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Pion spectra for (p, ™) reactions in the #Sr region
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We have calculated the pion spectra pf4~) reactions from near threshold to theregion for medium-
heavy nuclei with the zero-range plane-wave approximation supplemented with the cutoff of a radial integral
simulating the distortion effect. The shell-model wave function withpg,20gg,, configuration is used to
calculate the two-particle one-hole spectroscopic amplitudes. The excitation spectra leading to both the
positive- and the negative-parity states are calculated®¥sr, °°Zr, and %Mo nuclei. The present model
calculation predicts pronounced selectivity of the excitation of several high-spin states, especially at higher
incident energies.

PACS numbes): 25.40.Qa, 21.60.Cs, 27.50e, 27.60+]

. INTRODUCTION 1p1/2-09g), shell-model calculations. Rather than making te-
dious distorted-wave calculations for all of these states, it is

the high-spin states are selectively excited due to the largBréferable to make simpler plane-wave calculations first.
momentum and the angular momentum transfer to the Furthermore, it is shown that the zero-range plane-wave
nucleus[1,2]. The high-spin states with dominant two- approximation with the radial cutoff is successful for ex-
particle one-hole(2p-1h stretched configurations with re- Plaining the relative cross section féy,-shell nuclei near
spect to the target nucleus, located at an excitation energy &greshold7]. Itis not obvious that it works at higher-energy
a few MeV, are strongly populated in the near-threshold€9ion. To examine the reliability of the plane-wave approxi-

(p,7") reactiong3,4]. These selective excitations were ob- Mation with radial cutoff, we have made a zero-range plane-
served forf,,-shell nuclei[5] and for Sr [6]. Brown and wave calculation forf,,-shell nuclei at higher energy re-

co-workers have made zero-range plane-wave calculatio

r%ons and compared them with those of finite-range
with a radial cutoff and have shown that the relative distorted-wave calculations in RefL0]. We found that the

strengths of the pion spectra at a specific angle can be wefero-range ca!culation gives simila_r rel_ative _strengths wi_th
explained forf,,-shell nuclei[7]. After their work, we have those of the distorted-wave Qpproxmgtlon. Since the major
made finite-range distorted-wave calculations with a twoPurPose of the present work is to predict the overall features
nucleon pion production mechanism, showing that the reac®f the relative excitation spectra, we adopt the zero-range
tion cross section and the characteristic pattern of the asynfl@ne-wave approximation supplemented with a radial cutoff
metry for stretched-state transitions are well explainedVhich simulate the distortion effects. .
[8-101. In order to see the details, we have also calculated,, N Pion spectra are calculated for the reactions
the separate contribution from the final two-proton state with ' (P 7 8)8 zr, Zr(p,m)"Mo, and **Mo(p,7 )" Ru.
definite relative angular momentum. We have demonstratedn€ inert™Sr core is assumed, and the 2p-1h specroscopic
that the p,7 ) reaction proceeds dominantly through a two- @mplitudes are calculated with thepdo-0ge/, shell-model
body procesp+n— pp(1Sy) + 7~ with maximal center-of- Wave function due to Sergula aI._[lBAé,lﬂ. _

mass angular momentum for the final two protons which For the near-threshol@Sr(p, = ~)*Zr reaction, the cal-
couples to the angular momentum of the neutron hole stat€ulation has already been made with the zero-range plane-
resulting in the 2p-1h stretched configuratidd]. The final ~ Wave approximatior{6], where a single orbit @y, shell-
two-proton channepp('S,) is favored due to the high- model space is used and then the negative-parity states are
nature of this reaction, and this seems to be the reason for tifcluded. In the present work, thepi;-0gg, shell-model
success of the zero-range calculation for the prediction oyvave functions are used, and hence both the positive- and

In near thresholdif, =) reactions, it is well known that

relative cross sections. negative-parity states are predicted.
However, the p, =) reaction is not yet thoroughly un- For all of the reactions which are of interest here, it is
derstood. For ground-state transition fiC, for example, ~Shown that the maximal or nearly maximal high-spin states

the A peak in the cross section is not clearly observed, whichz and 5" are strongly excited due to better momentum
contradicts the theoretical predicti¢h2,13. To clarify the ~and angular momentum matching. In thp;2-0ge,, shell-
mechanism of the ;=) reactions, pertinent experiments !”nodel space, there are a.number of high-spin states, but it is
are planned at RCNP Osaka at higher energies. Thus, it jgteresting th'at the reaction strengt.hs_are strongly concen-
both worthwhile and interesting to calculate thp, £ ") trateq on a single state for eac_h spin: in all Qf the reactions
cross sections for the medium-heavy nuclei and predict thgonsidered here, the cross sections are considerably large for
pion spectra. In order to predict the energy dependence of thes *)1, (3 7)2, and (5 *)3 states. This concentration of the
Cross sections, it is necessary to carry out the distorted-waveaction strengths was also seen for the casé,gfshell
calculations. However, as will be discussed in Sec. lll, sevnuclei.

