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STUDY OF GIANT RESONANCES WITH PIONS

Helmut W. Bezer

Medium~Energy Physics Division
Los Alamos National Laboratory, Los Alamos, NM 87545

Recent results

ABSTRACT

on gilant resonances obtalned with

plon-inelastic scattering and with single- aand double-
charge-exchange scattering are raviewed. The states dis-
cussed are isobaric analog states, double-isobaric analog
states, and isovector L = 0, 1, and 2 collective states.

I. INTRODUCTION

An isobar diagram illustrating the general features of pion scattering on

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

spects: (1) The pion is the
cists that comes 1in three
study of the double isobaric

boson. Thus one has "true

only elementary particle used by nuclear physi-
charge states, nT, n0, and #~. This l=ads to the
analog state (DIAS). (2) The pion is a spin-zero

absorption" and "true creation" of pions in pion-
P p

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

in nuclei. (3) The n~N system has a pronounced, isolated resonance, the bqq,
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Fig. 1. Isobar diagram illustrating the range of scattering phenomena possi-

ble with pions.



which exists in four charge states, a* A%, A°, and o™ (T = 3/2), and which

causes the scattering of at

and 7~ on nucleif to be quite different. 7his
leads to pronounced differential sensitivity to neutron and proton transition
densities in inelastic pion scattering.

We review here the status of experiments and theory fct the glant reso-

nances that are being studied with pions:

TABLE I. GIANT RESONANCES BEING STUDIED WITH nw's

Transition
Resonance Density Strong=-Absorption
Name AL Reactions (lst Approx.) do/df Shape
148 0 (n¥,n0) Pexc (RPEPp) 35(x)
DIAS 0 (r*,17) p2 . [3p - 8(Jy - xI))]?
IV=-GMR 0 (ﬂt,ﬂo) 3p + r dp/dr J%
IV-GDR 1 (n*,n0) dp/dr 32
IV-GQR 2 (n*,10) r dp/dr 1/4 33 + 3/4 J3
IS-GQR 2 (n,m’) r dp/dr 1,4 J% + 3/4 J%
nt ELASTIC O nt ~(py + 3p)) Jy(x)/x
n~ ELASTIC O n” ~(3p, + Pp) J1(x)/x

x = qR = (Zk sin ;Iﬁ i R = 1.35 A1/3 fmn (effective impact parameter).

Included in this list are the isobaric analog staice (IAS) and the DIAS. In
heavier nuclei where the neutron excess is large, these are truly collective
states in that the transition amplitudes involved are coherent sums over the
many orbitals of the excess neutrons. Also given 1in Table I are the
collective-model transition densities and analytical formulas for the angular-
distribution shapes. Since a dominant feature of plon-nucleus scattering at
beam energies between 100 and 300 MeV 1s strong absorption of pions, an
eikonal approximation tc the scattering amplitudes can be made.! This leads
to analytical formulas!*? for the differential cross sections involving Bessel
functions. These formulas give a good first appruximation to the measured

angular-distribution shapes &t forward-scattering angles.



IT. 1IAS AND DIAS RESULTS
A. Isobaric Analog States (IAS)

A good example of a giant revonance is shown in Fig. 2. The IAS is the
most prominent feature of the spectrum3 of the reaction 9OZr(ﬂ+,n°)90Nb at
forward angles. To appreciate the selectivity of the (n¥, #C) reaction to the
1AS one should note that if the 70 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 approximately 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° speztrum. Thus the (w*,no) reaction

at q = 0 is a good physical realization of the 1isospin ladder operator,

1 +
T " 7T fu SR 2l

Experiments in Los Alamos performed in the past few years have measured
the general systematics of N° IAS cross sections3™> for a series of nuclei
ranging from TL1 to 208pp and angular distributions®s? for 13¢ and 19N, 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 the function g(E)(N - Z)A‘“(E). The value of a expected
at 165 MeV from a strong-absorption model (discussed below) 1is 4/3. A fit to
165-MeV data yiclds® a = 1.35 * 0.04, This function shown in Fig. 3 is seen

to reproduce the trend of the daca quite well. The available dats show a to
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Fig. 2. Neutrsl-pion spectrum measured with the LAMPF n0 apectrometer. The

isobaric analog state (IAS) is a prominent feature oi all (ﬂ+,ﬂ0) spectra on
N > Z nuclei at incident energies 170 to 300 MeV.
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Fig. 3. The A dependence of 0° differential cross sz7sions for the 1AS state.
The dashed line represents the function 49(N - Z)A~ mb/sr. The solid line
represents recent calculations8®»?® 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 * 0.03.
This reflects the increased volume scattering at higher energies. The energy
dependence of Z(E) follows quite closely the energy dependence of the 0° free-
nucleon charge-exchange cross section.

