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%'e measured the energies, widths, and cross sections of the isovector monopole and dipole reso-
nances in various nuclei between Ca and osPb with the reactions (~—,m ). Both resonances ex-
haust approximately the same substantial fraction of the cross section calculated in a random-
phase-approximation —distorted-wave-impulse-approximation model. The excitation energies and
widths of the monopole and dipole are in good agreement with random-phase-approximation calcu-
lations and for the dipole they are also in agreement with other data. No isovector quadrupole reso-
nance was observed, and the upper limits for the cross sections for the light elements are well below
the sum rule strength for the isovector monopole and giant dipole resonance.

I. INTRODUCTION

Giant resonances are collective nuclear excitations in
which many protons and neutrons move in a coherent
manner. Thus, their study is fundamental to the under-
standing of nuclear structure and the nucleon-nucleon
force in nuclei. Electric isoscalar (b, T=O) modes are
characterized by oscillations of the nucleus as a whole, in
which protons and neutrons move in phase. In the elec™
tric isovector (hT =1) modes the protons oscillate in op-
posite phase to that of the neutrons. The magnetic modes
are characterized by oscillations that differentiate spin
(AS=1). The different multipoles are characterized by
the spatial symmetry of the oscillations. For example, a
monopole mode is a spherically symmetric oscillation and
a dipole vibration is axially symmetric. The giant reso-
nances can also be described, microscopically, as coherent
sums of one-particle —one-hole excitations between major
oscillator shells. For the electric modes, the angular
momentum of the particle-hole pair determines the mul-
tipolarity of the excitation. The well-known giant dipole
resonance involves excitations of one major shell (laic@)
and has angular momentum and parity I . The isovector
monopole and isovector quadrupole resonances are 2fico

excitations and have angular momentum and parities of
0+ and 2+, respectively.

Isoscalar resonances are formed by T =0 and isovector
modes by T = 1 particle-hole states. The residual
particle-hole interaction gives rise to the formation of a
collective state which is strongly shifted in energy with
respect to the unperturbed particle-hole energy. The at-
tractive isoscalar residual interaction shifts isoscalar
modes to lower energies and the repulsive isovector resi-
dual interaction shifts isovector modes to higher energies.
For isoscalar resonances, transitions connect states of the
same isospin in the same nucleus. For isovector reso-
nances transitions are allowed for which T~T —1, T,
T+ 1, excluding T =0~T =0. These selection rules

govern the isospin transitions for isovector resonances as
shown in Fig. 1. The distribution of transition strength to
different isospin components in the Z or Z+1 nuclei is
related to isospin coupling coefficients and favors transi-
tions to the lowest isospin state. Another property of the
strength distribution is that the transition to the T+1
component in the Z —1 nucleus is weaker relative to both
the T component in the Z nucleus and the T —1 in the
Z+ 1 nucleus due to Pauli blocking in the transformation
of a proton into a neutron. This blocking increases with
the isospin of the target nucleus and is larger for lirtco than
for 2ftco transitions.

Giant resonances should have the following qualitative
characteristics: (a) a resonance should exhaust a large
fraction of the energy-weighted sum rule (EWSR) or the
non-energy-weighted sum rule in an energy region which
is narrow relative to its excitation energy; (b) the reso-
nance should exist in a wide range of nuclei and its energy
and width should vary smoothly with mass number, A.
The isovector giant, dipole resonance (GDR) was first ob-
served in photon absorption experiments. It is excited
strongly in photonuclear reactions that selectively excite
L, =1, T =1 states. Isoscalar I. =0, 2, and 3 resonances
were observed later and studied in detail in electron and
hadron scattering. Alpha scattering proved to be the most
useful reaction for studying the isoscalar monopole and
quadrupole resonances since it excites only T =0 states.
In contrast to isoscalar modes, isovector electric reso-
nances other than the GDR are not yet well established.
Specifically, the properties of an isovector monopole exci-
tation (IVM) were calculated in both macroscopic and
microscopic ' theories, but this excitation was not ob-
served until the present experiment. ' There are also de-
tailed predictions of the properties of an isovector quadru-
pole resonance (IVQ) and evidence has been given for its
existence in electron scattering and (n, y) reactions. ' "
However, it has not yet been shown to satisfy the above
criteria.
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FIG. 1. Allowed isospin transitions for isovector resonances.
The dashed lines connect states of the same isospin multiplet.
In neutron-rich nuclei the transitions to the lowest isospin com-
ponents (thick lines} are favored. In N =Z nuclei ( T =0}tran-
sitions are allowed only to the T+1 multiplet. Several reac-
tions that may be used to excite these isospin components are
listed.

The study of new isovector resonances will yield infor-
mation on the isospin dependence of the N-N interaction
in nuclei, which contributes to the symmetry energy in
nuclei. A special interest in the IVM stems from the fact
that it plays a major role in Coulomb effects, such as iso-
spin mixing in nuclear ground states, Coulomb displace-
ment energies, and widths of analog states. ' Several ar-
guments led us to believe that the pion charge-exchange
reaction, particularly (m, m ), would be highly selective
for the excitation of the IVM. Thus in the present work
we carried out a systematic search for the IVM with the
(m ,n ) reac—tions in a wide range of nuclei. Additional
objectives were to study alternate isospin components of
the weH-known GDR, and to search for the IV@. Our ex-
perimental tools were the LAMPF m. spectrometer and
the intense monochromatic positive and negative pion
beams available at LAMPF.

The advantageous features of pion charge-exchange re-
actions for studying isovector resonances, particularly the
IVM, can be understood as follows.

(I) Inelastic scattering with a probe of nonzero isospin
populates states having isospin greater than or equal to
the target ground state isospin T. (The maximum value
of the final state isospin is determined by the triangle in-

equality. ) In inelastic scattering isovector states such as
the GDR or IVM will be superimposed on a large back-
ground of isoscalar states having isospin T. The charge
exchange (n, m ) reaction populates states having isospin
T+ 1 or greater. The large background of isoscalar states
has no analogs in the (m, m. ) daughter and hence is ab-
sent.

(II) Near the 3,3 resonance the pion charge-exchange
reaction takes place mostly at the surface of the nucleus
and the pronounced maxima of the angu1ar distributions
allow a direct determination of the angular momentum
transfer. ' *' This is demonstrated in Fig. 2, where
distorted-wave-impulse-approximation (DWIA) calcula-
tions of the angular distributions for I. =0, 1, and 2 mul-
tipoles are plotted. %'e note that the L =0 and 2 mul-
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FIG. 2. D%'IA calculations of pion charge-exchange angular
distributions at 16S MeV for I.=0, 1, and 2 giant resonances.
The shapes resemble the diffractive Bessel function relations.
Note that the L =0 and 2 angular distributions are clearly dis-
tinguishable.

tipoles are easily distinguished by the ratios of the cross
sections in the first maximum to the cross sections in the
second maximum, which is approximately 10 for L =0
and 0.7 for L =2. This is in contrast to nucleon charge
exchange at energies up to several hundred MeV, in which
the L =0 and 2 shapes are not very different. '

(III) In pion-nucleus interactions the excitation of
background states due to spin-flip transitions is
suppressed at forward angles because the pion is spinless
and interacts with the spin of the nucleons only through
the pion orbital angular momentum. This is in contrast to
nucleon charge exchange at energies of several hundred
MeV, which predominantly excite spin-flip transitions.

