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The mass-number dependences of the high-energy pion single-charge-exchange reactions are studied under
the distorted-wave impulse approximation. The observed forward-angle cross sections are approximately pro-
portional to(N-2) X A~«E for the isobaric-analog transition and the overall feature is explained in the present
calculation. The coefficientv(E) is shown to be strongly dependent on the imaginary part of the optical
potential. The observed monotonic decrease of the coeffieiéar with respect to the incident energy is
reproduced but the absolute valuesadE) are smaller than those of experiment. It is also shown that the
coefficienta(E) is considerably influenced by the rms radii of the isovector density of the target nuclei.
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[. INTRODUCTION interesting to see whether these features could be explained
with the conventional distorted-wave impulse approximation
éDWIA) calculation.

In the present paper, we examined the mass-number de-

Pion-nucleus single-charge-exchang&CX) reactions
have been studied from low-energy to high-energy region

[1-9). Around the A-resonance region, measured reaction . ) . .
strength for3C(r, 7°) has moderate peak structure with pendence of the SCX reaction for spinless nuclei leading to
' IAS. If we adopt the plane-wave impulse approximation,

respect to the incident pion energy, while the theoretical VaIi‘orward-angle cross section divided bZ is constant with
ues exhibit a deep minima around theesonance due to the respect to the mass numbaii.e., a(E)=0]. Thus, the ob-
strong absorption. Despite the theoretical attempts to takgerved strongh dependence is expected primarily due to the
into account the medium effects fadr isobar, this discrep- P P P y

ancy still remaing10]. At higher-energy region, the theoret- distortion effects. We have carried out the conventional
distorted-wave calculation using the isovector nuclear den-

ical forward-angle cross sections for the SCX reaction_.” = . S A
(7, 7% overestimate the experimental values by about ésuty given by the relativistic Hartree approximatifig]. We

B 1 ; : . show that it reproduces thé *® dependence of the
e o oo St e Sy loNrd ngle ross sectons The mancloni Gecreaseof

. pofari: g coefficienta(E) with the increase of the incident energy is
cal density approximatiofiL2]. The core-polarization effects

for the SCX reaction cross section and the asymmetry arg:edicted but the theoretical va]uesaa(lE) are smaller than
also calculated fof*C and >N at high-energy regiofi13]. ose of experiment. We examined the various dependences
These works are concerned with the SCX reaction on a spé)-f the coefficienta(E) on the_ 'theoretlcaI. mpu.ts. The(E) is
cific nucleus. Both the reaction mechanism and the nucleaﬁho_Wn to be _strongly sensitive to t_h_e imaginary part of the
structure are involved and this complicates the problem. FoPPtical potential but is quite insensitive to the real part. The
this reason, it is advantageous to study the case of spinleS&iclear size effects for(E) are also examined.
target nuclei leading to the isobaric-analog stS) since, In Sec_. I, we briefly descnb_e the model and the formula
if we assume the impulse approximation, relevant transitiorfdoPted in the present calculation. The results are shown and
density is the neutron and the proton density difference. Th'€ discussed in Sec. Ill. We summarize the results in Sec.
ambiguity coming from the nuclear structure can be mini-1V-
mized.

Observed forward cross sections for the spinless target Il. EORMULATION
nuclei leading to IAS exhibit a clear mass-number depen-
dence (A dependence approximately expressed as  For spinless nuclei, the observed forward-angté, 7°)
(do/d€)) oo (N-2Z) X A™® [14-1. The coefficienta(E)  cross section is approximately proportionalNeZ times the
monotonically and slowly decreases with the increase of thénverse power(E) of the mass numbeh of the target nu-
incident energy froma(E)=1.40+0.06 at 100 MeV to (jgi,
«a(E)=0.82+0.10 at 500 MeV. Johnson employed the eiko-

nal approximation and has shown that, in the limit of strong dor
surface absorptiorr;;z(E)z‘g1 [17]. The experimental value at (—) o (N=-2) x A™B) (1)
100 and 165 MeV is close to this limit while decreases dQ/ g=o-

