wave functions predict quite differ-
and the cluster model predicts large positive value while theent results for the second-rank tensor polarization at low en-
shell model gives a small negative valueTgt=50 MeV. In  ergy. Even in the forward direction, the second-rank polar-
the present case, the second-rank tensor polarization comiztion T,, takes large values and the cluster and the shell
from the interference between the isovector monopole anehodels give considerably different results. This shows that
guadrupole density terntsygg andF,q,. These densities cal- the polarization observables in the SCX reaction are sensi-
culated with the shell and cluster models are fairly differenttive to the isovector part of the various multipole densities
resulting in the different second-rank tensor polarization. Asand this could be used to study the details of the nuclear
seen in Fig. 5, the third-rank tensor polarizations are small irstructure.
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