(IV) The strong pion-optical absorption provides the
strongest overlap of the pion wave function with the exte-
rior part of the transition densities. This is important for
the excitation of the IVM since the integral over the entire
nuclear volume of the monopole transition density van-
ishes. The cross section at forward angles would be re-
duced for probes that sample the entire nuclear volume,
such as electrons.

(V) The (m, m. ) reaction is especially suitable for the
search for the IVM because the IVM in the target nucleus
is expected at high excitation energies (170M '~ MeV;
see Ref. 4). It lies in a region of very high density of
states with a large escape width. On the other hand, the
T+1 component, excited by the (m, m ) reaction, is
lowered by the Coulomb displacement energy (see Fig. 1)
and is therefore expected to be relatively narrow. The op-
posite is true for the IVM excited by (n+, n) In addi-. . .
tion, in the m reaction all the transition strength is con-
centrated in one isospin component, whereas the splitting
in the m.+ reaction increases the observed width. This ef-
fect, however, becomes smaller as the isospin of the target
nucleus increases because the transitions to the lowest iso-
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spin component become increasingly dominant.
(VI) Another advantage of the (n, m ) over the

(m+, n ) reaction is related to the fact that the difference
in the IVM and GDR excitation energies is of the order of
the experimental m energy resolution (6 MeV), and the
peaks of the two resonances therefore partially overlap.
In the m reaction on the heavy-element targets the 1fau

GDR is suppressed by Pauli blocking to a greater extent
than the 2fico IVM and therefore interferes less with the
IVM.

(VII) Finally, there is an experimental aspect that
makes the (n +,m

—
) reaction favorable for detecting the

IVM. Whereas many experiments cannot easily be carried
out at forward angles, where the IVM cross section peaks,
the m spectrometer used in the present work is especially
suitable for zero-degree measurement.

The selection rules for (m+-, m ) reactions offer advan-

tages for studying the isospin structure of isovector reso-
nances. In heavy nuclei, where (m+, ir ) excites mainly the
'r 1 state—, the comparison of the states excited by
(m-, m ) should yield the T+1, T —1 isospin splitting
when the Coulomb energies are taken into account. For
the GDR, a comparison with the T component excited by
(y,n) reactions will yield the r+1, rand T, 'r —1 split-
tings as well. The fact that the spin-flip transitions are
suppressed for pion scattering at small angles means that
the states excited by the pion charge-exchange reactions
are the analog isospin components of the photonuclear
GDR, which is predominantly a non-spin-flip excitation.

In this paper we present the results of a systematic
study of the IVM, GDR, and IVQ with (m—+,n ) reactions.
Some of the results have been published in Refs. 7, 8, and
17; here we give a complete account of the experiment.
We emphasize that the results for all the resonances are
extracted using the same analysis procedure. Thus, the
extent to which there is agreement between the extracted
GDR properties and other data is a measure of the validi-
ty of the data analysis and therefore of the results for the
IVM and IVQ. The (m+, pro) cross sections for the isobar-
ic analog states (IAS's) have also been measured in the
present work. The results are not discussed since they
have already been published. ' The experimental details
are described in Sec. II and the data analysis is given in
Sec. III. There we also discuss the nonresonant back-
ground whose determination constituted the major effort
of the analysis. In Sec. IV we present the results for the
IVM and GDR and report upper limits for the IVQ. In
Sec. V we give a short description of the RPA-DWIA cal-
culations (RPA denotes random-phase approximation) by
Auerbach and Klein and compare them to the data. %e
also compare the GDR results to existing data. The re-
sults are discussed in Sec. VI with conclusions in Sec. VII.

II. EXPERIMENTAL PROCEDURE

The data were taken at the LEP channel at LAMPF.
Targets of Ca, Ni, Zr, ' Sn, ' Ce, and Pb were
bombarded with 165 MeV m and m+. The beam-
momentum resolution was better than 1.3% and the rates
were typically 10 pion/s. The flux was determined and
frequently monitored by an activation method. ' The en-

ergy and direction of the outgoing m. were measured with
the I.AMPF ir spectroineter by measurement of the angle
and energy of the two gamma rays from the m decay. A
detailed description of the spectrometer is given in Refs.
20 and 21. The front converters of the spectrometer were
at a distance of 1 m from the target and the opening angle
between the two gamma detectors was 62.3'. The bulk of
the data was taken in late 1982 with the spectrometer set
at scattering angles of 5' and 25, and some data were
taken a year earlier under slightly different conditions.
Enriched targets were used of thicknesses ranging from
1.8 to 4 g/cm . The total number of pions per spectrome-
ter setting ranged from 1.2X10" for the lighter nuclei to
3 8X10' for Pb

At each fixed position the spectrometer covered an an-
gular range of approximately 20'. The angular range was
divided into four angle bins; the acceptance as a function
of angle inside the individual bins was calculated with a
Monte Carlo simulation. i' The average angles and rms
bin widths for the various angular bins are given in Table
I. The angular resolution of the spectrometer was approx-
imately 2.5'. However, with the above binning of the an-
gular acceptance, the resolution was determined by the bin
widths (given in Table I), and was approximately 5'. As
the target enrichments were close to 100%, we assumed
the abundances were 100% since all isotopes should have
about the same cross sections.

The reaction n. p~m n on a CH2 target was used for
calibrations of energy and solid angle. The energy calibra-
tion and resolution were determined from the position and
width of the m peak in the most forward bin, where the
proton recoil is negligible. The spectrometer energy reso-
lution was compromised to 6 MeV in order to achieve
good statistics. The effective solid angle of the spectrom-
eter is a function of m energy and angle. It was deter-
mined by comparing the ir p~m n yields to the calculat-
ed cross sections, using phase shifts of Rowe et al. ~2 The
CH2 data were taken at n energies of 100, 120, 130, 140,
150, and 165 MeV at the 5' and 25' spectrometer posi-
tions. The carbon contribution was subtracted using mea-
surements with a graphite target. Figure 3 shows the ef-
fective solid angle for the most forward angular bin at the
various energies. It reaches a maximum at 130 MeV, cor-
responding to the opening angle between the gamma
detectors. For each angular bin the spectrometer accep-
tance as a function of energy was obtained by a smooth
interpolation (solid line). The measured solid angles were
used to correct the m energy spectra channel by channel.
In the final determination of the cross sections, the ab-
sorption of gammas in the targets was taken into account.
The correction factors are given in Table I.

The error bars in Fig. 3 do not include the uncertainty
in the m p~m. n cross sections, which are approximately
5% in the energy region of the giant resonances. The ra-
tios of the effective solid angles to those calculated by the
Monte Carlo simulation determine the counting efficiency
and should be, in principle, angle independent. Their ac-
tual values fluctuated by 4% from angle to angle, which
is slightly larger than the statistical error in the m. p mea-
surements. Thus, a 4% relative error was assigned to the
angular variation of the effective solid angle.
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TABLE I. Average values and standard deviations of the angular acceptance for the various angular
bins.

