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STUDY OF GIANT RESONANCES WITH PIONS

Helmut W. Beer
Medium-Energy Physics Division

Los Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT

Recent results on giant resonances ~btal.ned with
pion-inelactic scattering and with single- and double-
charge-exchange scattering are reviewed. The states disc-
ussed are isobaric analog sta”zes,double-isobaric analog
states, and isovector L = O, 1, and 2 collective states.

1. INTRODUCTION

An isobar diagram illustrating the general features of pion scattering on

N > Z + 2 nuclei is shown in Fig. 1. Pion scattering is unique in three re-

spectt3: (1) The pion is the only elementary particle used by nuclear physi-

cists that comes in three charge states, m+, no, and T-. This l~ads to the

study of the double 180barlc analog state (DT.AS). (2) The pion is a spin-zero

boson. Thus one has “true absorption” and “true creation” of plons in pion-

scattering phenomena. This leads to the study of nucleon resonances embedded

in nuclei. (3) T~lefl-Nsystem has a pronounced, isolated resonance~ the A33,
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Fig, 1. Ieobar diagram illustrating the range of scattering phenomena possi-
ble with pione.
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which exists in four charge states, A*, A+, A*, and A- (T = 3/2), and which

causes the scattering of W+ and fl-on nuclei to be quite different. ~,’his

leads to pronounced differential sensitivity to neutron and proton transition

densities in inelastic pion scattering.

We review here the status of experiments and theory fcr the giant reso-

nances that are being studied with pions:

TABLE I. GIANT RESONANCES BEING STUDIED WITH fi’S

Resonance
Name

IAS

DIAS

IV-(XR

IV-GDR

IV-GQR

IS-GQR

n+ ELASTIC

n- ELASTIC

AL—

o

0

0

1

2

2

0

0

Reactions

(T+,fioj

(n+,ll-)

(ll~,mo)

(nf,ro)

(n~,no)

(11,11’)

~+

?r-

Tranaition
Density

(lst Approx.)

Pexc (zPfiPp)

2
‘exe

3p + r dp/dr

dp/dr

r dp/dr

r dpldr

-(P*+ 3PP)

-(3pn+ pp)

Strong-Absorption
do/dflShape

J&x)

[J. - f3(Jo- xJ~)12

J;

Jf

1/4 J:+ 3/4 J;

1;4 J: + 3/4 J!

J1(x)/x

J1(x)/x

x R q~ = (2k sin :)1 ; ~ M 1.35 A1/3 fm (effective impact parameter).
&

Included in thih list are the isobaric analog state (IAS) and the DIAS. In

heavier nuclei where the neutron excess is large, these are truly collective

states in that the transitlotlamplitudes involved are coherent sums ovcr the

many orbitals of the excess neutrons. Also given in Table I are the

collective-model transition densities and analytical formulas for the angular-

iilmtribution shapes. Since a dominant feature of pion-nucleus scattering at

beam energies between 100 and 300 14eV is strong abaorptton of plona, an

eikonal approximation to the scattering amplitudes can be made,l ‘Ehisleads

to analytical formulae192 fol-the differential cross sections involving Beesel

functions. Theme formulas give a good first approximation to the measured

angular-distribution shapes &t forward-scatteringangles.
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II.* IAS AND DIAS RESULTS

A. Isobaric Analog States (IAS).

A good example of a giant ret!onanceis shown In Fig. 2. The IAS is the

most prominent feature of the spectrum3 of the reaction 90Zr(n+,mo)90Nb at

forward angles. To appreciate the selectivity of the (n+, xc) reaction to the

IAS one should note chat if the W“ spectrum for this reaction had been mea-

sured with a resolution of 100 keV, a typical number for charged particle

detectors, the IAS peak would be ,~pproximately 4 m high sitting on a

background of 4 cm, To the best of our knowledge no other discrete states

would contribute substantially to the 0° spe:trum. Thus the (n‘,7°) reaction

at q = O is a good physical realization of the iaospin ladder operator,

Experiments in Los Alamos performed in the past few years have measured

the general systematic of 0° IAS cross sections3-S for a serie8 of nuclei

ran8ing from 7Li to 208Fb and angular distributions6~7 for 13C and 15N. The

0° cross sections for 165 MeV are shown in Fig. 3. Similar results are avail-

able at 100, 230, and 295 MeV. The 0° differential cross sections are de-

scribed quite well by thu function g(E)(N - Z)A-a(E). The value of a expected

at 165 MeV from a strong-absorption model (discussed below) is 4/3. A fit to

165-MeV data yicldss a = 1.35 t 0.04. This function shown in Fig. 3 is seen

to” reproduce the trend of the dacn quite well. The available dat~ show a to

‘:F”–]

IPKINETICENERGY(MW)

Fig, 2. Neutr81-pion spectrum ❑easured with the LA.PF no spectrometer. The
‘,v”) spectra onieobaric analog state (IAS) is a prominent feature oi all (n

N > Z nuclni at incident ener8ies 1~0 to 300 MeV+
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represents recent calculations8*9 performed with second-order optical poten-
tials and Hartree-Fock density distributions.

be a decreasing function of energy. At 295 MeV the value is a = 1.10 t 0.03.