monotonically at higher energies. It is argued that the de-
crease ofw(E) with the increase of the incident energy is a We can easily show that the plane-wave impulse approxima-
consequence of increased volume scattefibg] and it is  tion leads toa(E)=0,
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do-) 1 20,+1
— ]  =(N-2). 2 Thi=--=2 (2¢+1)Py(cosb t, (ko) (€€,00\0)2
(dQ o=0° ( ) ) fi \f'T%( ) e( ))\%l o\ +1 x(ko)( 1 | )
This can be shown as follows. The transition amplitude is ) . ) oo |
written under the impulse approximation as Xofredrl | je, (k) g (K gy (Kkdk
A
Tii ~ f X1 (D@ 2t =1 ar(j) -1 |@xi(rdr. (3 x [ f iel(k’r)¢(e')(k')g>\(k')k'2dk']PT(f), (11)

=1

We consider the case of IAS transitidi, T,) — (T,T,+1)  Where ¢ (k) and ¢;’(k) are the initial and the final pion
on spinless nuclei. Assuming the plane-wave approximatiorfadial wave functions in momentum spage(r) is the tran-

the forward reaction amplitude can be written as sition density leading to IAS and is given as
A .
| pr(=Q=0TT,+ 12 7()ar -r)lI=0TT,).
Thi~ f (TT,+ 1|2 tr(j) - 1|TT) (4) i
= (12)
=TT, + 1] \s“ET+|TTZ> (5) The isovector density of the spinless nucleus is defined as
— 8p(r) = pp(r) = pa(r) (13
=2\2t(T-T)(T+T,+1). (6) e
In the present casd,=-T, andT,=(Z-N)/2, and hence =(I=0TT)> mo(j)s(r - rPld=0TTy, (14)
R j
Tfi o \’N -Z. (7) . . .
which is normalized to
Then the forward-angle cross secti@w/d() 4-o- iS propor-
tional to N-Z. Thus, the observed strong mass-number de- >
pendence is considered to come primarily from the pion dis- f dp(r)dr =Z =N, (19
tortion effects. Johnson has shown under the eikonal
approximation that the coefficient(E)=1 for the strong ab- and is related tx(r) as
sorption limit[17]. The observed\ dependence is close to J
this value around the\ resonance region but decreases pr(r) = - V(T - Tz)(_T‘L T.+1 8p(r). (16)

monotonically at higher-energy regions. We have carried out V2T,
calculations under the distorted-wave impulse approximation
to see to what extent the observed mass-number dependentigen, we can calculate the SCX transition density from the
and its energy dependence are reproduced. isovector density of the target nucleus.
First, we describe the theoretical model used in the The pion distorted waves are generated by the first-order
present work. The distorted-wave impulse approximation irPion-nucleus optical potential as
momentum space is adopted to calculate the SCX amplitude.
The pion-nucleon scattering amplitude of the spin-nonflip (k' [Vop{k) = A;lp(q)<k’p’|t|kp>, (17)
part is decomposed into its partial-wave components as A

tk' kiw)= > t, (ko) P, (COS 6), (8) whereqzk’—k._k andp are the pion and the nucleon mo-
N menta in the pion-nucleus center-of-mass system @nl
] ) the nuclear density. By neglecting the nucleon Fermi motion
wherek, is the on-shell momentum corresponding to thejn the nucleus, we fix the nucleon momenta topoe—k /A

pion energyw. We adopt the pion-nucleon phase shifts takenandp’=-k’/A, and the optical potential can be expressed as
from the database SAIDLY] and retain the partial waves up

to A=6, and assume the off-shell extrapolation of the pion- , A-1 ,
nucleon amplitude (k'[Vopik) = TP(Q)F<K |t/ ), (18
ty(ko) — ty(k,K":@) =y (Ko) g\ (K) gy (K") (9 wherex and &’ are the pion momenta in the pion-nucleon

center-of-mass frame and the kinematical transformation fac-

with the Gaussian-type form factor o
tor I" is given by

(k)-(k>)\ p{ (k—ko>2] (10) NE(OE() |12

N ko ex A : r= w(k) (k" )E(k)E(x') , (19
’ k,

Under the distorted-wave impulse approximation, the transi- w(kKw(k )E(K)E<K>

tion amplitude for the SCX reaction on spinless nucleus is

expressed as with the pion and the nucleon energies
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7 w0l @ Tp =300MeV ®) T =500HeY | FIG. 1. The dots are the theoretical forward-
2 $0.1 (00.14) . 501 (@=0.08) anglg cross section for the SCX cross section
- . : \\ leading to IAS divided byN-2Z for 180, “&Ca,