Spect.

position

5 Q 4.2
6.8

10.5
14.9
17.4

22.8
27.7
33.2

(deg)

2.0
2.1

1.8
2.0
2.3

1.9
1.9
2.1

T o F%'HM

(MeV)

5.9
5.9
6.4
6.7
6.3

7.1

7.1

8.0

5pect.

position

0'

20'

4.5
6.9

1 1.0
15.1

22.0
28.5

1.1
0.9
2.0
2.9

1.7
2.5

T o F%'HM

(MeV)

4.5
4.5
5.2
5.5

6.0
6.0

Background due to random coincidences between the
gamma detectors, which was determined from the timing
spectrum, and non-target-related background, were sub-
tracted from the spectra channel by channel. Each one of
these corrections was of the order of 5—10%. Hydrogen
contaminations in the Ca, Ni(m, n. ) data were sub-
tracted using the CH2 data. The amount of contamina-
tion was calculated from the data at the most forward an-

gle, where the m p~m n cross section is largest and the
m p~m n peak occurs at an energy that is higher than
that of events from the target. Figure 4(a) shows a

Ca(m, n. ) spectrum, uncorrected for the acceptance of
the spectrometer, (1) before and (2) after subtraction of
the three background contributions. Figure 4(b) shows the
above spectrum (2), corrected for the acceptance of the
spectrometer.

III. DATA ANALYSIS

A. Background determination and analysis procedure

Figure 5 shows plots of the double-differential cross
section for the (n, n ) reac. tions versus the kinetic energy
of the n 's at four of the measured angles. A complete set

of data can be found in Erell et al. Figure 6 shows the
plots for (m+, n ) An .examination of the data shows
IVM, GDR, and IAS (only in the m+ data) excitations su-
perimposed on an approximately isotropic nonresonant
background. The IAS is clearly seen in the forward-angle
(m+, n ) spectra. In most of the central-angle spectra the
GDR is seen as a peak at approximately the energies
known from earlier work.

In order to identify the broader IVM, the angular varia-
tion as well as the energy dependence of the cross sections
had to be considered. In Fig. 7(a) we demonstrate the
presence of a forward-peaked signal in a wide range of nu-
clei for the (n. ,n ) reaction. We plot the ratio of the
cross section, integrated over the expected IVM region, to
the cross section integrated over the whole spectrum,
versus q . Here, q is defined as the momentum transfer
in a quasifree reaction, q=2k sin(8/2). There is a q re-
gion in which the ratio is approximately linear, while at
small q there is an excess cross section above the straight
line extrapolated to q =0. The observed breaking points
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FIG. 3. The effective solid angle of the spectrometer for the
4 angular bin, as measured with the m p~rr n reaction at vari-
ous m energies. The acceptance angle of the spectrometer was
smoothly interpolated as a function of energy bet@veen the mea-
sured points (solid line) and was used to correct the energy spec-
tra channel by channel. The effect of the acceptance correction
is demonstrated in Fig. 4.

FIG. 4. Ca(m „m ) spectra. (a) Uncorrected for the spec-
trometer acceptance, (1) without and (2) with subtraction of the
nonphysical background. The arrow points to the position of
the small excess cross section due to hydrogen contamination.
(b) The above background-subtracted spectrum (2) corrected for
the acceptance of the spectrometer.
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The dashed lines show the fitted background component. The dotted lines show the fits to the IVM (left-hand peak) and GDR
(right-hand peak) and the solid line represents the fit to the sum.
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appear near the angles of the first minimum of the expect-
ed IVM angular distributions, as indicated by arrows.
Figure 7(b), for the corresponding ratio at an excitation
energy above the IVM in Ni, shows no indication of a
forward-peaked feature. This qualitative analysis suggests
that the cross section is composed of a slowly varying
background component, approximately linear in q, and a

forward-peaked feature around the expected IVM energy.
In Sec. IVB, we discuss the linear q dependence of the
background. The reason for plotting ratios rather than
absolute cross sections is to eliminate relative normaliza-
tion errors between the 5 ' and 2S ' spectrometer settings.

For Ca the presence of the IVM cannot be clearly
demonstrated in an analysis such as is shown in Fig. 7.
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The reason is that the first niinimum of the IVM angular
distribution occurs between the fifth and sixth angular
bins, and the background cannot be extrapolated unarnbi-

guously using the data only in the three largest q bins.
For (m+, n) . the larger width of the IVM and the strong
overlapping GDR make the signal-to-background ratios
less favorable than for (m, m ). Figure 7 is as relevant for

the IVQ as for the IVM since their excitation energies cal-
culated in the RPA differ by only a few MeV. There is
no indication of any increase in the cross section near the
expected peak (indicated by the dotted arrows) of IVQ an-
gular distributions.

This qualitative analysis indicates that in order to ex-
tract quantitatively an IVM signal from the data and to
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establish uncertainties, a systematic procedure had to be
developed for the description of the nonresonant back-
ground. Thus, the data werc considered in the two-
dimensional space of q and energy loss v. The giant res-
onances contribute to the cross section only in limited re-
gions of this space. The double-differential cross section
was fitted to a sum of IVM, GDR, and nonresonant com-
ponents. At a later stage an IVQ component was also

considered (see Sec. IV 8). A semiphenomenological
background function was chosen, which fitted the data
well in those regions of large q and excitation energies,
where the IVM and GI3R contributions are small. Such
regions appear especially in the (ir, m ) data in the heavy
elements, where Pauli blocking strongly suppresses the
GDR cross section and the first minimum of the IVM an-
gular distribution occurs at small q . The function has a
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smooth v dependence and an approximately linear q
dependence at each v. Further discussion of the back-
ground is given in Sec. III B. For the IVM and GDR, the
instrumental line shape, determined from the rr peak in

the CH2 data, was convoluted with a Gaussian resonance
shape. As discussed below, the background function de-

pends on a small dimensionless parameter, the momentum
transfer q divided by the Fermi momentum k~ squared,
(qlk~), and hence cannot have a rapid q (angular) vari-

ation.
The background and resonance parameters for each nu-

cleus were determined simultaneously by a least-squares
fit of the data. In the first iteration the background pa-
rameters and the positions and widths of the resonances
were determined. Since the GDR was unambiguously
identified by its energy, and in order to minimize the un-

certainty involved in the determination of the background,
the GDR angular distribution was constrained to the
DWIA shape (corrected for the finite acceptance of the
spectrometer). Rather than also constraining the IVM an-

gular distribution to the D%'IA shape, its contribution
was simply set to zero at angles larger than 15', and the

FIG. 7. (a) The ratio 8 between the cross section integrated
over the expected monopole region to the cross section integrat-
ed over the whole spectrum, plotted vs q' for the (n. , m ) reac-
tion on several nuclei. The arrows indicate the position of the

expected first minimum of the IVM angular distribution. The
lines represent linear fits to the points below and above the first
minimum. The dotted arrows indicate the peak of the expected
IVQ angular distributions. (b) The ratio R obtained for

Ni(m, m ) for a region of excitation energies above the IVM
expected position.

amplitudes in the three forward angles were taken as free
parameters. In this way the data were not forced to pro-
duce an IVM signal by imposing the expected IVM angu-
lar distribution. The constraints of linearity in q and
smoothness in v did not allow the background component
to follow the rapid increase of the IVM cross section at
forward angles. For those cases where the IVM strongly
overlaps the GDR, the position of the latter was also con-
strained to the RPA energies and widths, which are con-
sistent with other experimental data (see Fig. 15). The po-
sitions and widths of the resonances were kept fixed from
angle to angle. The resulting parameters of the back-
ground varied smoothly from nucleus to nucleus. For the

Sn and Pb(n. +,m ) reactions, where no data above 15'
(11' for ' Sn) were available, some background parame-
ters were interpolated or extrapolated from neighboring
nuclei.