This reflects the increased volume scattering at higher energies. The energy

dependence of g(E) follows quite closely the energy dependence of the 0° free-

nucleon charge-exchange cross section.

An example of a 0° excitation function4 is shown Lr.Fig. 4. We note the

7Li(ti+,fi0)7Be(IAS) reaction to the n-p + won reactionsimilarity between the

over the broad energy interval 30 to 300 MeV. This is strong evidence that

the essential character of the charge-exchange interaction is not modified by

the nuclear medium. The results of two current theoretical analysies asing

dtfferent scattering theories9~1c are compared to the data. Neither approach

describes well the energy dependence over the full range.

B. Double l~obaric Analog States (DIAS)

The study of DIAS transitions with an elementary particle is a new

dimension in nuclear studies made possible by high-intensity plon beama.

Survey experiments to dete~ine the energy- and A-dependence of fomard-angle

DIAS cross sections were performed at EPICS in the pact few years. The

nuclear-structure simplifications one ham in DIAS transition, namely,
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IDIA9- [(N-z)(N-z- 1)]-1 T-T-ITARGET>, ~ke these tr.snsitlons most

suitable for initial stulies of reaction mechanisms.

The experiments show that the DIAS transition must be studied at the

highest possible energies, near 300 NeV for EPICS, if the data are to extend

throughout the periodic table. Spectra measured11,12 for 14C, 56Fe, and 209Bi

are shown in Fig. 5(a-c). In 14C as well as other light N = Z + 2 nuclei, the

DIAS iaithe strmg~qt transition at forward angles for beam energies between

56Fe, non-DIAS transitions160 and 295 MeV. For medium-mass nuclet such as

are stronger at the lower energies. The DIAS cannot be clearly seen at

140 MeV on 56Fe [Fig. 5(b)]. At higher energies (295 MeV) the DIAS again

dominates the spectrum of 56Fe and also that of 88Sr (Ref. 13). For 20gBi It

becomes difficult to observe the DIAS, even at 295 MeV [Fig. 5(c)]. Thus the

DIAS transitions, if they are to be studied in heavy nuclei, must be measured

at Tm ~ 300 MeV.

The excitation energy o~ the D?,ASIn 209At 1s 31 MeV and it appears to be

a narrow state (r < 1 MeV). The signal/background for the measurement is

approximately 1 to 1 and the differential cross $ection is uD1AS(5°) =
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Fig. 5. (a) MPasured 14C(W+,W-) spectral~ at 165 and 292 MeV. They are
summed spectra for ❑easurements between O and.50°. The double isobaric analog
!ii~~;r$;;A~)ia eeen to be the strongest state at both energies. (b) Measurad

epectra at 5° for Incident enargitioof 140 and 292 MeV. The DIAS
state h~.sa small croan section at 140 MeV relative to other states. At

$$
9 14eV it has a large cross section compared to other states. (c) Measured
O Bf.(n+,n-)spectrum. The spactrum near the ground state (g.e.) was off the
focal plane for this measurement.



0.46 f 0.15 ub/sr. The increasing excitation euergy for the DIAS stat(eas a

function of A caR be seen directly in the (w+,w-) spectra of Fig. 5. For 14c,

56F%, 88Sr, and 209Bi, these are, respectively 0.0, 9.9, 17.4, and 31 MeV and

the isospin values are O, 2, 6, and 43/2, respectively.

The excitation functions for the (m+,w-) reactionall in the interval 100

to 300 BleV show 0D1~(5°) to increase with increasing energy. Other AL = O

transitions have decreasing cross sections. Data for ODnS(SO) for 14C, 180,

and 56Fe are shown in Fig. 6. We note here a peculiarity found for DIAS tran-

sitions, namely, the resonance-like structure in uD1~(5°) vs Tm that exists

in some cases (180, Ref. 14) but not in others. The increase in oD1AS(50) at

the higher energies is what might reasonably be expected, taking into account

the increase in the elementary cross sections fi+n+ mop and non + n-p and the

observed increase in auS(OO) with energy (Fig. 4). Early theoretical calcu-

lations anticipatedlS this trend for both UUS(OO) and uDIM(OO). The

resonance-like behavior at lower energies was not expected, and its origin IS

not fully understood at present.

Several aspects of the data indicate that the reaction mechanism for DIAS

transitions simplifies somewhat at the higher energies. The A dependence of

the reduced cross sections aD1AS(50)/(N - Z)(N - Z - 1) is shown for 164 and

10~ 1! I 1 I I d
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01I /
/
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001 L I 1 I 1 1 h 1 I
40 m 120 mo 200 240 2W32D

Tw (MeV)

Fig. 6. Excitation functions at 5° for the DIAS etate 1A The functional form
at the lower energies is quite different for 614C and 1 0.
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Fig. 7. The A ‘dependenceof (n+,W-) DIAS differential cross sections at 5°.
The straight lines are fits to the data assuming an A dependence of A-10/3 as
expected for the strong-absorption model.

