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Abutrmct

1 report on tl~e ●xperimental study of L = O, 1, and 2 iaovector

resonance in pion charge-excllangc reactions.
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I will discuss the results of a series of experiments carried out Iy a

collaboration of Tel-Aviv [rlliversit.y and Los Alamos National Laboratory,

which st[ldiecl the excitation ot’ L = O, 1, al~cl 2 isovector giant resonances

in pion charge-exchange reactions ( rr*, no). A complete account of this

work has been given elsewhere ( 1)(2), al)d so I will not discuss experimen-

tal details, or complete describe tile a]lalysis procedure.

C;iant resonances are excitations of the nucleus in which large numbers

of nucleons move collectively. T!ley are siillple modes of nuclear excitation

that can be interpreted I]licroscopically or microscopically. Their exper-

imental observation and study M well u their theoretical interpretation

are important for models of nuclear ●xcitation and the knowledge of the

nucleon-nucleon interaction in the nuclear environment. The experimen-

tal properties that characterize a giant resonance are the concentration

of a large fraction of the total available transition strength with specific

qum]t.um numbers in a narrow region Gf excitation energy, the occurrence

of rescmances in a wide range of l~uclei, and t!le smooth variation of excita-

ticm energy a:]d width of the resonance with nuclear nlMs A. In contrast

to the isoscalar electric modes, which have been extensively studied in

tile scattering of haclronic probes, the L = 1, 2’ = 1 or giant dipole reso-

Ilance (G DR), which has hcru studied with electromagnetic probes, ecld

the L = O, T = 1, S = 1 Gml~ow-Teller resonnnce, wl~itmlll~as Imcn st{lti-

iccl il] tlic (p, n) reaction, tlw L = O T = 1 isovcctor mcmopolc resonmlcc

(IVNI) nnd L = 2, 7’ = 1 isov?ctor qwdrupde

poorly cllarncterized Iwfore picm t.llmgc-exclml~ge

resonance ( [VQ ) were

studies. Tile study of



the I\”\ I was of partic[llar inlportallce. Its existence had been predicted

I>y both Illacroscopic (3) and ll~icroscopic (4) theories, but. it had Ilot

IJeen observed. The IVhI plays a central role ill C’oulomb effects such as

isospin mixing in nuclear ground states, C’o[llomb displacement energies

and widths of analog states.

The quantum numbers and clynanlical properties of resonance-energy

pions make the pion charge-exchange reactions (n+, no) ideal for the study

of electric isovector resonance, especially the WM. First, the use of a

charge-exchange reaction that excites only isovector states eliminates the

excitation of isoscalar states that dominate the excitation spectra of in-

elastic scattering processes. Second, at forward angles, where the angular

distribution of the IVM peaks, pion charge exchange excites primarily

electric, or non-spin-flip transitions (in contrast to the (p, n) reaction),

reducing spin-flip backgrounds, Third, the strong absorption of the pion

is essential for the excitation of a monopole state for which the volume

integral of tile transition density is zero, The wlgular distributions pro-

duced by the surface-related ciiffractive pion scat i +-ring process [similar to

((a, a’)] oscillate sharply and characteristically with angle (5).

~ * J~(&R19) for L = O
m
do

(iii ‘
J;(kRO) for L = 1

do
J~(k W) i- 3Jj(kRt?) for L = 2 ,

E’

where k is tllc rr Illolllenttllll, t) is tile scattering angle and R is the strong

~bmrptiol~ rdim. This rapidly cw-illnting bcllavior serves to id?ntify tile



lll~lltipolarity of the transition and to distinguish the giant resonance sig-

nals from the nonresonant background. In Figure 1 representative angular

distributions for the ‘ONi (m-, To) reaction at 230 MeV are shown. The

qualitative Patterns of the angular distributions do not depend on the de-

tails of the reaction model used so long as the pion waves are strongly

absorbed.

Fourth, the Co[domb energy shift for states populated by the (n-, To)

reaction is advantageous. This point is illustrated in Figure 2 where the

analog state relations are shown for an isovector resonance built on a target

ground state of isospiu T. For nuclei with ‘T >>1, transitions to the state

of lowest total isospin are strongly favored by isospin coupling coefficients.