In the second iteration the only free parameters were
the IVM and GDR amplitudes, and these were allowed to
vary without constraint. The resulting angular distribu-.
tions (plotted in Sec. IVA) are consistent with the DWIA
angular distributions after adjustment of the magnitude.
This agreement supports the correctness of the first itera-
tion. In the m+ data, the IAS peak partially overlaps the
GDR and the least-squares fit included an IAS peak (with
zero intrinsic width) at the known energy. The dashed
lines in Figs. 5 and 6 represent the resulting background,
the dotted lines show the fit to the GDR and IVM reso-
nances, and the solid lines give the fit to the sum. The
normalized X values of the overall fits varied from 1 to
1.4.

B. Discussion of the nonresonant background

Our data show that the cross sections may be decom-
posed into a nonresonant background component, approx-
imately linear in q at fixed excitation energy, and giant
resonances whose angular distributions vary relatively
rapidly with q . This observed behavior is sufficient for
separating the resonance signal from the background. It
is nonetheless interesting to attempt a physical under-
standing of the nonresonant background. Data on in-

clusive pion charge exchange and inelastic scattering
indicate that a large fraction of the cross section at large
angles is due to the quasifree reaction. Our data at for-
ward angles are in agreement with the plotted data. At
these small angles Pauli blocking should strongly inhibit
the quasifree charge exchange due to the small momen-
tum transfer, consistent with data of Ref. 24. However,
our data show that the broad structure of the background
does shift with angle according to the free nNkinematics. -

even at small angles, indicative of the quasifree nature of
at least part of the cross section. Such a process may
proceed at small angles, in spite of the momentum
mismatch, via high-momentum components of the nu-
clear wave functions.

Additional support for this hypothesis is given by the
success of the pole approximation to describe radiative
pion capture at small momentum transfers. In this ap-
proximation the reaction is assumed to proceed through a
collision with a single nucleon. The distortion due to the
spectator nucleus, which partly accounts for multiple
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(E —Eo)!T
d o.

d Q dE 1+[(E EgF )/8'L ]— (3.1)

The doubly differential background cross section is the
product of three factors, a q dependent normalization X,
a Lorentzian function of the m energy E centered at an
energy E&F having a width 8'L, and an energy cutoff fac-
tor with a maximum cutoff energy Ep and a cutoff energy
scale parameter T.

scattering, is taken into account. The energy and angle
dependences retain the general quasifree shape, but may
shift from the exact free kinematics. The energy spectra
in this case are surprisingly similar to the general shape of
our background. %e also mention in this context the
semiphenomenological calculation of proton inelastic
scattering at forward angles by Bertsch and Scholten.
They used a semi-infinite slab model for the nucleus, and
showed that the single-step reactions constitute a large
fraction of the total cross section. Due to the surface-
peaked interaction, this component has a considerable
contribution even for zero-degree scattering.

The size of the linear q dependence of the background,
which is small relative to the angular variation of the
resonant cross sections, may be explained as a conse-
quence of the background consisting of single-step (quasi-
free) or multiple-step knockout reactions. The giant reso-
nance cross sections are surface related diffractive and the
nuclear radius (R) sets the scale for the angular variation
of the cross sections. Indeed, the giant resonance cross
sections can be approximated by sums of squares of Bessel
functions, Ji (qR). '"' For the knockout reactions, on the
other hand, the momentum transfer to the residual nu-
cleus has an uncertainty of the order of the Fermi
momentum (kF) due to the momentum carried away by
the unobserved knocked out nucleon, and hence the dif-
fraction pattern is smeared out. In this case the q depen-
dence of the cross section would scale with the Fermi
momentum rather than with the nuclear radius. The
cross section may then be expanded in a Taylor series in
the dimensionless parameter (q/kF )2, since a cross section
must be an even function of the scattering angle. In the
angular range of the present experiment, (q/kF) g0.25,
so that terms higher than linear in q are small. The fact
that (kFR) »1 (15 for medium nuclei) is therefore the
reason for the approximately linear q variation of the
background in the very same region where the resonant
cross sections fluctuate strongly. The preceeding argu-
ments do not depend on the dominance of single-step pro-
cesses. If multistep processes are important, the q
dependence will be further washed out.

For the quantitative analysis, we developed a semi-
phenomenological function to describe the doubly dif-
ferential background cross section as a basis for a con-
sistent treatment of the spectra for all targets and angles.
In view of the above discussion, we adopted a function
whose energy and angular dependence follow quasifree
charge exchange at large momentum transfer, and which
includes a suppression factor due to PauH blocking. The
semiphenomenological function, plotted schematically in
Fig. 8, is given by

L

FIG. 8. The semiphenomenological background function.
The double-differential cross section (solid line) is given by a
product of a Lorentzian (dotted-dashed line), representing quasi-
free reaction, and an exponential cutoff (dashed line), which can
be associated with the suppression due to Pauli blocking at for-
ward angles.

The normalization N depends only on q and not on E.
X is the product of three terms,

r

d CT qN = Ap 1+3)
0 F

(,E —Eo)/T

x J'
1+[(E EgF ) /WI—j

4"

(3.2)

where do/dQp is the cross section for the elementary
charge-exchange process (m p~n. n), the second term is
a quadratic function of (q/kF), and the third term nor-
malizes the energy integral of the E-dependent terms of
d a/dQ dE to unity (so: Table II). The energy integral is
taken from E =Ep —60 MeV to E =Ep. The singly dif-
ferential background cross section is given by

do' do
dQ dQp kF

2 4

(3.3)

TABLE II. The momentum transfer q and the m p~m n

cross sections (Ref. 22) used in the definition (3.1)—(3.6). kF
was taken to be 297 MeV/c.