295 MeV in Fig. 7. At 295 MeV all the data pointsl~~12jlq$16 except 42Ca fall

closely to the line given by

: (5°)~IAs = 17 (N- Z)(N- i!- 1) A-10’3mb/sr . (1)

This function follows from the st~ong-absorption model discussed below. A

second feature of the 295-MeV data is that the angular-distribution shapesl~

measured for l*C, lbO, 26Mg, and 56Fe have shapes consistent with a diffrac-

tion picture for the reaction. The DIAS data at 164 MeV is irregular with

respect to A dependence (Fig. 7), angular-distribution shapes, and 5°

excitation functions between 100 and 200 MeV (Fig. 6).

The mmjor empirical result to date on DIAS transitions is the meas~rement

of a~~AS(5°) at 295 MeV through the periodic table and the existence ot

regular patterns in A dependence an~ angular-distribution shapes In thefie

data. This gives some hope that a simpie picture of the reaction picture may

be formulated and that comparisons between IAS and DIAS transitions may be



exploited to study the two-nucleon correlations and perhaps even subnucleonic

degrees of freedom.

c. Strong-’absorptionModel for IAS and DIAS Transitions

Strong-absorptionmodels for pion scattering were developed by Johnson

and Bethel and applied to XAS and DIAS transitions by Johnsonz and Gal.~8 The

strong absorption of pions in the energy range 100 to 300 MeV is most directly

evtdent from the sharply oscillating angular-distributionpatterns measured

for w+ and m- inelasticscattering. The elastic-scattering amplitude at forward

angles is reasonably well approximated by the black disk scattering amplitude

J1(x)/x, where x = q= = (2k sin 8/2)~wh@re ~ is disk radius (effective impact

parameter). Thus we may use

do J1(x) 2
(—) ~~EJ, = N x

(2)

to extract ~ from the position of the measured first minimum. The first zero

of this function occurs at X = 3.83. The minims are found to occur at

x= 1.35 A1/3 for pion ener8ies near 165 MeV. At this value of ~ the nuclear-

density distribution P = Pn + PP has dropped to 10-20% of its central value.

Clearly, elastic scattering and charge-exchange scattering take place at the

outer surface of the nucleus.

For IAS transitions the strong-absorptionmodel leads to the expression

(3)

where Ap 1s the excess neutron density (Npn - pp). The factor (2To)-1/2 comes

‘1/2 T-ITARGET> whenfrom normalization of the IAS wave function !IAS> = (zTo)

related to the ground state of the target nucleus by the isospin ladder oper-

ator. If one further assumes that Pn = (N/Z)pP and that u~T - A2’3 (disk

area), Eq. (3) reduces to

(4)
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A further simplification is possible if one notes~g that for stable nuclides

(bottom of mass parabola),

(N-Z)’- ~513 ,A260. (5)

l%u~ we expect a~~(o”) - A1/3 for heavy nt’,clei.The data between 100 and

300 MeV are in agreement with these general trends.

For DIAS transitions the strong-absorption model leads to2

do 1
‘ ‘TOT (~~-

1
~DIAS

●7––)2(~]4 [Jo- B(JO-XJ~)]2 . (6)
2(T0 - 1) o

The an:ular-distributionshape i.sdue to an Interference of Jo or Jl tenas.

This can produce a first minimum at a smaller angle than the first minimum of

either Jo or J1. The value of B is not well determined in the simplest mod-

els. The da~a show that the first minima of DIAS angular distributions are at ,!‘.
more forward angles than expected from JO(q~) alone, indicating a large value

of 6. Recent theoretical studiesa~g show

the combined effect of second-order terms in

(U2) terms of the pion-nucleus optical

minima are seen as signatures to the role of

The (N - Z) and A dependence of 0° DSAS

model are

(N -~(OO)DIAS”C—
Z)(N - z - 1)

s~lo/3

that large values of S arise from

the isovector (Ul) and isotensor

potential.O The positions of the

the Isotensor term.

cross sections given by this

(7)

where we have assumed Pn = N/Z pp and ~ToT - A213. A fitl’ to the 5° cro~s

sections at 295 MeV gives G = 17 mb. Noting that (N - Z) N A513 for A ~ 60,

we expect ODIAS(Oo) to be constant for heavy nuclei, with a vahe =0.5 ub/sr

(209Bi). The 295-MeV data follow these strong-absorption signatures most

closely (Fig. 7).



111. INELASTIC J31NGLE-CHA!!GE-EXCHANGE SCATTERING

A. Motivations and Early Results

Pion single-charge-exchange scattering (SCX) has significant advantages

for study of Isovector monopole, dipole, and quadruple resonances. (1) The

‘,lr”) and (m-,no)uue of both (n rcactione in the same experimental setup

allows one to observe directly the Isospin splitting of the resonances and the

role of the Pauli exclusion principle in the ratios O(W +0‘,nOj/u(~ ,n ). Also,

having data for both reactions helps in understanding the continuum. (2) The

spin-zero of pions suppretiseslargely the spin-flip (AS = 1) transitions at

fotward angles. Thus (w*,w”) studies complement the (p,n) studies, where

AS_~ transitions dominate the low-q spectra. (3) The strong absorption of

plons leads to sharply aecillating angular-distributionpatterns characterized

by the angular-momentum transfer (AL) and the interaction radius (~).