The state of total isospin T + 1 in the (n- , no ) daughter is shifted down

by tile Coulon]b displacement energy relative to its analog in the parent

l~ucleus. Thus the T + 1 state has a relatively low excitation ●nergy in the

(n-, no) daughter and occurs at an excitation energy where the density

of states of the same isospiu is small, The opposite situation pertains for

the (7r+, fro) reaction. The T + 1 component populated in tile (r-, no )

reaction IS expected to be narrow a~~d to occur at a low excitation energy

while the T – 1 component populated in the (m+, no) reaction is expected

to be wide and to occur at a high excitation cnmgy,

III the cxpcriment,s well- w~dcrstood, spl~erical, even-even I’,uc!ei wer~

studied in the (n*, # ) reactions at 120, 16.5, al~cl 230 MeV, The emphasis

of the 165 MeV study, which wrM dol~e first, waa on L = 0, i, aud 2

isovcctor resonancm as function of :Iw Otonlic mass of the target, me



targets were ‘°C’a, ‘ONi, 90Zr, lzOSI~, ‘dOC’e, and 20ePb. ‘“Tile 120- a~id

~oo.~[ev st11die9 were aill]ed at lnea.surillg tl~e properties of the isovector

resonances as functions of bonlbarding energy for a few targets, 4JCa, 60Ni,

and 120Sn. Double differential cross sections Np to excitation energie~

of 60 MeV were lneewured out to anglea extending well p~t the second

maximum of the IVQ angular distribution. Data for the 120Sn target with

a 165 MeV n- beam are shown in Figures 3a aud 311, At the most forward

angle, 4,5°, the IVM crom ~ect;on is expected to be the largest. The

second angle, 110 , is chosen to be near the first minimum of the monopole

angular distribution. The GDR cross section is mall at the forward angl?

and haa a maximum near 11“. Figure 3C showo the results of subtracting

the 11° spectrum from the 4.5” spectrum. This subtmction suppreasea

the approximately isotropic uon-reeonant background. The IVM signal is

the positive-going hump and tile small GDh signal ie the negative-going

hulllp.

The above analysis shows the existence of peaks above a:l approxi-

mately isotropic background in the #u/dfldE versus pion kinetic energy

spectra, The IVM peak is visible in a comparison of the 4,5° and 11°

spectra but the GDR peak is not. The subtraction procedure makes the

weak GDR peak visible, To investigate tile degree of isotropy of the non-

resonant b~ckgrouncl it is necessary to look at tl~e clependm~ce of different

rrgions of excitation mmrgy ml Scattcrillg angle or molllcntum transfer q.

Figure 4 shows the forwerd-angle data for 60Ni (m-, no) taken at 230 MeVi

As before, the IVM is large in tile Illost forward angle wlwre tllc CiDR is



.

sl]~all. Tile IVhl is small at tile second angle where tl~e GDR is large and

Ijoth are small at the largest angle. [II general cross sections depend on

energy loss v and Inomentum transfer q2. Figure .5 shows du/df2 obtained

by integrating over the three regions il~dicated in Figure 4. Regiou one

ernphaaizes tile IVM, region two emph~izcs the GDR and region three

contains mostly nonresonant background- Each plot cau be represented

as a superposition of a background linear in qz and a component having

the q2 dependence expected for da/dfl for a L = O or 1 resonance. Al-

though the background is not strictly isotropic its dependence on q2 is

much lens rapid than tl~at of the giant resonance.

In order to extract quantitatively excitation energies, widths, and

maximum cross section, a Ieast-equarea fittiug produie was followed.

‘l%e doul>lc differential cross section .M a function of qa and v wu written

m a sum of two Gaussian peaks at au angle-independent excitation en-

ergy. ‘1’he q2 variation of tile peaks was taken to be that of distorted wave

il~lpulse approximation calculations using rmldonl-phme-al) prtill~atiol~

( RPA ) (6) transition densities. The sizes of the maximum cr(m sections

were varied, The background was written M a function having a smooth

u-dependence aud a quadratic qa-clepeudellce. Resonance and background

parau~etcrs were varied to fit the data for each target. Tile background

fllnct ion and the resonance co,nponents sl~own ill Figllre 4 were ol)tailml

ill this way.

Fig~lre 6 shows the extracted Ineminlum cross sections, cxcitaticm ●n-

ergies, and widths for tile [Vhf aIIcl (;DR rrsol~al~ceo extracted frolll tile
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165-hIeV data. Results of ral~(lolll-l~l~ase-al~l~roxill~atioll c.listorted-wave-

impulse-approximation (R? A- DWIA) calclllations (6) ale also shown.