7
11
15
17
22
28
33

(MeV/c)

27.4
33.5
47.8
67.0
82.0

106.2
126.4
149.0

(do. /dQ){m. p~m n)
(mb/sr}

10.0
9.86
9.58
9.1
8.78
7.99
7.17
6.23

The Lorentzian may be associated with the m energy in a
quasifree reaction that is smeared out relative to the free
n-N reaction, due to the Fermi energy of the struck nu-
cleon. Therefore, its centroid EQF was constrained to the
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expected mean ir energy of the quasifree charge ex-

change. For incident negative pions this energy was taken
to be

EQp —T p(ir p~m' n) —neutron binding energy (3.4)

where T o(v p~m. n) is the ~ energy in the

freezer-N

re-

action. The angular variation of T, follows the nucleon

recoil energy

T+(q)=T, (q =0)—q /2M, (3.5)

where q =2k sin(8/2), M is the nucleon mass, and k is
the momentum of the incident pion. For n+, EQz was set
equal to

EQi: = T 0(ir n~~ p) —CB—proton binding energy .
+ 0

(3.6)

CB is an additional free parameter required by the data,
which may be associated with the Coulomb barrier for the
struck proton. Following the linear q assumption, the
Lorentzian width was chosen as

Wg ——Wg [1+a(qlkF) ], (3.7)

with a and 8'i taken as free parameters.
0

The exponential cutoff may be associated with effects
of Pauli blocking and Fermi averaging of the ir-N cross
section: increasing suppression due to Pauli blocking and
kinematics as a function of decreasing angle is provided
by the function in Eq. (3.1) by the fact that the central en-

ergy of the Lorentzian shifts towards the cutoff energy
(Eo) as the momentum transfer to the struck nucleon de-
creases; the m-N center-of-mass energy is a function of the
initial direction of the struck nucleon in the quasifree re-
action, resulting in an effective cross section that is a
function of the energy of the outgoing ir . The exponen-
tial slope T is expected to be of the same size as the Fermi
energy and it was set to a constant value that gave, on the
average, the best fit to the data for all the reactions. The
cutoff energy Eo should lie in the vicinity of the residual-
nucleus ground state. Eo was a free parameter for each
reaction, but was kept fixed from angle to angle.

A least-squares fit of the data for each nucleus to the
sum of background, IVM, and GDR components was
used in order to determine simultaneously the parameters
in Eqs. (3.2)—(3.7), together with the resonance parame-
ters. The best fit background parameters, listed in Table
III, are approximately smooth as a function of the nuclear
mass. The Lorentzian full width at half maximum
(2 WL) is of the order of the Fermi energy, as is the pa-
rameter T. Eo (column 8) is close to the ground states of
the residual nuclei (column 11) and CB (column 7) is re-
lated to the Coulomb barrier (column 10). At an inter-
mediate stage of the analysis procedure, the quantity M
(the mass of the recoiling particle) in Eq. (3.5) was al-
lowed to vary as a free parameter. The best fit to the data
was obtained for a value of M within 10% of the nucleon
mass, indicating that the broad structure of the back-
ground does shift with angle according to quasifree
kinematics. The parameter Ao is the ratio of the singly

differential zero-degree cross section to the zero-degree
cross section for the process ir p~m n. For the (n+, ir )

data Ao increases with the nuclear mass, whereas for
(ir, m ) it is approximately constant. Similar behavior of
the inclusive (n+, a ) cross sections was observed also at
backward angles. The difference between the m and
~+ A dependences of the cross sections in Ref. 21 was ex-
plained as being due to Pauli blocking of the protons
[which are the interacting nucleon in the (n, m ) case]
and possibly also due to the screening of the protons by
the excess neutrons.

In conclusion, the semiphenomenological function suc-
cessfully describes the background in a consistent way for
all targets and angles with a small number of parameters,
which vary smoothly with atomic mass. Furthermore,
some of these parameters may be given physical interpre-
tations. The plausability of the background function con-
tributes to the level of confidence in this analysis pro-
cedure. In the following error analysis, we estimate the
extent to which the results for the resonances would vary
if other shapes, which are not necessarily of quasifree na-
ture, were assumed for the background.

We emphasize that our fmal results are not dependent
on the specific parametrization of the background
described above. The features that are used to separate
the resonance signals from the background are the rapid

q -dependent variation of the resonance angular distribu-
tions compared to the smooth q -dependent variation of
the background.

C. Error analysis

The total errors have several sources. (I) Statistical er-
rors: The error bars in Figs. 5 and 6 represent only the
statistical errors and are relatively small. (II) 4% relative
errors in the variation of the detection efficiency as a
function of angle (see Sec. II). (III) 5% normalization er-
rors due to the uncertainty in the m.-N cross sections that
were used for the solid angle calibration. (IV) Data taken
at different rates showed that at high rates the detection
efficiency was lowered and was target- and spectrometer-
position dependent. The high-rate data were corrected for
this effect, but there was still a 10% error for each mea-
surement. In order to account for possible differences in
the efficiency at the 5' and 25' spectrometer positions, the
normalization of the 25' data was allowed to vary relative
to that of the 5' data in the fitting procedure described in
Sec. IIIA. The effect of this correction on the final re-
sults was small compared to the fitting errors, described
below. (V) Uncertainty in the background determination
(fitting errors): The largest contribution to the error
comes from the fitting errors. We estimated to what ex-
tent the results for the resonances would vary if other
background shapes were assumed that did not necessarily
follow the quasifree description but were still approxi-
mately linear functions of q at each excitation energy.
For that purpose, the results were compared with a
simpler analysis which had been previously used for the

Sn and Zr data of limited angular range. It follows
from the linear q assumption that the change in the
background at the forward angles is small; making the ex-
treme assumption that the background is isotropic up to
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TABLE III. Results for the semiphenomenological background, defined in the relations (3.1)—(3.6). The values in parentheses for
Sn and Pb were projected from neighboring nuclei. The two right-hand columns give the values of the Coulomb barrier and the

expected position of the residual nucleus ground state in the energy spectra. Their values are close to the best fit values of the free pa-
rameters CB and Eo, respectively.

Target Ao 81o CB Eo
Coulomb

barrier
g.s.

position

40Ca

~Ni
90Zr

'"Sn
140Ce

2osPb

0.492
0.613
0.531
0.539
0.534
0.519

2.14
2.80
0.74
1.05
2.53
3.43

0.61
0.20
0.35
0.90
0.97

—4.00

21.7
21.1
20.2
21.6
21.3
21.5

0.0
1.0
0.0
0.1

2.1

0.9

165.7
165.6
166.5
163.2
165.5
166.6

70 166.3
165.0
166.0
163.0
164.0
162.6

m+

Ca
Ni

90Zr

'"Sn
140Ce

208Pb

0.394
0.710
0.808
0.928
0.988
1.133

5.46
2.81
4.64
2.77
2.96
3.39

10.4
3.0
6.6

(6)
5.5

(6)

22.7
23.1

23.2
22.0
23.0
18.3

1.2
—1.3

0.0
(0)
0.0

(0)

7.0
11.6
13.6

(13)
12.7
12.7

159.7
163.4
164.0
166.0
166.9
165.7

6.4
7.8
9.6

11.0
12.2
15.0

155.5
162.8
162.6
166.7
165.6
165.8

9=15', one can extract the resonance properties in this
angular range by simply subtracting spectra at different
angles. Thus the 11' spectra, where the IVM cross sec-
tion is expected to be small, were subtracted from the 4'
spectra where it is near its maximum. The resulting
4'—1 1

' difference spectra were fitted to a sum of positive
(IVM, and also IAS in the m+) and negative (GDR)
peaks. The energies and widths of the resonances were
generally not constrained. The 4'—l l ' difference spec-
trum for the reaction ' Sn(~, n. ) clearly demonstrates
the presence of an IVM signal, as shown in Fig. 10. Sub-
sequently, the 7 '—l l ' and 15 '—l l ' difference spectra
were fitted to the IVM and GDR peaks, fixing their ener-
gies and widths to the 4'—ll' results and allowing only
their amplitudes to vary. The difference cross sections de-
duced from the peak areas were fitted to the correspond-
ing normalized DWIA difference cross sections, correct-
ed for the finite acceptance of the spectrometer. The ex-
perimental peak cross sections then were derived as
described in Sec. IV A.