In 1982 we began in Los Alamos a series of measurements designed to study

theL=O, 1, and 2 isovector resonances.20-25 We used the LAMPF m“

spectrometer mounted in the low-energy pion (LEP) channel. Two examples of

our published rebults are shown in Figs. 8 and 9.

Fig. 8. Comparison
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of the (H-,ro) and (n+,?ro) spectra for 40Ca. The shift of
12 MeV in the peak of the dipole signal (GDR) is the expected Coulomb
displacement energy. Thr measured (and smoothed 4° spectr~

i
are shown for

comparison (solid line). The shape of the (~-,m ) spectrum to the left o: the
GDR (130-150 ;4eV)is less isotropic than the (W+,no) npectra to the Ie:t of
the GDR (120-140 MeV).



‘20Sn(7-,7r”) [65 McN 4.5° minus 11“

n

a

Fig. 9. The

60

t

r“ KINETIC ENERGY (MoV)

monopole and dipole signals .s reported in Ref. 21.

The charge-exchangeuode of the isovector giant dipole resonance (GDR) is
$ observed as a 8trong signal in the 40Ca(nt,f10) reactions2a at 165 MeV

(Fig. 8). There is a shift of 12 MeV in the no kinetic energy for the GDR

peal: between the (n-,mo) and the (m+,no) reaction. This is exactly the ex-

pected shift in the mass of the GDR due to the difference in the electrostatic

Coulomb energy between the ~ = -1 and +1 substates. The expected sharp angu-

lar variation of the GLJRcross section was also observed. The measured 4° and

30° spectra (Fig. 8) show very little CDR excitation. The ~ = tl GDR states

seen in the (nf,no) spectra are the analogs of the El photoabsorption reso-

nance observed at 20 MeV in 40Ca. Unlike the case of the (p,n) rea:tion where

one produces predominantly AL = 1, AS = 1 transitions and therefore obaervea

largely 2- states, for the pion charge exchange the AS =

small.

We reported2~ the oLaervation of the isovector monopole

120Sn(T-,nO) and 90zr(n-,nO) reactions. This was baeed on

peaked feature in the no spectra, as shown for 120Sn in Fig.

excitation energy for this peak was 13.8 f 0.5 MeV in 120Sb,

1 transitions are

resonance {n the

seeing d forward-

9. The meaaured

which projects to

31.7 MeV in 120Sn. This is the TO -t1 component of the monopole state. The

width reported was 7 t 2 MeV and the 0° croee section was (J.58f 0.05 mb/sr.

A dipole peak watialso observad (Fig. 9), corresponding to an excitation

energy of 3.3 t 0.9 MnV in 120Sbo
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The data from our first run were analyzed assuming the background under

the monopole was Iaotcoplc over the angular range O to 22°. ‘Wehave much more

extensive data now with more nuclei, larger angular coverage, and detailed

spectrometer acceptance measurements. These data show that the background in

this angular interval. is not strictly isotropic. Thus further study of the

background 18 required to reliably extract giant-resonanceparameters.

B. Continuum in SCX———

1. Ce eral Features of d20/dfldTvs e. The measured lfo spectra for.—
208pb(rt,#) QhOWm in Fig. 10 illustrate some of the general features. At

backward-scatteringangles (for example, 108°, Ref. 26), there is a broad peak

that has been identified with quasi-free (qf) scattering. The center of this

peak at 108° is at 65 MeV, which is 30 MeV below the energy for free r-p + iron

scattering. At for.~ard angles the peak of the no spectrum moves to higher

energies; ut 4° it 10 approximately 25 MeV below the kinemattc limit of

=165 MeV. This behavior is similar to that Qbserved in inelastic scatter-

ing.27 We note that in the 4° spectra one sees the IAS in (n+,no) but not ~~

(n-,vo) scattering. Both tte (n‘,w”) and (T-,n”) spectra at forward ang”?s

show a long low-energy tail, which extends below 90 MeV.26 This feature is

also present in inelastic scattering, where it was identified27 with multiply

scattered events. We have no calculations for such processes in Sex. It

s I i 1 1 1

3 20*Pb(T+,mo)
‘7

IAs

h 165 MeV 4

-s
3 120 “

80 ‘

40 - ..- - -- - -

o~ 1 b 1 h 1 I
o 20 40 60 60 100 12CI 140 160 18’3

T“KINETIC ENERGY (MeV)

Fig. 10.
The 108°
Ref. 22.

Measured 208Pb(nk,m0) spectra, shown a~ line traces of the dnta.
spectra are tak~n from Ref. 25, the 4° and 15° apectru arx from



seems plausible that the tails in SCX and inelastic scatterin8 are of similar

origin.

Both the (fi+,?r-)and (n-,ro) inclusive cross sections are largely sup-

pressed26 at small scattering angles (low q) in comparison to the behavior of

the free r-p + non angular-distribution shape. If the shape of du/dSl

(fi-p+ won) iS normalized to the backward-angle d=ta26 on 208pb, one can

obtain a 4° suppression factor, defined as the ratio of the measured 4°

energy-integrated cross section to the value at 4° of the normalized

du/dfl(n-p+ non) curve. For 208Pb this gives for (r+,wo) a suppression factor

=0.25 and for (n-,~o) the value =0.15. The suppression is seen to be larger

for (n-,To) than for (n+,Ho). Comparison of the 4° spectra {Fig. 10) shows

that the (n‘,w”) spectrum has a much more pronounced continuum peak than does

the (n-,no) spectrum. This may be approximately characterized by the ratio

P= uPk(-142 MeV; 4°)/a(90 MeV; 40). For 2Q8Pb the values are P(~+) _ 5 for

(n+,nO) and p(fi-)= 2.5 for (n-,nO).