An example of a 0° excitation function* 1s shown ir Fig. 4. We note the
similarity between the 7L1(w+,ﬂ°)78e (IAS) reaction to the n°p » "9n reaction
cver 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 analyses using
different scattering theories?:!C are compared to the datz. Neither approach
describes well the energy dependence over the full range.

B. Double Isobaric Analog States (DIAS)

The study of DIAS transitions with an elementary particle is a new
dimension in nuclear studies made possible by high-intensity pion beams.
Survey experiments to determine the energy- and A-dependence of forward-angle
DIAS cross sections were performed at EPICS in the past few years. The

nuclear-structure simplifications one has 1in DIAS transitione, namely,
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Fig. 4. Energy dependence of the 0° differential cross section for the IAS
state. Comparison is made to two theoretical calculations?:!? based on two
different scattering theories, and toc ti.e free two~body process. The IAS
data" are seen to retain the qualitative features of the elementary n7p + n0p
cross section.

|DIAS> » [(N - 2)(N = 2 - 1)]™! T_T_|TARGET>, make these trensitions most
suitable for initial stulies of reactlon mechanisms.

The experiments show that the DIAS transition must be studied at the
kighest possible energies, near 300 MeV for EPICS, if the data are to extend
throughout the periodic table. Spectra measured!!»!2 for lI‘C, 56Fe, and 209p4
are shown in Fig. 5(a~c). In 14c a5 well ﬁa other light N = Z + 2 nuclei, the
DIAS is the stronge~t transition at forward angles for beam energies between
160 and 295 MeV. For medium-mass nuclei such as 56Fe, non-DIAS transitions
are stronger at the lower energies. The DIAS cannot be clearly seen at
140 MeV on %Fe [Fig. 5(b)]. At higher energies (295 MeV) the DIAS again
doninates the spectrum of 3567e and also that of 88sr (Ref. 13). For 20981 {¢
becomes diffficult to observe the DIAS, even at 195 MeV [Fig. 5(c)]. Thus the
DIAS transitions, if they are to be studied in heavy nuclei, must be measured
at T, 2 300 MeV.

The excitation energy of the DIAS in 209A¢ 1s 31 Mev and 1t appears to be
a narrow state (I' < 1 MeV). The signal/background for the measuremeut 1is

approximately 1 to 1 and the differential cross section is °DIAS(5O) -
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Fig. 5. (a) Measured lI‘C(w ,"7) spactrall at 165 and 292 MeV. They are

summed spectra for measurements between 0 and 50°.

The double isobaric analog

ate iDIAS) is seen to be the strongest state at both energies. (b) Measurad
Fe(ﬂ spectra at 5° for incident enargiac of 140 and 292 MeV. The DIAS
state h.s a small cross section at 140 MeV relative to other states. At
has a large cross section compared to other states. (c) Measured

92 MeV 1t
% 3Blzn -

,T1°) spectrum.

focal plane for this measurement.

The spactrum near the ground state (g.s.) was off

the



0.46 t 0.15 ub/sr. The increasing excitation euergy for the DIAS state as a
function of A can be seen directly in the (vt x™) spectra of Fig. 5. For lI‘C,
56?1, 888:, and 20981, these are, respectively 0.0, 9.9, 17.4, and 31 MeV and
the isospin values are 0, 2, 6, and 43/2, respectively. '

The excitation functions for the (x%,%”) reactions!! in the interval 100
to 300 MeV show °DIAs(5°) to increase with increasing energy. Other AL = 0
trangsitions have decreasing cross sections. Data for °DIAS(5°) fot_lac, 180,
and %Fe are shown in Fig. 6. We note here a peculiarity found for DIAS tran-
gitions, namely, the resonance-like structure in °DIAS(5°) vs T, that exists
in some cases (180, Ref. 14) but not in others. The increase in °DIAS(50) at
the higher energies is what might reasonably be expected, taking into account

*n + w0p and 7% + 7™p and the

the 1increase in the elementary cross sections
observed increase in °IAS(0°) with energy (Fig. 4). Early theoretical calcu-
lations anticipatedls this trend for both JIAS(OO) and °DIAS(°°)' 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 °DIAS(5°)/(N - Z)(N -2 -1) is shown for 164 and
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Fig. 6. Excitation functions at 5° for the DIAS state,!! The functional form
at the lower energies is quitre different for l4¢ and 180,
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Fig. 7. The A ‘dependence of (n+,n') DIAS differential cross sections at _5°.
The straight lines are fits to the data assuming an A dependence of a1 / as
expected for the strong-absorption model.