The low-energy tail of the background is observed in
the m. data to increase by up to 10% going from 4' to
15, in contradiction to the assumption of isotropy. The
increase of the background appears in Fig. 9 as the nega-
tive cross section below 130 MeV. This has a particularly
strong effect on the results for the IVM in Ca and in all
the m+ data, where the IVM is broad and is located at the
low-energy tail. We plot in Fig. 10(a) the 4'—l l ' differ-
ence spectrum for Ni(n. +,m ), showing too much sub-
traction of background below 120 MeV and the weaken-
ing of the IVM signal. Thus, to extract the IVM fitting
errors in those reactions, the 4', 7', and 15 ' bins were first
normalized to the 11 cross section in a 20-MeV region of
excitation energies above the IVM and then subtracted.
Figure 10(b) shows the resulting 4'—ll spectrum for

Ni(~+, m ), with a clear IVM signal. For the GDR and
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FIG. 9. ' Sn(m, ~ ) difference spectrum: 4 minus 11'.
The line represents a fit to the sum of positive (IVM) and nega-
tive (GDR) peaks. This analysis was carried out only for the
purpose of estimating the fitting errors.

IAS parameters we used the simple subtraction method
[Fig. 10(a)].

The fitting errors were estimated from the differences
between the subtraction and full analyses, requiring a
smooth A dependence of the errors. The m. + results have
larger fitting errors than those for m „ for several reasons.
The IVM, excited by (m+, m ), lies at a higher excitation
energy and therefore has a larger width and a smaller res-
onance to background ratio. The GDR is larger and wid-
er and overlaps more strongly with the IVM, and the IAS
in the m+ spectra also overlaps with the GDR. Further-
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folded with the finite angular acceptance and multiplied
by normalization factors to fit the data. The finite angu-
lar acceptance corrections were made with the approxi-
mate relation

dt's dO I 2 d dO

where the

der�/d

0 are the theoretical values, the
(d /d8 )(drT/dQ) are the curvatures of the calculated an-

gular distributions, and the o ~ are the standard deviations
of the angular acceptance, given in Table I. The solid
lines in Fig. 11 connect the theoretical cross sections ob-
tained in this manner. The numbers given in column 3 of
Table IV are the RPA-DWIA peak cross sections (at 0'
for the IVM and around 15' for the GDR) multiplied by
the normalization factors. Such a procedure has only a

100 l50
TI
' K INETIC ENE R6Y (Me V)

FIG. 10. The Ni(m+, m. ) difference spectra of 4' minus 11',
(a) without relative normalization and (b) with a normalization
of the 4' spectrum to match the 11' cross section below 120
MeV. The lines represent fits to the sum of positive (IVM and

IAS) and negative (GDR) overlapping peaks. The IVM parame-
ters were extracted from spectra like the one shown in (a),
whereas the GDR and IAS parameters were extracted from

spectra like the one in (b). This analysis was carried out only for
the purpose of estimating the fitting errors.

more, the background is larger, especially for the heavier
nuclei. For these reasons, and especially due to the larger
overlap of the IVM and GDR, the errors of the IVM
cross sections for ' Sn, ' Ce, and Pb(n. , rr ) are of the
order of the cross sections themselves. The errors for the
widths and energies of the IVM in the ' Ce and

Pb(m, n ) data are also rather large, due to the fact
that the IVM lies in a region where the background varies
strongly as a function of energy

The IAS energy was also determined in the subtraction
analysis in order to serve as an additional test of the
analysis procedure. The resulting values for this parame-
ter are no more than 0.7 MeV away from the predicted
energies. Such small deviations may be due either to fit-
ting or to calibration errors. Considering the second pos-
sibility, a systematic error of 0.7 MeV was assigned to the
IVM and CyDR excitation energies in addition to the sta-
tistical and fitting errors.

0

0.4

~ 04
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IV. RESULTS

A. IVM and GDR

IO 20 30 IO 20 50

The angular distributions for the IVM and GDR are
shown in Fig. 11. The data points represent differential
cross sections averaged over the finite range of the angu-
lar bins. In order to compare the data to RPA-0%IA an-
gular distributions, the theoretical cross sections were

FIG. 11. Angular distributions for the IVM and GDR. The
data points represent cross sections averaged over the approxi-
mately 5 range of the angular acceptance. The lines represent
0%'IA calculations corrected f'or the finite acceptance and nor-
malized to the data. Error bars do not include fitting errors.
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TABLE IV. Peak differential cross sections, excitation energies, and widths for the IVM and GDR.
The peak cross sections were extrapolated from the angular distributions in Fig. 11 using the D%'IA
shapes. The excitation energies are relative to the ground states of the target nuclei. The excitation en-

ergies E„satisfy the relationship 8';„=E„+W,„„where 8';„and 8',„, are the total energies, kinetic
plus mass, of the incoming and outgoing pions. The widths correspond to the full width at half max-
imum (F%HM) of the fitting Gaussian resonance shape. A 10% normalization error and a 0.7 MeV

energy calibration error should be added for each reaction independently. The GDR energies and
widths given in parentheses could not be extracted from the data due to the strong overlap with the

IVM, and were constrained to the RPA values.

Reaction

Ca(~-, ~')

Ca(~+, ~')

Ni(m, n. )

Ni(m+, wo)

Zr(~-, ~')

90Zr(m+, m') b

Sn(m m )'

Sn(m+, m. )

Ce(m m )
'~Ce(~+ ~')

Pb(m. , m )
"'Pb(~+ ~')

Resonance

IVM
GDR
IVM
GDR
IVM
GDR
IVM
GDR
IVM
GDR
IVM
GDR
IVM
GDR
IVM
GDR
IVM
IVM
GDR
IVM
IVM
GDR

Peak cross
section
(pb/sr)

768+200
856+87
533+220
725+126
725+185
358+75
704+280
792+190
632+143
392+61

1040+300
912+272
532+ 108
193+46

1277+ 1110
858+335
228+ 1Q3

727+ 720
815+357
309+87
466+460
843+450

Excitation
energy
(MeV}

24.1+1.5
13.8+1.6
35.9+2.9
24.7+2. 1

25.2+ 1.7
13.5+ 1.6
35.6+2.8
25.3+ 1.5
22.0+2.0
10.4+1.8
34.6%2.9
25.7+ 1.2
21.4+2.2
9.6+1.8

30.0+3.0 '
23.9+0.9
19.9+2.4
35.4+3.5 '

(25.3}
12.0+2.8

37.2+3 5'
(26.5)