2. (n+Jno) vs (T- n“j.

A-dependence of 4° spectra. In Fis. 11 the meaaured 4n spectra22 for the

40Ca and 208Pb are compared.(ni,no) reactiona on One sees that the two

reacti~ns are quite different. The energy-integrated 4° cross sections 6(90

to 165 MeV, 4°) for 40Ca and 208Pb are nearly the same for (n-,no). Also, the
.

208pb(n-,nO) spectrum shape is flatter than the 40Ca(fi-,fiO)spectrum. For

(n+,no) the integrated cress section increases by a factor -3.5 from 40Ca to

208Pb and the spectrum is more peaked for 208Pb. The A dependence of these

properties of the 4° data are given in Table 1,1.

We note the following trends. For the (n-,mo) reaction, which converts

proton~ to neutrone, U(n-) vs Z is nearly Independent of Z for !?- 20 to 82.

Furthermore, the (n-,no) spectra become flatter with increasing A; that ir,

P(n-) is maximum for 40Ca and minimum for 208pb. For the (n‘,fi”)reaction,

which convert~ neutrons to protons, O(r-) vs N increusee with N. Also, the

epectra become more peakad with increasing A, going from P(n+) - 3.0 for 40Ca

to P(n+) = 5.0 for 208Pb.

A similar trend axists26 for the angle- ●nd anerqy-integrated Inclueive

b’!X cro~a sections Og(lx. Fl}r 160, UScX - 80 f 12 m’ for both (n+,lIa)and

(11-,lIo); for 208Pb, USCX = 252 t 30 mb for (fi+,fio)and 113 i 16 mb for

(11-,lro). Thuo USCX (n-,no) is nearly conetant for 160 to 208Pb, whertas CSCX

(r+,fio)increaeen by a fnctor of 3 for theaa nuclei. Thie near conetancy of

OSCX (ll-,TIO)with increauflngZ was attr,ibuted26to ecra~ning of the protonc by
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Fig. 11. The A dependence
spectra for nuclei from ‘the mMsured 40(mt’nO) spectr’”22 ‘he “’-’”)48Ca to 2 Pb remain nearly constant, whereas as the
(fi+,n’)Spectra show increasing cross sections for the same nuclei.

*,n”) SPECTRA AT 4°TABLE 11. PROPERTIES OF THE (m

CJ(n-) O(lf+)
A z N- 2 (mb/sr)

-hl

P if-)-- —— Q!MQ ti+l

208pb 82 44 4.1 2.6 10.9 5.0

lw~e 58 26 4.0 2.7 9*O 3.7

120~11 50 20 4.0 2.9 9.5 3.7

90~r 40 10 4.2 3.0 7*P 4.5

69Ni 28 4 5.1 3.3 6.6 3*7

40~a 20 0 4“4 404 3.3 300

Estimated errors are approximately 10% for o(w*) and l?JXfor pk(~f).

o(w*) - energy-integrated (90 to 165 MeV) opectrum at 4°.

P(fif)= peak value of d2a/dfldTspectrum (near 142 McV) divided by the
90-MeV value.



the excess neutrons. This screening removes W- flux through A- formation with

subsequent decays out of the To exit channel,

Role of Pauli principle. In the 4° spectra the Pauli principle must play

an important role in producing the differences in the (n-,To) and (T+,no)

reactions. In Fig. 12 we illustrate the situation for a heavy nucleus. Two

classes of excitations are possible in (fi+,~o)but not in (w-,fio)--theO-h

excitations thet Include the IAS and many other positive-parity states and the

l-1’iwexcitations tha. include che GDR and many other negative-parity states.

These classes of excitations require the lowest orbital rearrangement and

therefore may be expected to have the largest low-q cross sections. They are

largely blocked in (m-,~o) on heavy nuclei. The (W-,no) reaction on heavy

nuclei must proceed through 2-W excitations coupled to isospin To + 1.

The greater peaking of the (w+,no) 4° spectra compared to the (n-,wo) 4°

is most probably due to the lbrge contributions f~:omO-lhoand l-fiwexcita-

tions. This makes more difficult the observation In (TI+,fio)reactions Of 2-fiw

excitations such as giant monopole and quddrupo~~ resonances.

N - Z nuclei. The only such nucleus included in our survey measurements

at 165 I’@/ is 40Ca. We see in the 4° spectra (Fig. 13) surprisingly large

deviations from what is expected from charge symnetry, namely, O(n+,To) m

~(lr-,llo).We find O(n-,flo; 90-160 MeV) = 4.5 mb/sr and U(IIy,no; 90-165 MeV)

- 3.3 mb/sr for the energy-i~tegrated 4° crosissections. One manifestation of

the Cculomb force is the shift of the (n+,mo) spectrum to lower To energies.