; ) \\\ §=0.5 (0=0.41) 907r, 1205n, and?%%b at(a) T,=300 MeV and
< | 0.5 (=065 ¥ =1 @=0.69) 1} (b) T,=500 MeV. The calculations are done by
T ~e multiplying the scale facto® to the pion-nucleus

~ $=1  (0=0.93) s=2 (a=0.91) optical potential. We have varied the fact8r
ola 1o S (om03 from 0.1 to 2. The solid lines are the fit to these
-~ (0=053) theoretical values assuming the dependence
A B The calculated coefficientsx(E) are
‘0'2]0 35 T s e shown in the parentheses.
A(mass number) A(mass number)
w(K) = VK> + u? (20)  see the distortion effects. We have introduced a single free
parametelS and multiplied it to the pion-nucleus optical po-
and tential
E(k) = V&k*+ M2, (21) Vopt— SX Vopt. (25)

In the above equation, we neglected the angle transformatiophe results are shown in Fig. 1 as the dots at the pion inci-
from pion-nucleon to pion-nucleus center-of-mass framesgent energies, =300 and 500 MeV. Asseen, the calcu-
The partial-wave decomposition of the optical potential isjated forward-angle cross sections decrease with the in-
straightforward and we obtain crease of the paramet& and this shows that the pion
distortion significantly influences the forward-angle cross
> (kK :w)(A'00[€0)%p,: (k,k'), (22)  section and the distortion effect is stronger for heavier
ML nuclei which leads to thé\ dependence of the forward
cross section. These features are almost the same for both
the incident energie$,.=300 and 500 MeV. Wassumed
the dependenc@o/dQ) ,q-= (N-2Z) X A"“®) and obtained
the coefficienta(E) by fitting to the theoretical values of
the cross section. The results are shown in the figure.
Obviously, a(E)~0 for weak distortionS~0. Next, we

The pion-nucleus distorted waves are calculated by th&ave multiplied factors; and§ separately to the real and

Klein-Gordon equation in momentum space the imaginary parts of the pion-nucleus optical potential
as

4ar
VPt ——

C 201
wherep,:(k,k’) is the coefficient of the multipole expansion
of the nuclear density(r)

j ek 1 pr)ekrdr = p(kk)Py(cos ).  (23)
€

(ko= K?) (k) = ZwJVﬁpt(k,k’)qb«(k’)k'zdk’- (24)

The above equation is discretized and the conventional mgnd have varied; and § (0=%;,§=1). The results are
trix inversion method is used to solve the integral equationShown in Figs. 2 and 3. It is interesting to see that the
For the cutoff mass in Eq10), we takeA=0.8 GeV which ~ forward-angle cross sections are quiteensitiveto the real

was used in the analysis of the pion-nucleon elastic scaf?@rt of the pion-nucleus optical potential as seen in Fig. 2.
tering [20]. For incident pion energyl .=300 MeV, thecross sections

slightly decrease with the increase 8§ but, at the inci-
dent energyT =500 MeV, thecross sections are almost
the same for various choices 8§ On the other hand, the

We show the results of our calculation for SCX crossforward-angle cross sections are strongbnsitiveto the
sections leading to the isobaric analog states for several spitimaginary part of the pion-nucleus optical potential as seen
less nuclei. The nuclear isovector densitiép(r)=p,~pn, in Fig. 3. At incident energyTl =300 MeV, theabsolute
are calculated with the relativistic Hartree modi#8]. The  Vvalue of the cross sections decreases with the increase of
calculations are done in momentum space for some typicah While the coefficienta(E) is only slightly affected. At
nuclei 180, 4éCa, °Zr, 12°Sn, and?°®Pb. The nuclear density T,=300 MeV, a(E)=0.86even for small,§=0.1 while, at
in the pion-nucleus optical potential is calculated with theT,=500 MeV, theslope coefficient is very smallg(E)
harmonic-oscillator density fof®0 and the Woods-Saxon =0.11 forS=0.1. Asshown, the SCX forward-angle cross
form for heavier nuclei. The density parameters are takesections are strongly dependent on the imaginary part of
from Ref.[21] and the radius parameters are scaled from thehe optical potential but the detailed features depend on
nearby nuclei by assuming thé’® dependence. the pion incident energies.