%'idth

(Mev}

21.6+ 1.9
5.7R2.3

24.2+4.0
6.4+ 1.9

14.7+2. 1

4.2+2.0
18.4+4. 1

6.4+ 1.7
15.0+2. 1

2.7+1.4
18.9+4. 1

6.0+ 1.7
9.2+2.6

(0)
16.0+4. 1

3.4+2. 1

8.5+4.5

16.6+4.2 '
(8)

11.6+7. 1

15.0+6.0 '
(6)

'The results for ' Sn, Zr(m, m ) are slightly different from those published earlier (Ref. 7). The data
in both cases were the same; the small differences are due to the improved analysis used in the present
work.
bDue to an ambiguity in the normalization of the Zr(m+, m. ) data, we cannot exclude the possibility
that the cross sections for this reaction may have been overestimated by up to 409o.
'These results are not determined as well as in the other cases because the cross sections themselves are
consistent with zero.

weak model dependence, since at the small angles con-
sidered here the shapes of the theoretical angular distribu-
tions are sensitive neither to the nuclear structure input
nor to the higher-order terms of the interaction. The er-
rors in Fig. 11 consist of the statistical errors added in
quadrature to the relative-efficiency errors. The fitting
errors only had a small effect on the shape of the angular
distributions and therefore were not included in the figure.
Several data points have negative values, corresponding to
an overestimate of the background, but they are all statist-
ically consistent with zero.

In order to test the extent to which the pion-nucleus in-
teraction radius (R) was consistent with the values ex-
tracted from elastic scattering, the angular distributions
were also fitted to the simple diffractive scattering rela-
tions' oJi (qR) corrected for the finite angular accep-
tance. The Ji's are Bessel functions with /=0 for the
IVM and I =1 for the GDR. The pion interaction radius

O
1 I

R7r '
)VM ~

G{3R o

I l I i I I

Ca Ni Zr Sn Ce Pb

FIG. 12. Pion interaction radii (8) extracted by fitting the
angular distribution in Fig. 11 to the diffractive relations

JI (qR). The straight lines connect the values extracted from m+

and m elastic scattering at 180 MeV.
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R and maximum cross sections o were free parameters.
We note that the shapes of the diffractive angular distri-
butions with radii extracted from elastic scattering are
similar to those of the DWIA calculations. The extracted
radii are plotted in Fig. 12 versus A ' . They lie approxi-
mately on the same straight line that fits the n.+ and rr
elastic scattering data at 3,3 resonance energies.

The experimental results for the IVM and GDR are
summarized in Table IV (for graphical presentation, see
Sec. V). The fitting errors are included. Absolute nor-
malization errors of 10% and 0.7-MeV calibration errors
should be added independently for each target and beam
polarity. Due to an ambiguity in the normalization of the

Zr(n+, m ) data, we cannot exclude the possibility that
the cross sections for these reactions may have been
overestimated by up to 40%. The GDR cross sections are
given for all the m+ reactions, and for the m reactions
only in the lighter targets. The IVM cross sections are
given for all the m reactions and for m+ for the light tar-
gets only. For the m+ reactions on ' Sn, ' Ce, and Pb
the IVM properties could not be unambiguously deter-
mined. Due to the large fitting errors the cross sections
are consistent with zero as well as corresponding to a
large fraction of the theoretical values. The width of the
weak GDR in the '2 Sn(n, n ) reaction could not be
determined from the data and was fixed in the fitting pro-
cess to the RPA value. For the ' Ce and Pb(n+, n )

analysis, where the GDR overlaps the broad IVM, the
GDR energies and widths were also fixed to the RPA
values.

B. Isovector quadrupole

The data analysis did not require an isovector quadru-
pole (IVQ) component, although the angular range of the
measurements extends well beyond the second maximum
of the calculated IVQ angular distribution. The RPA cal-
culations, which give a good description of the IVM and
GDR, predict a concentration of isovector E2 strength.
Therefore we searched for an IVQ resonance having the
RPA energies and widths. The search was conducted

only for the m. data, where the fitting errors for the IVM
and GDR were relatively small. The data were fitted to a
sum of background, IVM, GDR, and IVQ components.
The background parameters as well as the IVM and GDR
positions and widths were allowed to vary. The angular
distributions of all three resonances were assumed to have
the DWIA shapes (corrected for the finite angular accep-
tance of the spectrometer). The calculated IVQ angular
distribution (do/dQ)(IVQ) is relatively fiat (see Fig. 2)
and it is therefore difficult to distinguish an IVQ signal
from the background. In order to estimate the fitting er-
rors, we made the extreme assumption that any part of
the IVQ angular distribution that is linear in q could be
hidden in the background. Therefore, the search was car-
ried out using a trial function that was a sum of the calcu-
lated IVQ angular distribution and a function linear in q:

(IVQ)+A +B(qjkF) (4.2)

Here, I,, A, and B are free parameters. This analysis for
the IVQ is free of assumptions about the background
beyond its approximately linear q dependence, The error
in A, refiects both statistical and fitting errors, and was
used to determine the error in the IVQ cross sections.
Large values for A or B imply distortion of the smooth
energy dependence of the background. Therefore, this
analysis was used only to extract the errors in the IVQ
cross sections and not their central values.

Table V summarizes the results. The peak IVQ cross
sections are given in column 2, and ratios of the deduced
90% confidence upper limits to the RPA-DWIA values
appear in column 3. Columns 4 and 5 give the RPA ener-
gies and widths that were used as constraints in the fit.
The widths were estimated from the RPA E2 strength
distributions. In column 6 we give the cross sections that
were obtained when the IVQ was assumed to have twice
the RPA width. The upper limits do not change consider-
ably if we search for the IVQ a few MeV away from the
predicted positions. The method of analysis described in
this section gives results for the IVM and GDR that are
consistent with the previous analysis (Sec. IV A).

TABLE V. This table gives the upper limits for the IVQ cross sections in the lm, m ) reactions.
The peak differential cross sections are given in column 2. The rations of the deduced 90% confidence
upper limits to RPA-0%'IA values are given in column 3. Columns 4 and 5 give the RPA energies and

widths that were used in the fit. The values in column 6 were obtained assuming that the IVQ has

twice the RPA widths.