Every state in 40Sc is shifted up 12 MeV from its mirror state in 40K. If one

dloplaces the (m+,no) spectrum to the right by 12 MeV to line up mirror

PAULI PRINCIPLE~N SCX

(T; 7T”)

n

Otw

1?tLJ

t
(7r-,7r”)

F-
TO AND To+l

EXCITAI’ICNS

[

ZtmJ,TO+l EXCITATIONS

(OhQJAND l$QJllLOCKED )

The role of the Pauli oxclus~on principle ifi*pr~ducing SCX
auymmetriee, The presence of O- ●nd l-tiu axcitatlons ~n the (IITPWUI reaction
incranmea the low-q croae saction$ compared to the (n-, 0, reac~ion.

{
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Fig. 13,
ta
nparison of the (W-,fio) and (n+,no)

0, cross sections areat 4° for Ca. The (n-,n
the energy-integrated (90 to 165 MeV) value.

states, one would observe larger (T-,mo) cross

measured spectra (line traces)
larger in peak value and in

sections in the peak region of

the spectrum, compared to the (r+,~o) cross section.

Another feature of the 40Ca data at low-q is the sizeable anlsotropic

component in the (n-,m0, cross sections that is not visible in the (n+,wo)

cross sections (Fig. 8). This anisotropic component in the (n-,mo) reaction

hQs made the extraction of the GDR cross section more dependent on the model-

ing of the background.

Coulomb effects can enter in several ways to produce n-/n+ a CX asymme-

tries in N - Z nuclei. The unbound neutrou wave functions as produced In chp

(ll-,no)reaction will have a larger radial extent than the unbound proton wave

functions as produced in the (n+,no) reactions. This is due to the Coulomb

barrier for protons. Since th”le pion reactions are highly surface peaked, we

would expect an enhancement of the (IT-,n’)cross sections. Also, Coul~mb

40Ca ground-state proton and neutron densitiespolarization of the can cause

(n-,lfo) enhancements. Auerbach haa shown28 recently that n’ln”r SCX asymme-

tries for the GDR can be as lar8e as 1.4 for u(ll-,~o)/o(fi+,~o). Thus we see

that the Coulomb force can also play a signiflcnnt role in producing differ-

antes in the (m+$fio)and (~-~~o) croau secti~)nsat forward an81e@.

3. . Shape Chan,yea_in the Low-q Spectra. The measured22 anguhr varia-

tions in the (fi*,nO)spectra at forwa’d angles are shown in Figs. 14 and 15

for ‘ONi, 140Ce, and 208Pb. It in clenr from thase spectra that an under-

standing of the background and Itq angular varintion are required to extract

individual multlpole component. For 140ce and 208Ph the spectra themselves
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to allow for euperpoaltlon of the spectra at different angles.

show no evident peakn. To give the relevant scale of angular variation we

note that AL - 0, 1, and 2 excitations at 165 MeV on 140Ce ar~ expected to

have their peak cross sections at O, 11, and 20°, respectively (DWIA

calculationa2gwith collective-model form factors). We see that the varia-

tions in the (?f-,w0, spectra between 7 and 15° in the excitation-energy region

oi the monopole (near 146 MeV for 140Ce) are comparable in magnitude to the

monopole cross aectione (Fig. 14). Between 7 ●nd 15° the monopole cross

sectione are expected to be small (<0.1 rob/or). beyond 15° the ta~mured cross
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Fig. 15. Measured shape n the fo ward-angle spectra (line traces) of
the (W+,no) reaction on 26b;;~e~4~ce, and ‘ONi.

soctione in the monopole region ccmtinue to drop. Clearly ons must,huve iood

arcuracy in the treatment of the background to extract monopole rroafl uev-

tionog An analysis of these data ba~ed on a three-componentannutz (conti~uurn

+ monnpola + dipole) han been performed22 and some of the rosulte are dis-

cuaaed below.

An a general conalderat!on, we note that in the angular range

for ener8ies O to 40 MeV, one might reasonably expect multipole

L = O to 4 to contribute. Angular-distribution shapes memured for

0-30° and

components

etate~ of



known J= in

do not follow

forward-angle

inelastic picn ecsttering show30 that natural-parity excitations

pure Bessel-function shapes at forward angles. Relatively large

cross section~ are observed for L = O, 1, and 2 transitions.

From nuclear-response-functioncalculationsJ1-33we expect the major pieces cf

the L = O to 4 multlpole distribution LO occur between O and 40-MeV excita-

tion.

c. Continuum + Monopole + Dl~ole Analysis

The analysis of the forward-angle W“ spectra was performedzz assumin8

that the spectra are composed of two giant resonances plus a contjnuum. The

resonances were described as Gaussian functions with positions and widths to

be determined from the fits. The %ackground was represented as a product

function of a Lorentzian shape times an exponential cutoff function. The

exponential function constrains the continuum tc go to zero near ’165tleV. The

peak of the broad Lorentzian functio~ (=40 MeV WHM) was set to the expected

qf-scattering energy. The width of the function was allowed to vary with

angle. Details of this analysis will be published in a forthcoming article.