eral hundreds of final states are involved in the present The present paper is organized as follows. In Sec. II, we

0556-2813/2000/62)/0246086)/$15.00 61 024608-1 ©2000 The American Physical Society



SHIHO YAMAMOTO AND KENJI KUME PHYSICAL REVIEW C 61 024608

briefly describe the zero-range plane-wave approximatioimhe plane-wave calculation op(7~) reactions, carried out
adopted in the present work. The results are shown and didy Brown et al. [7], successfully explained the overall fea-

cussed in Sec. lll. A summary is given in Sec. IV. tures and relative strengths of the reaction spectra for
f4-shell nuclei. In the present work, we assume a similar
Il. REACTION CROSS SECTION but slightly different zero-range plane-wave approximation

for the calculation of the relativep(#~) cross section.
We briefly describe the zero-range plane-wave approxi- We restrict ourselves to the case of spinless target nuclei.
mation used to calculate the(7~) reaction cross section. The (p,7 ) reaction amplitude can be written as

1-(1-V2) 8, |
T kp) = T‘“(( 16200, |j 2= MapA)(—)iama

. - o1 L
X (jal tmaMe[171) (=)'t 1at! msl’(lf:Jan]c): (1)

wherel’ andl, are the spin and itg projection of the final component for the final two-proton state. In the finite-range
nucleus. The momentum and the spin projection of the incidistorted-wave calculation, we have shown that the final
dent proton are denoted asand\. The symbol {,m,) is  channel pp(*S,) dominates the reaction cross section.
the quantum number of the neutron-hole state. In the followThough the spin- -tripletpp(®P) component gives a non-
ing, symbols such ag, represent all the quantum numbers negligible contribution for the asymmetry distribution, our
(n,jal,) which are necessary to specify the single-particlemajor concern here is to predict the overall feature of the
orbits. (j,m,) and (.m.) are the quantum numbers for final reaction spectrum, and we think that the zero-range approxi-
two protons. The 2p-lh spectroscopic amplitudemation is enough for this purpose. We assumed the operator
S /(I+:jaipic) is defined as to have the following form:

S (1 K ebl }[1=0), (2 :

| ( f- Jan]c) < ||{[a ®a ] ® } || > () szz 5(ri—r,—)e"k'riz(s)oA(S), (3)
i>]

wherea;rb and bJ-Ta are the proton and the neutron-hole cre-

ation operators, respectively. For the pion-production operawhere 39 is the operator of ranks acting on the two-
tor O, we assumed the zero-range interaction ofdtienc-  nulceon spin coordinates awd® is the c-number quantity.
tion type. This automatically selects the spin-singletThe reaction amplitude can be written as

T, k:ph)= E (— 1)"+S“W(§§N| SI’)(—)NZ[Y|(q)®A(S)]NNZ

1
1 =\l

*12

NN (01159 9 1), @

where(0||2||S) is the reduced matrix element of the two nucleon spins. We define the amgitlicg) as

F(l:g)=2>, > (—)latitletl

\/(21a+1> 2jp+1)(2j.+1)

Tt Jalpic 2|f+1)
- o1
X|ibles = 5|10 1"la5 = 5|10 A(lplchp) A(H 1)
XSI’(If:jajbjc)iIJO jianRy (MR (MR (r)radr, (5)

with
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1 for [l,—lg<lislpy+I, andly,+I.,+I;=even

Alplel= 0, otherwise. ©)

R; (r)'s are the radial parts of the single-particle wave func-proton energyr ;=200 MeV. At higher energies, the cross
tions. Because of the parity conservation, the terms ®ith SECtion can be obtained by scaling with respect to the mo-

=0 andS=1 do not interfere. Then, there appear the termdnentum transfeq. The results of the pion spectra at 30° are

. ~ (S) o A(S\LT0 _shown in Figs. 2—4 for various incident energies. Since the
proptortlonal to[YLt(Q)@’(A. ®¢ )t]h. 'Fl;he ?]ngul?rr T“Ot absolute values of the cross section cannot be predicted in
mentum conservation coming from the Racan coeflicient reg, present plane-wave calculations, the reaction spectra are
stricts L to be 0 and 1, onlyL=0 term giving a non-

negligible contribution. Neglecting the angular dependenceﬁ?own such that the dominant peak for the transition

-89 214y . ; .
of the quantityA®, the relative reaction cross section can be >'(P7 )“ZI(7 7)2:3.67 MeV] is 1 for all the incident
written as energies. We can compare the relative reaction strengths for