295 MeV in Fig. 7. At 295 MeV all the data points!l»12:14,16 eycapt 42¢a fal1
closely to the line given by

90 (5°)pras = 17 (N = 2)(N = 2 = 1) A719/3 mb/er . ()

This function follows from the stiong—absorption model discussed below. A
second feature of the 295-MeV data is that the angular-distribution shapesl!!
measured for l'C, lb0, 26Mg, and 96Fe have shapes consistent with a diffrac-
tion picture for the reaction. The DIAS data at 164 MeV 1is 1irregular with
respect to A dependence (Fig. 7), angular-distribution shapes, and 5°
excitation functions between 100 and 200 MeV (Fig. 6).

The ma jor empirical result to date on DIAS transitions is the meas irement
of °DIAS(5°) at 295 MeV through the periodic table and the existence ot
regular patterns in A dependence an-d angular-distribution shapes in there
data., This gives some hope that a simpie picture of the reaccion 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-.bsorption Model for IAS and DIAS Transitions

Strong-absorption models for picn scattering were developed by Johnson
and Bethe! and applied to IAS and DIAS transitions by Johnsor? and Gal.!® The
strong absorption of pions in the energy range 100 to 300 MeV is most directly
evident from the sharply oscillating angular-distribution patterns measured
for »t and 7~ elastic scattering. The elastic-scattering amplitude at forward
angles 1s reasonably well approximated by the black disk scattering amplitude
J1(x)/x, where x = qR = (2k sin 8/2)R where R is disk radius (effective impact

parameter). Thus we amay use

Ji(x} 2
do 1
EE]. = N X ) ’ (2)

to extract R from the position of the measured first minimum. The first zero
of thls function occurs at x = 3.83. The minima are found to occur at
R = 1.35 al/3 for pion energies near 165 MeV. At this value of R the nuclear-
density distribution p = p + Pp has dropped to 10-20X 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-absorption model leads to the expression?

do 1 12 20y2 12
aiws ~ 11 (ggy) (5 S0 <

where Ap is the excess neutron density (zpn - pp). The factor (2'1‘0)'1/2 comes
from normalization of the IAS wave function |IAS> = (2'1‘0)"1/2 T_|TARGET> when
related to the ground state of the target nucleus by the isospin ladder oper-
ator. If one further assumes that p = (N/Z)pp and that opop ~ A2/3 (disk

area), Eq. (3) reduces to

do N-2
—— = ————— J . (‘.)
d1as  ® 473 6



A further simplification 1s pcesible 1f one notes!?® that for stable nuclides
(bottom of mass parabola),

(N-2)~a33 | A260 . (5)

Thus we expect aIAs(OQ) ~ al/3  for heavy nvclei. The data between 100 and
300 MeV are in agreement with these general trends.

For DIAS transitions the strong—-absorption model ieads to?

do - [ 1 2 Ap 4 o - - 2

The an:ular-distributiorn shape is due to an interference of J; or J, terms.
This can produce a first minimum at a smaller angle than the first minimum of
either J; or J). The value of B is not well determined in the simplest mod-
els. The dara show that the first minima of DIAS angular distributions are at
more forward angles than expected from JO(QK) alone, indicating a large value
of 8. Recent theoretical studies®»9 show that large values of B arise from
the combined effect of second-order terms in the isovector (Ul) and isotensor
(Uz) terms of the pion-nucleus optical potential.® The positions of the
minima are seen as signatures to the role of the isoteunsor term.

The (N - Z) and A dependence of 0° DIAS cross sections given by this

model are

do , o (N=-2Z)(N=-2Z~-1)
— - (G
an 0 o1as Al0/3 ’

(7)

where we have assumed Pn ™ N/2Z Pp and opgr ~ A2/3. A £fitl7? to the 5° crows
sections at 295 MeV gives G = 17 mb. Noting that (N - Z) ~ A3/3 for a 2 60,
we expect °DIAS(00) to be constant for heavy nuclei, with a value =0.5 ud/sr
(20981). The 295-MeV data follow these strong-absorption signatures most
closely (Fig. 7).



II1. INELASTIC .SINGLE-CHARGE-EXCHANGE SCATTERING
A. Motivations and Early Results

Pion single-charge-exchange scattering (SCX) has significant advantages
for study of isovector monopole, dipole, and quadrupole resonances. (1) The
uve of both (v¥,n") and (#7,%%) rcactions in the same experimental setup
allows one tc observe directly the isospin splitting of the resonances and the
role of the Pauli exclusion principle in the ratios o(n‘,no)/o(n+,u°). Also,
having data for both reactions helps in understanding the continuum. (2) The
spin-zero of pions suppresses largely the spin-flip (AS = 1) transitions at
forward angles. Thus (ﬂt,ﬂo) studies complement the (p,n) studies, where
45 = 1 transitions dominate the low-q spectra. (3) The strong absorption of
plons leads to sharply oscillating angular-distribution patterns characterized
by the angular-momentum transfer (AL) and the interaction radius (R).