The A-dependence of the 1 fiu GDR cross sections can be (Inderstoocl

as follows, In the (7r- , no) reaction a proton is turned into a neutron and

is promoted by one major shell. For the 2“ = O nucleus, 40Ca, there is no

l]locking and the m+ and n- cross sections are col~lparable. For ‘OePb the

neutron shell is fully occupied and the (m–, no) cross section for the C;DR

is zero. The same effect is seen to a lesser extent for the A-dependence

of the 2 hu I’JM maximum cross sections. Here the (n-, r“) IVM cross

sections decrease by about a factor of two from 40Ca to 208Pb while the

(n+, no) IVM cross sections are approximately constant. As expected,

the widths and excitation energies of T + 1 states are larger than those

of tile corresponding 2’ – 1 states, Where data are available from other

rebctions, they are also shown. The solid cm ves give the theoretical results

llm multipole strength weighting aud the dashed curves give the res~dts for

cross section weighting. The cross-section-weighted RPA theory using the

Skyrme 111 residual interaction (6) gives a reasonable description of the

data.

Remarkably, no IVQ peak was necessary to fit the experimental dou-

I)le differential cross section data. In order to quantify tl~e alnollnt of IVQ

crow section present in tile data, a third Gaus:~iall peak was added to the

fitting function. The excitation energy, width, and q2-dependence of tile

peak were taken froln RPA-DWIA calculations, The data were refitted

and 90% ccntidellce level upl]er lil~lits were dedllced for the presence of

8



an IVQ component. These upper limits were 0.18, 0.30, and 0.1.5 of the

RPA- DWIA estimate of the peak IVQ cross section for ‘°Ca, ‘“hii, 90Zr

(n-, #) respectively, For the Whf and GDR the ol)servecl cross sections

were typically 0.7 of the RPA-DWIA calculations. If a mnch larger width

was assumed the upper limit for the IV.Q cress section was increased and

became consistent with the RPA-DWIA estimate.

An interesting explanation of t !Ie absence of imvector quadruple

strength in the pion charge-exchange reaction has been proposed by

Leonardi et al. (7). They argue in a sum-rule framework that the inclu-

sion of non-local tt:rms in the residual interaction would have little effect

on the properties of L = O, 1, and 2 isovector giant resonances in AZ’Z= O

charnels, and on the properties of the L = O and L = 1 isovector res~

nances in charge-exchange channels. Thus RPA cah.dations with local in-

teraction could correct Iy describe these properties of these isovector giant

resonances even if the true residual interaction were non-IocaL However,

Lemardi et al. argue that the inclusion of non-local residual interaction

could radically broaden and weaken the isovector quactrupole resonance

in the charge-exchange channels. The absence of ieovector quadruple

strength in the pion charge-exchange reactions has been a problem and

Leonardi’s explanation is intriguing.

As l~oted shove, experiments were carried out for 120-klev and 230-

MeV pion energies as well as at 16,5 MeV. A teat of the hypothesis that

the I)llil][)s in the cross section data tl]at have been identified as giant res-

onances are indeed giant resonances is provided by the lack of dependence

9



on bolnbarding energy of extracted excitation energies and widths. Fig-

ure 7 S11OWSthe extracted excitatim~ energies and widtils for 40Ca, ‘“N; ,

quantities are indeed independent of projectile energy. Other tests

giant resonance illterpretat ion of the ciata are provided by the an-

and ‘20Sn x f~lllctiom of l]ol~ll~arclillg energy for n+ and n- projectiles.

These

of the

gular distributions of the bumps.

Tile forms J~(qR) and Jf(qf/) with R = 1.37 A113 fm are good ap-

proximations to the DWIA calculations for mouopole and dipole states,

respectively. Experilnental datae for n * ela9tic-scattering angular distri-

I]utions at 180 MeV from a wide range of nuclei can be described by the

form ifu/dft ~ Jf(qR)/(qR)2, where the strong-absorption radius is given

by R = 1,37/41/3. To test the suitability of tile angular distributions for

the giant resonances that we assumed in the extraction of the resonance

parameter, we perforlned fits IIsing the following forms for the angular

distribution of tile monopole and dipole states,

J; [2k R sin(@/2)] fo[ .nonopole,

and

Jf[2kRsin(d/2)] for dipole,

with R as a fr~ parameter, The fitted values of R agreed with R =

1.37 A*i3 within the 10’7f0errors to wllicll they were deterlllil~ed. The l~l~s

dependence of the extracted il~teractioll radii is givel~ ill Figure 8.