First, we calculate the forward-angle cross section by The theoretical values are compared with the experimen-
varying the strength of the pion-nucleus optical potential total data fromT_=2100 to 500 MeV in Fig. 4. In this figure,

Vopt_> KX Re(vopt) +i§ X |m(Vop97 (26)

Ill. RESULTS
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10'

(a) T =300MeV (b) Ty =500MeV

FIG. 2. The dots are the theoretical forward-
angle cross section for the SCX cross section di-
vided by N-Z for 180, 48Ca, °zr, 12%Sn, and
20%p at (@ T,=300MeV and (b) T,
=500 MeV. The calculations are done by multi-
plying the factorSg to the real part of the pion-
nucleus optical potential while the imaginary part
is unaltered'S =1). The solid lines are the fit to
these theoretical values assuming the depen-
dencesA B The calculated coefficienta(E)
are shown in the parentheses.

S =10 S =10
I I

0 / (N-Z) [mb/sr)
2

§=0.1 (0=0.80)
§=0.5 (0=0.83)
8,=1 (0=0.93)

§70.1 (0=0.66)
$70.5 (0=0.67)
Sl (0=069)

do
dQ /g

107! 1 L L
10 100 1000 100

A(mass number) A(mass number)

1000

the open circles represent the theoretical results with the550 MeV. Thus, the discrepancy of the absolute value of
nuclear isovector densities calculated with the relativisticthe forward cross section between theory and experiment
Hartree model. The fitted valuegE) are also shown in the still remains after considering the pion absorption effects.
figure. The experimental data are also shown with the coefOsetet al. claimed that this discrepancy can be explained by
ficientsa(E). The calculated coefficientg(E) monotonically ~ introducing the medium-polarization effefdt?]. We reexam-

decrease with the increase of the incident energies in confol?€d the pion absorption effect for the SCX cross section
mity with the experimental data. However, the absolute val2round the resonance where the coordinate-space calculation

ues of the theoretical cross sections are larger by about '3 possible, and have checked that it affects the forward-

factor 2-3 at high energiek, =300-500 MeV angle SCX cross section by only about 10 %. Our results
In Ref. [16] gll?okni e% al have shown tha.t the Glauber based on the optical potential approach are close to those of
Lo T : : . _the Glauber approximation without pion absorption in Ref.
amplitude overestimates the experimental cross sectio

Thev introduced th bodv ab . h I'f22]. For the detailed comparison with the experiment, we
ey Introduced the two-body absorption term phenomenogy,, g apply more sophisticated nuclear models and also ex-
logically with a single energy-independent free parameter

Lo , ; , amine the medium-polarization effect. In the present work,
which is adjusted to fit the experimental data. They couldye applied a somewhat crude model to see the overall trends
explain the experiment fairly well and thus attributed theof the A dependence for the forward SCX cross section.
discrepancy between the Glauber calculation and experiment | the present calculation, we assumed the pion-nucleus
to the pion absorption effects. Both the pion distortion andoptical potential of thetp type. As is known, such a first-
the absorption effects reduce the small impact-parametesrder optical potential slightly underestimates the experi-
components and, if we take the constant absorption coeffinental value of the elastic scattering cross section at forward
cient ¢ with respect to the pion energy, the pion absorptiondirection and considerably underestimates around the second
effect is pronounced at high energies where distortion effegbeak[13,20. Previously, we have adjusted the potential pa-
is weaker. Thus, in Refl16], the reduction of the cross sec- rameters to fit the elastic scattering cross section and used the
tion due to the pion absorption is fairly large at higher ener-best-fit potential to calculate the SCX cross secfib8]. As

gies. After that, Oset and Strottm&22] made detailed the- shown, the theoretical results of the SCX cross section with
oretical calculation of the pion absorption effects and havehe first-order potential and the best-fit potential are quite
shown that there is a strong energy dependence for the abimilar and the difference is only 4 % at,=800 MeV for
sorption parameter, which was not considered in R¢f.6]: 13C [13]. Thus, we have applied thp potential throughout.