In 1982 we began in Los Alamos a series of measurements designed to study
the L =0, 1, and 2 1isovector resonances.29 25 We used the LAMPF =0
spectrometer mounted in the low-energy pion (LEP) channel. Two examples of

our published results are shown in Figs. 8 and 9.
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Fig. 8. Comparison of the (n”,7?) and (n+,w°) spectra for 40ca, The shift of
12 MeV {n the peak of the dipole signal (GDR) 18 the expected Coulomb
displacement energy. The measured (and smoothed) 4° spectra are shown for
comparison (solid line). The shape of the (v~ ,n’) spectrum to the left o: the
GDPR (130~150 MeV) 1s less isotropic than the (ﬂ+.ﬂ°) Apectra to the le 't of
the GDR (120-140 MeV).
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Fig. 9. The monopole and dipole signals ..s reported in Ref. 21.

The charge-exchange wode of the isovector giant dipole resonance (GDR) is
observed as a strong signal 1in the AOCa(ﬂt.wo) reactions?? at 165 MeV
(Fig. 8). There is a shift of 12 MeV in the n¥ kinetic energy for the GDR
peak between the (77,n0) and the (n+,n°) reaction. This 18 exactly the ex~-
pected shift in the mass of the GDK due to the difference in the electrostatic
Coulomb energy between the My = -1 and +1 substates. The expected sharp angu-
lar variation of the GLR cross section was also observed. The measured 4° and
30° spectra (Fig. 8) show very little GDR excitation. The Mp = 1 GDR states
seen in the ("t'“o) spectra are the analogs of the El photoabsorption reso~-

40ca, Unlike the case of the (p,n) reaction where

nance observed at 20 MeV in
one produces predominantiy AL = 1, AS = 1 trangitions and therefore observes
largely 2~ sgtates, for the pion charge exchange the AS = 1 transitions are
small.

We reported?! the oLservation of the isovector monopole resonance tn the
1205n(n=,7%) and 992r(n~,7%) reactions. This was basad on seeing 4 forward-
peaked feature in the n0 spectra, as shown for 12055 1n Fig. 9. The measured
excitation enargy for this peak was 13.8 £ 0.5 MeV in 120Sb. which projects to
31.7 MeV in 1208n, This is the Tg + 1 component of the monopole state. The
width reported was 7 t 2 MeV and the 0° cross section was 0.58 t 0.05 mb/sr.
A dipole peak was also observed .(Fig. 9), corresponding to an excitation

energy of 3.3 t 0.9 MaVv in 120gy,



The data from our first run were analyzed asgsuming the background under
the monopole was isotrople over the angular range 0 to 22°. 4e have 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 {nterval 1is not strictly isotropic. Thus further study of the
background is required to reliably extract glant-resonance parameters,

B. Continuum in SCX

le Ge eral Features of dzo/deT ve 0, The weasured 0 spectra for
2oePb(W:.ﬂo) shown 1in Fig. 10 4illustrate some of the general features. At

bachward~-scattering angles (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 i{s 30 MeV below the energy for free n p + nln
scattering. At forsard angles the peak of the 0 gpectrum moves to higher
energies; at 4° it ig approximately 25 MeV below the kinematic 1lindt of
165 MeV. This benavior is similar to that observed in inelastic scatter-
1ing.27 We note that in the 4° spectra one sees the IAS in (n%,n%) but not in
(r=,n0) sgcattering. Both tlte (n+,ﬂ°) and (r~,n0) gpectra at forwaid ang s
show a long low-energy tail, which extends below 90 MeV.26 This feature 1is
also present in inelastic scattering, where it was identified?’ with multiply

scattered events. We have no calculations for such processes in SCX. It
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Fig., 10. Measured 2()t’l’b(ﬂt,wo) spectra, shown as line traces of the data.
The 108° spectra are taken from Ref. 25, the 4° and 15° aspectrs ara from
R.f. 22,



seems plausible that the tails in SCX and inelastic scattering are of similar
origin,

Both the (n*,77) and (7n7,7%) inclusive cross sections are largely sup-
pressed?® at small scattering angles (low q) in comparison to the behavior of
the free 7 p + n'n angular-distribution shape. If the shape of do/dQ
(n"p + 7%a) 1s normalized to the backward-angle deta?® 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
do/d2(x"p + n%n) curve. For 208p}, this gives for (n*,70) a suppression factor
%0.25 and for (n~,79) the value 20.15. The suppression is seen to be larger
for (n~,n%) than for (n*,n0). Comparison of the 4° spectra (Fig. 10) shows
that the (ﬂ+.n°) spectrum has a much more pronounced continuum peak than does
the (n~,n0) sgpectrunm. This may be approximately characterized by the ratio
P = opk(~142 MeV; 4°)/0(90 Mev; 4°). For 208pp the values are P(n*) = 5 for
(nt,n0) and P(n7) = 2.5 for (n7,n0),