The decompositions of ti.smeasured (n-,nO) 4° spectra given by this anal-

ysis are shown in Fig. 16. The indi-~idua?.monopole and dipole components and

the summed C + M i-D functions ar? shown with the data. The 4° spectra con-

tain the maximum measured monopole signal.

The largest monopole croma section ~iven by this analysis IS for

40Ca(~-,n0)40K. The 0° cross section is 0,3 t 0.2 mb/sr. It has a large

width I’= 21.6 f 1.9 MeV (FWHM) and it extenci~to excitation energies below

the giant dipole resonance (Fig. if,). rhe centroid of monopole strength, p:a-

Iected into 40Ca using the Couiomb displacement energy, is ?9.9 * 1.5 MeV.

This is 9.9 MeV above the peak of the El photoabsorption spectrum (GDR).

The monopole excitation ener~ies, projected into the target nucleus using

Coulomb displacements are, for60Ni, 90Zr, 120Sn, 140Ce, and 208Pb, respec-

tively, 33.0 i 1.7, 32.3 i 2.0, 33.5 t 2.2, 33.5 t 2.4, and ?9.3 k 2.8 MeV.

The averaga value of all measured monopole energies is 31.9 MeV and the stan-

dard deviation is 1.9 Me~l. Thus the TO -$1 monopole component is found to

have a nearly constant excitation

Angular distributions that

are shdwn in Fig. 17. The curves

miccbscopic transition densitiee

energy far nuclei from 40Ca to 208?b.

result from this analysis fo~ 60Ni and 140Ce

represent 13WiA calculations employing Lhe

of Auacbach and Klein31$33 ●nd normalized to

the data. The (r-,wo) cross section ior the monopole lo fouridto drop by a

factor of approximately 3 between 60Nl and 140Ce. The dipale state could not

be positively identified in (m-,nO) on lhoce and 208Pb.

●
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Fig. 16. The measured 4° spectra for the (n-,mo) reaction, shown with the
decompositIon into continuum (C) + monopole (M) -tdipole (D) given by the
analysis of Ref. 22.

The extracted 0° monopole cross sections for the (n-,mO) reaction on

40c~, 6oN~; ‘“~r, 120sn, 140ce, and 208Pb are, respectively, 0.77 t 0.20,

0.73 t 0.19, 0.63 *0.14, 0.53 i 0.11, 0.23 t 0.10, and 0.31 t 0.09 mb/sr.

They are seen to decrease with increasing A.
●

.Monopole summary. The degree of co
k
idence one may have in the extracted

monopole parameters (Ex, r, dold$l)depen@ on the degree of confidence one has

in the characterization of the angular variations of the “nonresonant” back-

ground. Unfortunacaly, as may be seen by examining Figs. 14 and 16, the

●hapafi Of the (W-,Xo) spectra at 165 PleVdo not -how sharp inflection points

signaling the onset of the monopole resonances. The (W-,Wo) data show an

angular falloff from 4° to larger angles in th~ peak region of the spectra

(Fig. 14). It is this feature that is identified with the monopole resonance

on the basis of the inflection polnta obaerved22’2S in a graph of daldflvs q2

●
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Fig. 17. The monopole and dipole angular distributions obtained in the analy-
sis of Ref. 22. The solid lines are DWIA calculations with transition demity
calculated by Auerbach et al.32~33

for the cross sections integrated over energy intervals centered on the mono-

pole states (identified in Fig. 16). Discussion of the assumptions and more

details of the analysis will be available shortly.22

An unexpected result is the marginal quality of the ‘monopole signal in

140Ce and 208pb and its large value in 40Ca and 60Ni. This differs from the

other giant resonances, which display their finest signatures in the heaviest

nuclei.

We are making measurements in Los Alamos at 120 and 230 MeV to determine

if the signallbackground for the monopole resonance can be improved. .

Dipole summary. In the (n-,wo) reactions the GDR is observed directly ac

a peak in the measured spectra for nuclei 40Ca to 12cSn. The peak values of

the differential cross sections irop from =1 mb/er for 40Ca to 0.15 *

0.03 mb/sr for 120Sn. The Pauli u*ocking for the To + 1 component is tkereby

clearly demonstrated. For the (fi+,wo)reaction a GDR peak is directly visible

for nuclei 40Ca to 120Sn, The extracted peak cros~~sections are approximately

1 mb/sr, independent of A. The role of the Pauli principle again is evident.

The isospin-splittlng energies E(TO + 1) - EO(TO - 1) are at present not mea-

sured with sufficient accuracy to yield new information. They ●re consiacent

with previous measurements. ‘~hedemonstrated existence of the dipole signal

in both (n-,Ho) and (m+,xo) reactions makes future studies of SCX aaymmetriee

vaN- 2 for the GDR iook quite promising.



Isovectur quadruple. The (~*,rO) data do not show directly discernible

L = 2 components, which are expected to have maximum cross sections near 25°

for 140Ce and near 20° for 208Pb. Apparently this multipole distribution is

too broad and/or too weak relative to the combined strength of all the ot!~r

multiples to produce a clear signature in the (Xk,mo) spectra. To test for

its presence, a constrained fit with a (continuum + monopole + dipole + quad-

rup,~lz)ansatz was performed.22 The quadmpole was constrained to an L = 2

angular-distribution 8hape and an excitation energy ~nd width given by theo-

ry.s;-33 Thi8 constrained fit produced no evidence for a quadruple component.