the two-body absorption coefficientdecreases by about a  Roughly speaking, the DWIA amplitude of the SCX cross
factor 15 fromT_=200 to 600 MeV. Then the reduction of section is the overlap of the nuclear isovector dengitynd

the cross section due to the pion absorption is shown to bthe pion wave function. Thus, we expect that the absolute
about 10% atT,=300 MeV and only about 5% af,  values of the cross sections are sensitive to the rms radii of

10l (@ Tx =300MeV | ®) Ty =500MeV |
3; TTTTA——— §,=0.1 (0=0.11)
§ $ =1.0 \\\ o .
z R §=0.5 (a=0.44) FIG. 3. The same as in Fig. 2, but by multi-
™~ 0l i plying the scale factor to the imaginary part of

n . . . .
o * 501 (0m086) S51 (0=069) the plon-nucleus optical potential while the real
ola part is unalteredSz;=1).
== S|=0.5 (0=0.95)
¥ =1 (0=093) 5,10
107!

10 100 1000

A(mass number)

100

1000

A(mass number)
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10' . . . o(E) . . . . .
S0oKel -\\L?\
E AT 0=0.69(Th) 7 1.4 %
3 ra T ]
= 425):‘%_, B ~a 0=0, 94 (Th-mod) ¢
2 0} *\x\,\ o082
= 300MeV TEE AT 00,75 () 1.2} a ]
X102 B 23 =1.01 (Thrmod) ¢
= E R AN 0=0.95(Exp) 7 8
N 165MeV NS 1F . - ]
Z wel X1 Ty A 0=0.94(Th) ° t -
- 3 & ¥l 0=1.15(Th-mod)
S 100Mev N #=111Exe) 081 1
L 4 ~ s [
Ao x10 I‘.\i \:\‘A:b.i(!:O. 97 (Thy o
o : ~20=1. 19(Th-mod) 0.6 L 1 1 L L
) 5[ ~ = ]
ofs . 0 100 200 300 400 500 600
a=1.09(Th)
~ I s "3 =1.08(Th-nod) ] T, [MeV]
a:=1, 40 (Exp)
10 . . . FIG. 5. The energy dependence of the coefficiefE). The
1 10 100 1000 open circles are the results of the DWIA calculation with the is-
A(mass number) ovector density by relativistic Hartree mod@h). The open tri-

angles are the results of DWIA calculation with the modified tran-
FIG. 4. The forward-angle SCX cross section leading to the IASsition density described in the te@h-mod. The experimental data
divided by N-Z for 180, #8Ca, %°zr, 12°Sn, and?°%Pb at various are taken from Refd14-1§.
pion incident energies. The open circles represent the DWIA calcu-

lations with the transition density by relativistic Hartree mo@#l).  gmgjler cross sections. As seen, the size effects are apprecia-
Th(_a open triangles are with the qulfled transition density de'bly large and are dependent on the pion energy. For the de-
SRZ]"EESLT tliée t_?;:g';(’)rl? doo%;):h%zﬁ:gm:ﬁalsﬁg:f dizr:hi‘ge"?] ;r;’r:r tailed comparison with the experimental data, we need to use
the fi.ts to thése values ’by aisuming ’the mass-number depende(-r:'.:qOre refined nuclear models to calculate the !’]L.JC|.eaI’ densi-
A-al®) N&s. In the present work, we adopted the relativistic Hartree