2. (nt,n%) vs (n7,n9),

A--dependence of 4° spectra. In Fig. 11 the measured 4" spectra?? for the

(ﬂt,ﬂo) reactions on aoCa and 208Pb are compared. One sees that the two
reacticng are quite different. The energy-integratad 4° cross sections o(90
to 165 Mev, 4°) for 40ca and 208pp are nearly the same for (n~,n0). Also, the
2Oan(N',wo) spectrum shape 1s flatter thaé the “OCa(n‘,n°) spectrum. For
(n+,n°) the integrated crcss section increases by a factor ~3.5 from 40ca to
208p, and the spectrum i8 more peaked for 208pp, The A dependence of these
properties of the 4° data are given in Table 1I.

We note the following trends. For the (n~,n0) reaction, which converts
protons to neutrons, o(n”) vs Z is nearly irndependent of Z for 7 = 20 to 82.
Furthermore, the (n~,n0) gpectra become flatter with increasing A; that f{ir,
P(n7) s maximum for 40ca and mintmun for 298pp, For the (n+,n°) reaction,
which converts neutrona to protons, o(7~) vs N increuses with N. Also, the
spectra become more peaked with increasing A, going from P(rt) = 3.0 for 40cq
to P(n%) = 5.0 for 208pyp,

A sinilar trend exists?® for the angle~ and energy-integrated inclusive
X cross sections Oguy. For 160, Ogcx ™ 80 £ 12 m' for both (ﬂ+.ﬂ°) and
(vTym0);  for 208pb, oy = 252 £ 30 mb for (n*,m0) and 113 £ 16 mb for
(n~,7%).  Thus ggcx (77»1%) s nearly constant for 169 to 208pp, whereas “gex
(u+.n°) increases by a factor of 3 for these nuclei. This near constancy of

Igex (n~,m0) with increasing Z was attributed?® to screening of the protons by
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Fig. 1l1. The A dependence 8f the mggsured 4° (1% ,n0) spectr:.22 The (n~,n0)
spectra for nuclei from 40ca to 298pp remain nearly constant, whereas as the
(ﬂ+,ﬂ°) spectra show increasing cross sections for the same nucledi.

TABLE II. PROPERTIES OF THE (ﬂt,ﬂo) SPECTRA AT 4°

o(n”) a(nt) N

A Z_ N=-2 (mb/sr) P(mn ™ )¢ (mb/sr) P(n™)
208py, 82 44 4.1 2.6 10.9 5.0
140¢, 58 26 4.0 2.7 9.0 3.7
120g,, 50 20 4.0 2.9 9.5 3.7
90z, 40 10 4.2 3.0 7.0 4.5
60Ny 28 4 5.1 3.3 6.6 3.7
40c, 20 0 4oty 44 3.3 3.0

Estimated errors are approximately 10% for o(nt) ard 15% for Pk(nt).
o(nl) = energy-integrated (90 to 165 MeV) spectrum at 4,

P(wi) = peak value of d%20/d9dT spectrum (near 142 Mev) divided by the
90-MeV value.



the excess neutrons. This screening removes ®w~ flux through A~ formation with
subsequent decays out of the 70 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=,7%) and (=, x0)
reactions. In PFig. 12 we {llustrate the situation for a heavy nucleus. Two
classes of excitations are possible in (nF,719) but not in (*~,n0)—-the O-fw
excitations thst include the IAS and many other positive-parity states and the
1-8w excitations tha. include the GDR and many other negative—parity scates.
These classes of excitations require the lowest orbital rearrangement and
therefore may be zxpected to have the largest low-q cross sections. They are
largely blocked in (n~,1%) on heavy nuclei. The (n~,n%) reaction on heavy
nuclei must proceed through 2-fiw excitations coupled to isospin Ty + 1.

The greater peaking of the (n*,n0) 4° gpectra compared to the (n~,n0) 4°
is most probably due to the large contributions from O-fiw and l-fw excita-
tions. This makes more difficult the observation in (n%,n0) reactions of 2-huw
excications such as giant monopole and quadrupole resonances.