Thus at present the (mt,mo) data cannot be used to determine the properties of

the isovector quadruple resonance.

IV. INELASTIC PION SCATTERING

Inelastic piou scattering at beam energies near 165 MeV favors isoscalar

transitions four to one over isovector transitions due to the nature of the x?J

force. Therefore, inelastic scattering is most suitable for study of the

isoscalar resonances. The most promising work to date are n+/m- comparisons

for

for

the

for

for

the isoscalar quadruple resonance (GQR). Results have been reported3q-36

40Ca, 89Y, 118sn, and 208pb.

An interesting result is the large value of R S a(n-)/u(m+) measured for

GQR. The measured values35 are R = 1.9 for 118Sn at 130 MeV and36 R = 3.O

20~pb at 162 MeV. One may expect values given by

R=

pion

U(ll-) ~ 3N+Z2
—– (—) (8)
o(ll+) N+3Z

energies near the A resonance. This equation assumes equal-amplitude

nelltron and Rroton oscillations [(BR)n = (@R)p = (8R)], which gives ~ = N(6R)

and Mp = Z(6R) for the collective-model neutron (~) and proton (~) transi-

tion matrix elements. Equation (8) gives R values 1.37 for 118Sn and 1.S4 for

208Pb. Thus the large measured values are a puzzle.

Explanations for the large R values have been dlscussed35’36 in terms of

neutron haloes in the g~ound-athte densities and medium modifications of the ‘

WN force. Estimates indica~e that reasonable modifications along these lines

do not affect R sufficiently to bring theory into agreement with the data.

Spectra for 208Pb(n,fi’)reactions are shown in Fig. 18. The expected

maximum for an L = 2 angular distribution 1s near 20°. The GQR has a p:evi-

ouely measured excitatii)nenergy of 10.5 MeV. A peak is seen at thie energy

in both the ~+ and n- spectra. A striking feature af these spectra is that
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inelas~ic u- ●nd n+ spectra foL 208Pb. The n- double-
differential cross section dLu/dfldTis approximately 3 times thet of the n+
scattering for excitation energies between 7 and 23 MeV. Possible explana-
tion for thi8 large W-/W+ asymmetry are di8cu8sed in the text,

*

u(n-) z 3u(n+), nearly Independent of excitation energy for Ex > 7 MeV. Thus

the ratio R = 3*O reported36 for the CQR holds approximately for all unbound

states. For the bound states the values R are amaller3s036: R= 1.3 t.0.1

for the 21 in ~118S:, and R M !.8 i 0.1 for the 3i state in 208Pb. These

results are highly suggestive of a continuum effect that enhance. u(~-) over

a(n+”)●nd affects all unbound states up to 30-MeV excitation.

A possible explanation would seem to ba in the differancea in unbound

neutron and proton wave functions. The Coulomb barrier for protons in 208pb

2t)dpbis Sp u 8.0 MeVO Theis *16 MeV ●nd the proton separation energy for



. .
,,

neutron separation energy is Sn = 7.4 MeVo Thus for excitation energies

between 7.4 and =24 MeV, the neutron wave functione have a larger radial

extent than the proton wave funczione. For the strongly absorbed pione this

will lead to l~rger w- cross sections. Calculations with continuum wave

functions are re~uited to determine the size of the effect. Qualitatively,we

would expect IJ(II-)/U(n+) to approach N/Z at very high excitation snergies

where neutron and proton wave functions are similar. Aleo, the pion asymme-

tries should be less for lighter nuclei where the Coulomb barrier is lower.

The presently available data are not incon~istentwith these expectations.

If indeed the meamred R values are dominated by continuum effects, it

uI.11 be difficult to extract reliable I,aovector-to-isoscalartransition

amplitudes for unbound giant-resonance states.

v. SUMMARY

Ye have followed in this article the highlights of the recent extensive

reeearch with plons on nuclear giant resonances~ I believe we have the fol-

lowing results. ●

(1) The IAS and DIAS transitions can be measured throughout the periodic

table. The baaic patterns of forward-angle cross sections are determined and

are partially understood. This paves the way for possible new insights to

nuclear ~tructure ueing these transitions.

- no) cross sections,(2) There is a forward-peaked feature in tne (W ,

which may be due to an isovector monopole resonance. Further understanding of

the background is required to accurately identity ~his component.

(3) The (nf,no) reactions provide an excellent tool for study of the

charge-exchangegeneralizations of the El photoabsorptjon re80nance (GDR)

since there are peaks in the spectrb whose area extraction is not highly model

depe,~dent.

A large number of experimental results presented are from the LAMPF TIO

spectrometer group. I witihto thank the members for many informative discua-

oione and for the help given in preparation of this article. I have benefited

especially from many diacuesions with my colleague, J. D. Bowman, although our

interpretationson the isovector monopole results do not coincide completely.

A special thanks &oes to Margaret Pinyan for her competent aesintance in

the preparation of this manu~cript.
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