' model to see the overall trends of thedependence of the
the isoscalar and the isovector density. The input parametef0ss section.
of the relativistic Hartree model were adjusted to reproduce The energy dependence of the slope coefficie(t) is
the experimental rms radii of the nuclear charge derjé®y.  shown in Fig. 5. The open circles are the results of the
The relativistic Hartree model gives the mass-number deperPWIA calculation with the isovector density by the relativ-
dence of the rms radii of the isovector density approximatelystic Hartree model. In Fig. 5, the open triangles are the
as rgA? with ry=1.73 fm andB=0.237 whilery=1.16 fm  results of DWIA calculation with the modified isovector den-
and 8=0.293 for the isoscalar density. In the present calcusities described above. For this modification of the isovector
lation, we have calculated the pion distorted waves in modensities, the absolute values of the cross section decrease at
mentum space. Thus, it is quite difficult to calculate the high-high-energy region, while are almost the same foy
momentum matrix elements,,(k,k’) in Eq. (22) with the =100 MeV as seen in Fig. 4. The coefficientE) are close
isoscalar densities by the relativistic Hartree model. Insteado the experiment at higher energies but are smaller at low
we have adopted the isoscalar nuclear densities from thenergies. For more detailed comparison with the experiment,
work of Ref. [21]. We have evaluated the nuclear radiusmore elaborate treatment of the nuclear densities and also the
parameter by assuming the mass-number dependéHge inclusion of the medium-polarization effects should be nec-
from the nearby nuclei: the nuclear radius*®ta is obtained essary.
by extrapolating from that of°Ca, etc. Strictly, this in not a
consistent procedure. We should use the same nuclear model IV. CONCLUSION
to predict both the isoscalar and the isovector densities. ] ]
Since the DWIA amplitude of the SCX cross section is the Observed forward-angle cross sections for the spinless
overlap of the nuclear isovector densip and the pion nuclei leading to IAS exhibit a clear mass-number depen-
wave function, we expect that the absolute values of th&le€nce approximately expressed &do/d()g->(N-2)
cross sections are sensitive to the relative size of the isoscalarA “® [14-16. The coefficienta(E) monotonically and
and isovector densities. To see this dependence, we ha®owly decreases with the increase of the incident energy.
checked the sensitivity of the cross section to the nucleadohnson employed the eikonal approximation and has shown
size. We simply scaled the isovector density inahhoc that in the limit of strong surface absorptiar(E)=3 [17].
way so as to giveé,=1.73 fm and8=0.2 for the rms radii of The experimental value &t,=100 and 165 MeV is close to
the isovector density. The results are shown in Fig. 4 as ththis limit while decreases monotonically at higher energies.
open triangles with the long dashed lines denotedTas  In the present paper, we examined the mass-number depen-
mod). The narrower isovector densities give smaller overlapdence of the SCX reaction for spinless nuclei leading to the
of the pion and the nucleon wave functions resulting in thesobaric analog states. The plane-wave impulse approxima-
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tion predicts that the forward-angle cross section divided byx(E) with the increase of the incident energy is also pre-
N-Z is constant with respect to the mass numlpeg., dicted but the theoretical values of(E) are smaller than
a(E)=0]. Thus, the observed stron§ dependence is ex- those of experiment and also the absolute values of the the-
pected primarily due to the distortion effects. We have carqeical cross sections are larger than those of experiment.
ried out the conventional distorted-wave calculation USiNGne examined the various dependences of the coefficient

the isovector nuclear density by the relativistic Hartree L . "
model[18]. In the present wor)l/< vze assumed the distorted—a(E) on the theoretical inputs. The(E) is stronglysensitive

wave impulse approximation with th-type pion-nucleus _to the _imaginary part of the optical potgntial but is rather
optical potential. Previously, we have shown that the best-fil"Sensitiveto the real part. The nuclear size effects iE)
potential to the elastic scattering gives the SCX cross sectioffe also examined and are shown to be fairly large and en-
only a few percent different from those of the first-order €rgy dependent. For the detailed comparison with the experi-
potential. ment, we need to use the more elaborate nuclear models for
We have shown that the DWIA calculation reproduces thghe nuclear densities and also need to examine the nuclear
overall trends of the dependense*® of the forward-angle polarization effects systematically for the absolute value and
cross sections. The monotonic decrease of the coefficietthe A dependence of the forward-angle SCX cross sections.
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