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

at 165 Mev 18 %0Ca. We see in the 4° spectra (Fig. 13) surprisingly large
deviations from what 1is expected from charge symmetry, namely, o(w+,w°) -
3(n~,1%). We find o(n”,n% ; 90-160 MeV) = 4.5 mb/sr and o(n",n0 ; 90-165 MeV)
= 3,3 mb/sr for the energy-i‘tegrated 4° cross sections. One manifestation of
the Cculomb force is the shift of the (nt,n0) gpectrum to lower =0 energies.
Every state in 40sc 1g shifted up 12 MeV from its mirror state in 40g, 1f one
displaces the (ﬂ+,ﬂ0) spectrum to the right by 12 MeV to 1line up mirror

PAULI PRINCIPLE IN SCX

]
(s, ) (w=,re)
S~ ohw 2hw, Ty+ | EXCITATIONS
—N
To AND To+! (0Ohw AND thw BLOCKED)
EXCITATIONS
-8 1hw 1
p n P n

Fig. '2. The role of the Pauli axclusion principle {n producing 8SCX
asymmetries. The presence of 0~ and l-fw excitations in the (ﬂ+,ﬂ0) reaction
increases the low-q croas sactions compared to the (w‘,‘o) reacLion.
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Fig. 13, Egmparison of the (v~,n%) and (n*,n0) measured spectra (line traces)
at 4° for *Yca. The (n7,70) cross sections are larger in peak value and in
the energy-integratnad (90 to 165 MeV) value.

states, one would observe larger (n~,n0) cross sections in the peak region of
the spectrum, compared to the (n+,n°) cross section.

Another feature of the 40ca data at low-q 1is the sizeable anisotropic
component in the (n=,7%) cross sections that is not visible in the (n+,n°)
cross sections (Fig. 8). This anisotropic component in the (n=,n%) reaction
has 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 =/t llCX asymme-
tries 1in N = Z nuclei. The unbound neutrou wave functions es produced in che
(n=,7%) reaction will have a larger radial extent than the unbound proton wave
functions as produced 1in the (ﬂ+,ﬂ0) reactions. This is due to the Conulomb
barrier for protons. Since thete pion reactions are highly surface peaked, we
would expect an enhancement of the (n~,n") cross sections. Also, Coulomb
puvlarization of the 40cq ground-state proton and neutron densities can cause
(r~,7%) enhancements. Auerbach has shown?8 recently that =’ /n" SCX asymme-
tries for the GDR can be as large as 1.4 for o(n™,1%)/0(n*,7%). Thus we see
that the Coulomb force can‘alsu play a significant role in producing differ-
ences in the (ﬂ+.n°) and (n7,n0) cross sections at forward angles.

3. Shape Chantes in the Low—-q Spectra. The measured?? angulur varia-

tions In the (nt.wo) spectra at forwa'd angles are shown in Figs. 14 and 15
for 60N1. l“GCe. and 208pp,, 1t 1a clear from these spectra that an under-
standing of the background and ite angular variation are required to extract

ind4{vidual multipole components. For 140¢e and 208pyp, ¢he spectra themselves
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Fig. l4. Megagred zsape chagﬁes in the forward-angle spectra of the (n~,n0)
reaction on Pb, 1 Ce, and The data are represented as line traces
to allow for superposition of the spectra at different angles.

show no evident peaks. To give the relevant scale of angular variation we
note that AL = 0, 1, and 2 excitations at 165 MeV on 140ce are expected to
have their peak cross sections at O, 11, and 20°, respectively (DWIA
calculations?? with collective-mudel form factors). We see that the varia-
tions in the (n7,w0) spectra between 7 and 15° in the excitation-energy region
of the monopole (near 146 MeV for 140ca) are comparable in magnitude to the
monopole croes sections (Fig. 14). Between 7 and 15° the monopole cross

sections are expected to be small (£0.1 mb/er). Bbeyond 15° the measured cross
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the (ﬂ+ 79) reaction an Ce, and

sectione in the monupole region continue to drop. Clearly on> nmust have jood
accuracy in the treatment of the bsckground to extract monopole rros:s neu-—
tiono. An analysis of these data based on a three—component ansatz (contiiwum
+ moncpole + dipole) has been performedzz and some of the results are dis-
cusaed below.

As a general consideration, we note that in the angular range 0-3¢° and
for aenaergies 0 to 40 MeV, one might reasonably expect multipole comporents

L =0 to 4 to contribute. Angular-distribution shapes measured for states of



known J" in inelastic picn scattering show3? that natural-parity axcitations
do not follow pure Bessel-function shapes at forward angles. Relatively large
forward-angle cross sections are otserved for !.= 0, 1, and 2 transitions.
From nuclear-response-function calculations-!~33 ye expect the major pieces cf
the L =0 to &4 multipole distributior o occur between 0 and 40-MeV excita-
tion.

C. Continuum + Monopole + Dipole Analysis

The analysis of the forward-aungle w0 spectra was performed?2 assuming
that the spectra are composed of two giant resonances plus a continuum. 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 cutcff function. The
exponential function constrains the continuum t¢ go to zero near 165 MeV. The
peak of the broad Lorentzian function (=40 MeV FYHM) 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 decompesitions of tie measured (n~,n%) 4° gpectra given by this anal-
ysis are shown in Fig. 16. The individual monopole and dipole components and
the summed C + M + D functions are shown with the data. The 4° spectra con-
tain the maximum measured monopole signal.