The angular distribution for tile lnonopole a~ld dipole are expected

to shift forward as tl~e lllolllell(~llll of the projectile is illcleased. T!le
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position of the first minimum in the angular distribution of the monopole

and dipole can be obtained from t.lw fitted value of R from the relations

X; = MR sin( Olltilj/2) for the monopo!e

and

X: = 2kRsin(@,,u,,/2) for the dipole,

where X$ = 2.40 is the first zero of Jo(.Y) and .Y~ = 3.83 is the second

zero of J1 (.Y ), In Figure 7 we plot values for t9,1~ for the monopole md

dipole resonances excited in the ( r-, no ) react io:l for ‘ONi as functions of

the inverse of the momentum of the incident pion. The monopole and

dipole angular distributions do indeed shift to niore forward angles au

the incident pion momentum increases, The solid lines shown in Figure 9

represent the prediction of the above relations for #,,A with R = 1,37 A1J3,

The angular distributions for the monopole and dipole shift forward in the

way expected from

il~teraction radius.

For a strongly

surface-related diffractive scattering with

absorljed probe, such au the pion in the

a constant

(3,3) reeo-

nance region, one expects surface-related diffractive scattering, Following

the ideas developed in Ref. 9 it is posnible to show that tile energy depen

dences of the 0° cross section for tile isotmric-andog state, the monopole

resonance, and the maximum cross section for the dipole resolmnce shollld

all be approximately the same and should be proportional to

d&/(tf-t(rr-p + !rOn)
dc/ (K-l,,,ax- —— —— –k2 ,

d(T/(m(/r-p + m-p) + du/dn(m+p + fi+p)

11



Tl~is formula shows that the size of the cross section is determined by

the colnpetition between the pion-llucleon clmrge-exchange cross section,

t l~e nulllmatorl and the isospin averaged pion-nucleon total cross section,

the denominator. In the neighborhood of the (3,3) resonance the ratio

of these crocs sections is constant, so the maximum cross sections to the

isol>aric-analog state and the resonances are all predicted to increase an

ka.

The most complete experimental data for the 0° cross section of the

isobaric- nnalog state in tl~is maus and energy range are for 1205n and ‘ONi.

These data a-e shown in Figure 10. We also show the prediction of the fits

to the systematic i~ehavior of the isobaric-analog state using the formula

given in Senuhauser et al. ‘0 For 40Ca we show the prediction from sys-

tematic for 42cn for which an isobaric-analog state ●xists. The maxin~um

cliffcrential cross sections for the monopole and dipole states as functions

of bolnlmrding ●nergy are shown in Figure 10. The monopcde a:]d dipole

maxil]:mn croaa sections increase aa the eucrgy incrcMes, The i:lcreaae is

similar from nucleus to nncieua for the two incident pion charges alici for

tile l~lonopolc and dipole resonances. From 120 to 165 MeV the maxim-

um cross section of the iaolmric-analog state increpdea in the same way

tl~attlw maximum crous sections for the nmnopcde and dipole resonances

il~creese. From 165 MeV to 230 MeV t l~e il~crerue of the isolmric-analog-

state nlaxinlunl cross sections is Iesa than those for tlw Illollopole mlcl

{Iil)ole rmollallces, Tl)e energy clepel~del~cc of tile re~olmuce cross sections

in CIOUCto expectnt,ioll lxwd (JII t lM {Iistmt efl-wave Born nl)proxill]nt ion,



The energy dependence of the isobaric-analog-state cross sectiol~ is differ-

ent than these expectations. This fact s~lggests that there is some aspect of

tile calculation of isobaric-analog state cross sections which has been over-

looked, Differences between the energy depenclences of analog and nonana-

log transitions have been observed in pion double-charge exchange. 11 An

explanation in terms of two interfering amplitudes lms been proposed, 12

I have described a series of experiments which observed and studied

the properties of the isospin components of the giant dipole and isovec-

tor monopole resonances in pion charge-exchange reactions, The isovector

dipole and isovector monopole el~ergies, widths, and cross sections were

found to be in agreement with the predictions of RPA-DWIA calcula-

tions. The strong-interaction

extracted in a Bessel- f~,“Iction

pion scattering, The regular

states shifts forward in angle

radii for the rnonopole and dipole states

analysis agree with those found in elastic

distribution for the monopole and dipole

au the momentum of the incident pion is

incrcaaed, aa expected for surface-related diffractive scattering with ccm-

stant strong interaction radius. The variations of ●xcitation energy, width,

mld ll~aximum cross section with atomic mass at fixed pion energy was de

ternlinecl. The excitation energy, width, ~nd maxinlum cross section were

fuullcl to be il~drpenclcnt uf l>ol~~l)arding alcrgy for a few trwgcts, provid-

ing n test of the analysis procedure, ‘1’lle cxcitfttioll eller,gy nlld wicltll of

t Ile states Ilave a smooth drlmlldcl)cc 0[1 t Ilc l)laas of t Ile tnrget and nre

ill ngrcmnrnt with RPA calculations. ‘1’he cross scctiolls d’ the st~tcs Px-

I]nust approximately 0,7 uf tileI{lJA-[)WIA cnlrtllntiolls, ‘rllc Ilmxilll(in]