883y, 97r, and ®Mo nuclei. However, the relative reaction
do ) strengths for different energies in Figs. 2—4 cannot be com-
EZCO”StZ [F(a)l®, (") pared. In order to predict the absolute value of the cross
sections, the polarization observables, and their energy de-
where | is the orbital angular-momentum transfer to thependences, it is necessary to carry out the finite-range
nucleus which takes the valubs |’ + ;. Because of the par- distorted-wave calculations assuming a specific reaction
ity conservation, a singlé value is relevant in each transi- mechanism. In these figures, the vertical solid lines corre-
tion. In order to simulate the distortion effects, we discardedspond to the excitation of positive-parity states, while the
the radial integral in Eq(5) up to cutoff radiusR., which is  dashed ones are for the negative-parity states. The high-spin
determined to reproduce the angular distribution of the crosstatesy © and3t* are predominantly excited for all of these

sections leading to high-spin states. nuclei. The angular momentum conservation requires|

+ 1 for a spinless target. Then a singlealue is relevant for

Ill. RESULTS AND DISCUSSIONS each transition due to parity conservation. As was pointed

out by Brownet al. [7], the states witH’'=1+ 3 are more

According to the formulas described in Sec. II, we havestrongly populated than those with=1—3 because of the
calculated the g, 7 ~) reaction cross section for the nuclei in transformation fromLS to jj scheme. The?* and 3
the 88Sr region. Previously, the reaction spectra near thresfstates correspond te= 12 andl =10 with |’ =1+3. The3**

old were calculated fo8Sr [6], but these calculations as- States correspond tb=12 with I'=1-3 and are weakly

sumed the single @, shell-model wave function, thus the populated. For negative-parity single-hole states in a
negative-parity states are excluded. In the present work, w&p12-091/9 model space, the fdy, orbit is necessarily in-
employed a p;,,-0gg, shell-model wave function with an volved and the maximal spin & ™. In this case}’ ™ states
inert 8Sr core and then predicted the excitation of the final

states with both positive- and negative-parity states. We have goZ ( _) 91M

considered thé\=50 isotones®®Sr, °°zr, and Mo for the AP, ® 0

target nuclei. The final states are isotones with a single neu- " ’ )

tron holeN=49. The shell-model wave functions for these (%J')z Tp:2OOMeV
nuclei are calculated with the effective interaction by Ser-
duke and co-worker§l14,15 and are used to calculate the
2p-1h spectroscopic amplitudes in E8). For the reactions
88Sr(p,77)%%2r, °9Zr(p,7)°Mo, and *Mo(p, 7 )%°Ru,
the 1pq,-0gg,, shell model gives 69, 401, and 696 final
states, respectively. For the residual nuclei, the maximal
spins are2" and ¥~ for the positive- and the negative- o
parity states. We used the harmonic-oscillator radial wave
function with oscillator parameter 2.12 fm. To simulate the
strong pion absorption, we discarded the radial overlap inte-
gral up toR.= 3.3 fm, which reproduces well the experimen-

tal angular distributions of the cross sections f§t); and

4+, states for the reactioffSr(p,7)%Zr [4]. This value
is slightly smaller than that used by Brovet al. [7]. We
used this cutoff radius throughout irrespective of the incident FIG. 1. The angular distributions of the cross sections for
proton energies. The angular distributions of the cross sec®zr(p, =)Mo, leading to &%), and (3:*), states. The cutoff
tions are shown in Fig. 1 for the case &iZr for incident  radiusR,=3.3 fm is used to evaluate the radial overlap integral.
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FIG. 2. The pion spectra fop( ") reactions orf®Sr, **Zr, and FIG. 3. The pion spectra fop( 7 ~) reactions orf®Sr, ®zr, and

Mo at incident energyl ,=200 MeV. The vertical lines represent 92\io. The curves are the same as in Fig. 1 but at the incident
the final state with positive parity, while the dashed ones are thosgroton energyT ,= 250 MeV.
with negative parity. The solid curves are Gaussian average with

I'rwim=0.3 MeV. 2% states have large componenif§(gs,)®gqs12>?) or

I[(p2)°(95)%9951%°?) and this leads to the transitions

correspond td=9 with |’ =1+ 3. The negative-parity states
are rather weakly populated, and only a prominent peak is 2 0 2 N0y 2 \B— 11252
£7), state at low incident energy. It is interesting to note [(P12)°) = [[(P12)"(952) G2 1),
that, for specific spin states, the reaction strengths are con-
centrated on a single state for each spin. In all of the reac- 1(95)°)—[(982) %9921, 9)

tions con5|dered here, the final state®™);, (37),, S _ _
(2+),, and &), are strongly excited. these contributions interfering constructively for thg (),