The largest monopole cross section  iven by this analysis 1s for
4OCa(w',wo)“oK. The 0° cross section is 0.8 * 0.2 mb/sr. It has a large
width T = 21,6 £ 1.9 MeV (FWHM) and it extends to excitation energies below
the glant dipole resonance (Fig. 1f£). The centroid of mounopole strength, p;c-
lected into 40cq using the Couiumb aisplacement energy, is 29.9 t 1.5 MeV.
This 1s 9.9 MeV above the peak of the El photoabsorption spectrum (GDR).

The monopola excitation energies, projected into the target nucleus using
Coulomb displacements are, for 60N1. 9OZr, 12oSn, l"‘OCe. and zoan, respec-
tively, 33.0 ¢t 1.7, 32,3 * 2.0, 33.5 ¢t 2.2, 33.5 %t 2.4, and 29.3 & 2.8 MeV.
The aQerage value of all mecasured monupole energies 1s 31.9 MeV and the stan-
dord deviation is 1.9 MeV. Thus the Tn + 1 monopole component 18 found to
have a nearly constant excitation energy for nuctel from 40ca to 208pp,

Angular distributions that result from this analysis fou 60N1 and 140ce
are shown in Fig. 17. The curves represent DWIA calculations employing the
miccuscopic transition densities of Auecbach and Kle1n32s33 and normalized to
the data. The (r~,n%) cross section ror the monopole {g found to drop by a
factor of approximately 3 between 60N1 and !40ce. The dipole state could not
be positively identifted in (n~,n%) on 140ce gnd 208py,
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Fig. 16. The measured 4° spectra for the (n‘,no) reaction, shown with the
decomposition into ceontinuum (C) + monopole (M) + dipole (D) given by the
analysis of Ref. 22,

The extracted 0° monopole cross sections for the (n~,n%) reaction oa
40ca, 60Ny, 907y, 12055, 140ce, and 208pb are, respectively, 0.77 * 0.20,
0.73 ¢ 0.19, 0.63 * 0.14, 0,53 ¢ 0.11, 0.23 * 0.10, and 0.31 * 0.09 mb/sr.

They are seen to decrease with increasing A.

:Monopole summary. The degree of cotiidence one may have in the extracted
monopole parameters (Ex' I', do/dl) depen¥e on the degree of confidence one has
in the characterization of the angular variations of the "nonresonané" back-
ground. Unfortunacaly, as may be seen by examining Figs. 14 and 16, the
shapen of the (n7,n0) gpectra at 165 MeV do not ~how sharp inrlection points
signaling the onset of the monopole resonances. The (n~,n0) deta show an
angular falloff from 4° to larger angles in the peak region of the spectra
(Fig. 14). It is this feature that is ldentified with the monopole resonance

on the basis of the inflection points obsexved?2:25 i{n a graph of da/d@ vs g2
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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 density
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
detalls of the analysis will be available shortly,22

An unexpected result is the marginal quality of the monopole signal 1in
140ce and 208py and 1its large valve in 40ca and ®0Ni. This differs from the
other giant resonances, which display their finest signatures in the heaviest
nuclei.

We ar: making mearurements in Los Alamos at 120 and 230 MeV to deterwmine
if the signal/background for the monopole resonance can be improved. .

Dipole summary. In the (n~,m09) reactions the GDR is observed directly ac

a peak in the measured specrra for nuclei 40ca to 12C5n.  The peak values of
the differential cross sections A4rop from =1 mb/sr for 40ca to 0.15 ¢
0.03 mb/sr for 12055, The Pauli viocking for the Ty 4+ 1 component 1g thereby
clearly demonstrated. For the (ﬂ+,w°) reaction a GDR peak 1s directly visibdle
for nuclet 40ca to 1205n, The extracted peak croes sections are approximately
1 mb/sr, independent of A. The role of the Pauli principle again is evident.
The 1isospin-splitting energies E(TO +1) - EO(TO - 1) are at present not mea-
sured with sufficient accuracy to yield new information. They are consiscent
with previous wmeasurements. ‘1he demonstrated existence of the dipole signal
in both (n~,n0) and (w+.l°) reactions makes future studies of SCX asymmetries

ve N - Z for the GDR iook quite promising.