1:J



cross section for the monopole peak changes with encrey in the same wa,v

as the Inaximum cross section for tile dipole peak changes and in the

way expected for surface-related diffractive scattering of resonance-energy

pions. Much less isovector quadruple strength than expected from RPA-

DWIA calculations and much less strength than displayed in observations

of the isovector monopole and dipole resonance were found, The energy

dependence of the maximum cross sections for the dipole and monopole

resonances were found to illcre~se as kx as the bombarding energy was

increased, The isoba-ic-analog-state cross sections increased slower than

ka between 165 nnd 230 MeV, indicating some problem in the distorted-

wave Born approximation treatment of the reaction meclmnism or in the

structure of the isobaric-analog stnte,
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Figure Captions

Figure 1.

Fig~lre 2,

Figure 3,

Figure 4.

Figure .5.

Figure 6.

Angular clistrihtion for L = O, 1, and 2 collective transitions

for 230 MeV (m-, no) reactions on 80Ni.

Alla]og relationships for isovector resonances built on a T 2

1 target nucleus,

Figures 3a and b show the double differential cross section as

f~lnctions ot’ T-o in tl~e laOSn(n-, no) reaction at a forward

angle where tile IVM cross section is large (a) and at a larger

angle where the lVM cross section is small (h). Figure 7C

SIIOWSthe difference of the 4.5° and 11° spectra.

Double differential cross sections aa functions of Twofor scat-

tering angles of 4650, 15.0°, and 24.0° for the ‘ONi(m-, To)

reaction at 230 MeV.

Differential cross sect ions obtained by integrating over the

7’,,0 regions shown in Figure 4, as functions of momentum

t[mlsfer squared. The solid lilies are fitq to a lincsr lmck-

gro~ln~] added to a L = O or L = 1 angular distribution for

tl~c [VM and c;DR respectively.

Extracted me.xilllum croos uections, excitation energies, wld

widths for tile GDR nl]d IViM resonnllcca Tlw Iinm are

Ihe I’esults 0[ rnll(lt)tll plmm ~pproxinlntiml calclllat ions (Ion?

lwfcre tlw (Intn wer~ nvnilable.
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Fig[u-e 7,

Figure 8.

Figure 9,

Figure 10

Extracted excitation energies and widths for ‘°C!a, ‘“Nil and

lzoSn ( T*, no) reactions for tlle isovector ]llonopole reso-

nances (IVM) and giant dipole resonances (C~DR) plotted

versus tile pion bcmbarcliug energy.

Pion interaction radii (R.) extracted by fitting the ang[tlar

distribution in the diffractive relations j~(qR), The straight

lines connect the values extracted from n+ and n- ●lastic

scattering at 180 MeV.

Location of the first lninimtlm of the isovector monopole

resonance cmd the second minimum of the isovector giant

dipole resonances excited by the (n-, To ) reaction on 60Ni

versus the inverse of the momentum of the incident pions.

The soiicl lines represent the prediction for the location of the

minima for a constant intemctirm radius R = l,37A’i~ fm

(see text ),

Maximull] cross sections for (n+, no) and for (m-, no) for tl~e

isovectm Inonopole resonances, giant dipole resonances, and

isobaric-analog states aa a function of I]onlbarchng energy,

For ‘ONi And ‘zoSn experimental results of the 0° cross sec-

tions for the isolmric-al~alog state (I AS) from this work ntlcl

Ref, 10 arc plotted (CIOSC(Icircles l)oillts), Alm slmwn ~rr

tile expected VRIIIMfrr~l]l Systplllntics of Ille isotmric-~lldoq

state using tile forl)~llla givrll ill Rcf, 10 (cross [miilts). Fur



40Ca there is no isol)aric-ana]og state and tile expected val-

~les from systematic of tl~e isobaric-analog state for ‘~C’a

are plotted (cross points). AIso shown are the energy cle-

pendence of tile maximum cross sections for the monopole,

dipole, and isobaric-analog state using the approximate ex-

pression discussed in the text (solid curve), The energy

dependence for the Illonopo]e and dipole maximum cross

sections are slrnilar and they are the same as the ●nergy de-

pendence of the approximate ●xpression (solid curve), The

lsolmric-armlog- state maximum cross section increases less

than the resor,ance cross sections from 165 to 230 MeV,
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