For a detalled description, we have listed the 2p-1h specState and destructively for théX("), state, resulting in the
troscopic amplitudes for thé’Zr(p,7 )Mo reaction in  large 2p-1h spectroscopic amplitudes for tHg*(), state
Table I. As can be seen for the transitions leadingsto shown in Table I.

states, the spectroscopic amplitude is large for the BESt( The similar interference takes place for the transitions
state. The ground-state wave function of 9&r nucleus is t0 % states. In this case, there are 13 fifal® states

with configurations  of  the foIIowing types:

0.815(p3»)°) —0.580(95)°). ©®  1(P12(989P13). 1(98990) and [(p7)(952)9es)- The
low- Iymg 27 states  have Iarge components

and the final2 " state of ®Mo has shell-model configura- |(p1,2) (gg,z) Joa)s 1(P32)°(952)%99), 1(94)%aq3), and
tions |(gs)dea) O |(P2,)(93,)905). The first and third |(gs,)®gg). Then, various transition amplitudes interfere,
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T :300M€V 9:300 .TAELE I. The 2p.-1h spectroscopic amplitud&s (15:j,=]p
4 i =j.=2) for the reaction®Zzr(p,=)°Mo.
1.4 92Mo (p, 77) BRy ™ —
3 Excitation energy S/(1;=8)
3.34733 —5.3773
4.387 24 —0.2575
4.72843 —0.6210
5.25419 —0.0634
5.844 84 —0.1539
6.32472 -0.1772
“n
:‘é 2+ Excitation energy ~ S;/(1{=8) S/ (14=6)
— 2.166 52 2.6553 —4.3480
o 3.01137 —3.8197 —3.1034
E 3.48321 —0.6079 —0.0414
~— 4.237 30 0.2426 0.1115
5 &3] 4.438 40 —0.2908 —0.1202
3 g 4.633 69 —0.0120 —0.0993
= 4.897 24 —0.1635 0.1920
5.344 37 —0.0396 —0.2632
5.545 64 —0.3011 0.1544
5.80376 —0.0351 —0.3473
6.047 70 —0.2268 0.1613
7.04377 0.2545 —0.2626
10.37 84 0.3349 —0.7114
IV. SUMMARY

We have calculated the pion spectra fpr £~ ) reactions
ST on medium-heavy nucle®®sr, °%Zr, and Mo with zero-
Excitation Energy (MGV) range plane-wave approximation. The pion absorption ef-
fects are approximately taken into account by cutting off the
FIG. 4. The pion spectra fop( ") reactions orf®r, ®Zr,and  inner part of the radial overlap integral. The shell-model
9Mo. The curves are the same as in Fig. 1 but at the incidenfyave functions with p1,-09y, Mmodel space are used to
proton energyl,=300 MeV. calculate the 2p-1h spectroscopic amplitudes. We could pre-
dict the reaction cross sections leading to low-lying positive-

and negative-parity states. For these nuclei, tde ), and

giving large 2p-1h amplitudes foit ), and G *), states, (%), states are strongly excited. The 2p-1h spectroscopic
as seen in Table I. Furthermore, the two transition ampliamplitudes are fairly large for a single or several states.
tudes corresponding to the spectroscopic amplitusjed ; Moreover, due to the interference between these amplitudes,
=6) andS;/(1;=8) interfere with each other, and the crossthe resulting reaction strengths are strongly concentrated on
sections are quite large for thé'("), state, as seen in Figs. @ single state for each spin. For the case %r, the
2_4. A similar situation occurs in almost all of the transitions "€gative-parity states ~ is expected to be appreciably ex-

leading to high-spin states. For each spin state, the reactio ted as well. The selectl_\nty of the excitation of high-spin
States is pronounced at higher energy region due to the large

strengths are concentrated on a single sta#e" )y (@bout  momentum and angular momentum mismatch. It is our hope
98%), (2 1), (about 96% for °%Zr. Thus, among hundreds that the completion of thep,=~) experiment around these
of final states, only a limited number of high-spin states aréuclei sheds light on the reaction mechanism.

selectively excited.

For the isotones considered here, the proton occupancy in
the 1p;,-0gg, shell increases with the increase of mass e would like to thank Professor K. Hatanaka and Dr. N.
number, and the pion spectra are less pronounced for heaviRlose-Togawa for stimulating discussions. This work was
targets. At higher energies, the selective excitation of th&upported by a Grant-in-Aid for Scientific Resear@¥o.
high-spin states is more pronounced due to large momentu®8640376 from the Japan Ministry of Education, Science,
and angular momentum mismatch. and Culture.
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