Isovectcor quadrupole. The (,1,,0) data do not show directly discernable

L = 2 components, which are expected to have maximum cross sections near 25°
for lI’O(:e and near 20° for 208py,, Apparently this multipole distribution 1is
too bdbroad and/or too weak relative to the combined strength of all the ot! :r
multipoles to produce a clear signature in the (tt,w°) spectra. To test for
its presence, a constrained fit with a (continuum + monopole + dipole + quad-
rupale) ansatz was performed.zz The quadrupole was constrained to an L = 2
angular-distribution shape and an excitation energy und width given by theo-
ry.%:733 This constrained fit produced no evidence for a quadrupole component.
Thus at present the (wt,to) data cannot be used to determine the properties of

the isovector guadrupole resonance.

IV. INELASTIC PION SCATTERING

Inelastic pioun scattering at beam energies near 165 MeV favors isoscalar
transitions four to one over isovector transitions due to the nature of the N
force. Therefore, inelastic scattering is most suitable for study of the
isoscalar resonances. The most promising work to date are n¥/n" comparisons
for the isoscalar quadrupcle resonance (GQR). Results have been reported3* 38
for “OCa, 89Y, 118Sn, and 208py,

An interesting result is the large value of R = a(r~)/a(n*) measured for
the GQR. The measured values3S are R = 1.9 for }18sn at 130 Mev and36® R = 3.0
for 208ph at 162 MeV. One may expect values given by

' R = o(r”) . (3N + Z]z

F T Wz (8)

oln

for pion energies near the A resonance. This equation assumes equal-amplitude
neutron and proton oscillations [(BR)n - (BR)p = (BR)], which gives M, = N(BR)
and M = Z(8R) for the collective-model neutron (M,) and proton (Mp) transi-

|4
tion matrix 2lements. Equation (8) gives R values 1.37 for 118¢y and 1.54 for

208pp, Thus the large measured values are a puzzle.

Explanations for the large R values have been discussed33:36 in cerms of
neutron haloes in the ground-stste densities and medium modifications of the
*¥ force, Estimates indicate that reasonable modifications along these lines
do not affect R sufficiently to bring theory into agreement with the data.

Spectra for 2OBPb(n,w') reactions are shown 1in Fig. 18. The expected
maximum for an L = 2 angular distribution is near 20°. The GQR has a previ-
ously measured excitation energy of 10.5 MeV. A peak is seen at this energy

in both the n* and 7~ spectra. A striking feature of these gpectra is that
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o(n7) = 3o(n+), nearly independent of excitation energy for E, > 7 MeV. Thus
the ratio R = 3.0 reported3® for the GQR holds approximately for all unbound
states. For the bound ststes the values R are smaller35:36: R = 1.3 31 0.1
for the 2T tn 185, and R = 1.8 t 0.1 for the 3I state in 208Pb. Thene
results are highly suggestive of a continuum effect that enhances o(n~) over
a(n') and affects all unbound states up to 30-MeV excitation.

A possibie explanation would seem to be in the differences in unbound
neutron and proton wave functions. The Coulomb barrier for protouns in 208py,

is =16 MeV and the proton separation energy for 208py, 44 Sp w 8,0 MaV, The



neutron separation energy is S, = 7.4 MeV. Thus for excitation energies
between 7.4 and =24 MeV, the neutron wave functions have a larger radial
extent than the proton wave functions. For the strongly absorbted pions this
will lead to 1lerger ®~ cross sections. Calculations with continuum wave
functions are rejuired to determine the size of the effect. Qualitatively, we
would expect g(n”)/a(a*) to approach N/Z at very ulgh excitation energies
where neutron and proton wave functions are similar. Also, the pion asymme-
tries should be 1less for lighter nuclei where the Coulomb barrier is lower.
The presently available data are not inconsistent with these expectations.

If indeed the measured R values are dominated by continuum effects, it
will be difficult to extract reliable 1isovector-to-isoscalar transition

amplitudes for unbound giant~resonance states,

V. SUMMARY

We have followed in this article the highlights of the recent extensive
regearch 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 basic patterns of forward-angle cross sections are determined and
are partially understood. This paves the way for possible new insights to
nuclear structure using these transitions.

(2) There is a forward-peaked feature in tane {v~.n0) cross sections,
which may be due to an isovector monopole resonance, Further understanding of
the background is required to accurately identify this component,

(3) The (ﬂt,ﬂo) reactions provide an excellent tool for study of the
charge—exchange guneralizations of the El photoabsorption resonance (GDR)
since there are peaks in the spectra whose area extraction is not highly model
dependent.

A large number of experimental results presented are from the LAMPF n0
spectrometer group. I wish to thank the members for many informative discus-
sions and for the help given in preparation of this article. I have benefited
especially from many discussions with my colleague, J. D. Bowman, although our
interpretations on the isovector monupole results do not coincide completely.

A special thanks goes to Margaret Pinyan for her competent assistance 1in

the preparation of this manuscript.
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