Target

Ca
~Ni
907r
120S

140Ce

208Pb

cross
section
(pb /sr)

23+60
0+80
1+50

37+85
0+20

21+70

Upper limits
RPA-0%'IA

0.18
0.30
0.15
0.64
0.16
1.50

RPA
excitation

energy
(MeV)

26.4
25.1

20.9
19.3
18.9
13.4

RPA
width
(MeV)

10
7
6
4
3
2

2&&RPA width
section
(pb/sr)

110+72
0+95
1+120
0+95
0+40

21+75
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V. COMPARISON %'ITH THEORY
AND WITH OTHER DATA

The properties of I. =0, 1, and 2 isovector resonances
were calculated by Auerbach and laein for all the target
nuclei. The strength distributions and the transition den-

sities were treated in the Hartree-Fock —RPA framework,
and subsequently, the m

—+ cross sections were calculated- in

the DWIA. Two methods of calculations were used.
Method IV calculates energy-dependent transition densi-

ties and derives double-differential cross sections. The
average excitation energies are defined as the first moment
of the double-differential cross sections. In method III
the average energy is defined as the first moment of the
multipole transition strength distribution; average transi-

tion densities and differential cross sections are derived

assuming that all the strength is concentrated at the aver-

age energy. In principle, method IV is more nearly

correct, but 1t 1s also morc scns1t1vc to thc nuclear struc-
ture input. The mean energies calculated in method III
correspond to the usual definition of the excitation ener-

gies of giant resonances, whereas the ones derived in

method IV correspond to the measured energies. Clearly,
differences between the two depend on the reaction model

Used.
At the 3,3 resonance, the angular dependence of the

DWIA (rr ,n ) angu-lar distributions are not sensitive to
the difference between the two methods and they resemble

the expected diffractive Ji(qR) patterns, ' ' where R is

the pion-nucleus interaction radius. The magnitude of the

cross sections is sensitive mainly to the transition density

at large radii, because of the strong absorption of the

pions. For the IVQ cross sections, methods III and IV
give similar results. The values quoted in Table V corre-

spond to method IV.
The same RPA-0%IA calculations were carried out

for the IAS. I9 For this narrow state the differences be-

tween methods III and IV are negligible and the data'
have relatively small fitting errors. The measured cross
sections exhaust, on the average, 120% of the RPA-
DWIA estimates, which gives a measure for the reliability

of the calculations.
The RPA calculations in Ref. 6 couple lp-lh configu-

rations to the continuum but not to multiparticle-hole ex-

citations. The additional width due to the mixing of 2p-
2h configurations was calculated by Adachi and Auer-

bach for the T+1 IVM in target nuclei heavier than

Figures 13 and 14 compare our data to the RPA calcu-
lations. The lines in panel (c) for the IVM in the Zr,

Sn, ' Ce, and Pb( m, m. ) reactions connect the

points calculated by Adachi and Auerbach. For the other
cases, the lines represent estimates from the double-

differential cross sections in Ref. 6. We note that the cal-
culated cross sections are fragmented. The effective
widths were estimated by fitting the theoretical double-

differential cross sections to Gaussian shapes. This pro-
cedure is similar to the data analysis that assumed Gauss-
ian shapes for the resonant peaks.

In Fig. 14 the energies and widths of the GDR are
compared with results from (p,n) (Ref. 31), (y, n) (Ref.32),

9,5.
b c',
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FKJ. 14. GDR peak cross sections, excitation energies, and

widths. The lines connect the RPA values from Ref. 6, method

III (dashed line), and method IV (solid line). Other data on the

excitation energies and widths are shown for comparison. The
g's correspond to (p,n) (for m+) and (n,p) data (for a ). The

squares represent the expected energies of the analogs of the

GDR observed in Ca(y, n) reactions and the triangles the ana-

logs of the T+1 GDR, excited by (y, p) and (p,yo) reactions.
See comment on Zr(n. +,m. ) and additional normalization and
calibration errors in Table V.

FIG. 13. (a) IVM peak cross section, (b) excitation energies,
and (c) widths. The energies are relative to the ground states of
the target nuclei. The dashed error bars indicate that the excita-
tion energies and widths are not determined as well as in the
other cases (see text). The lines in (a) and (b) connect the RPA
values, method III (dashed line), and method IV (solid line).
The lines in (c) represent calculations for ~Zr, ' OSn, '~Ce, and

Pb(m, m ) that include mixing of 2p-2h configurations, and
for the other cases estimates from double-differential cross sec-
tions (Ref. 6) that do not include such mixing. See comment on

Zr(m+, m ) and additional normalization and calibration errors
in Table V.
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(y, p) (Ref. 33), (p,yo) (Ref. 34), (y, y) (Ref. 35), and (n, p)
(Ref. 36) reactions. The (p,n) data were obtained with
low-energy protons that mainly excite the T —I com-
ponent of the non-spin-flip GDR, in contrast to (p,n) at
higher energies that favor the spin-flip dipole. The (y, p),
(p,yo), and —in Ca—also the (y, n) reactions excite the
analog of the T + 1 GDR reached by (n', n ) (see Fig. 1).
The points in Fig. 14(b) were obtained using Coulomb dis-
placement from Ref. 23. The states excited by (m, m )

are expected to have smaller widths than their photonu-
clear analogs due to their lower excitation energies in the
residual nuclei.

VI. DISCUSSION

The observed properties of the IVM and GDR reso-
nances agree with several model independent predictions.
Figure 11 demonstrates the quality of the fits of the ex-
perimental cross sections to the shapes of the DWIA an-
gular distributions, and Fig. 12 shows that the strong ab-
sorption radii extracted from the IVM and GDR angular
distributions are consistent with those extracted from rr
elastic-scattering data. The IVM angular distribution is
forward peaked and can be distinguished unambiguously
from L =1 or 2 angular distributions. The ratio of the
experimental to RPA-DWIA cross sections measures the
extent to which the sum rule is exhausted. Both IVM and
GDR exhaust approximately 60% of the RPA-DWIA
method IV calculations and 100% of the method III cal-
culations, indicating the collectivity of the resonances.
The experimental cross sections for the T+ 1 components
of the IVM and GDR decrease with increasing isospin of
the target nuclei, which is not observed for the T —1

component with m+ data, demonstrating the expected ef-
fect of Pauli blocking (see Figs. 13 and 14). The effect is
stronger for the GDR than for the IVM since the excita-
tions are lyrico for the GDR and 2fico for the IVM. In the

Ce and Pb(m, n. ) reactions the GDR was not ob-
served at all.

The comparison of experimental and theoretical excita-
tion energies is of considerable interest. The excitation
energies of the T+1 IVM are approximately 2 MeV
below„and the T —1 IVM energies are 2—4 MeV below,
the RPA (method IV) values. Such small differences can
be due to mixing with multiparticle-hole states, which
were not taken into account by Auerbach and Klein, and
which can cause a reduction in the centroid of the order
of the added decay width. The effect for the T —1 state
will be larger than that for the T+1 state because of the
higher density of states at the higher excitation energy of
the T —1 state. The widths of the T+ 1 IVM are in good
agreement with the RPA. They decrease with increasing
mass, in accordance with the lower excitation energies in
heavier nuclei. The observed widths of the T —1 states
are narrower than the RPA values by one to two standard
deviations. It is possible that the Skyrme IH interaction
used in the RPA gives too much fragmentation, which is
known to occur for the GDR (see Fig. 14 for the compar-
ison of the RPA T 1widths with existi—ng data)

A comparison of the resonances excited by (n. , m ) and
(m+, n)yields informa. tion on the isospin splitting. Al-
though the state excited by (m, m ) is a mixture of the

5+1, T, and T —1 components, in neutron-rich nuclei
the transitions to the higher isospin states are ~eaker and
it is a good approximation to attribute all the observed
strength to the T —1 component. In these cases, the
T+ 1, T —1 splitting can be deduced from the relation

E& ( r ~ ) =E(77 ) +Ein ( T + 1 ) —Eiv ( T + 1 )

E„(t ) =E(m+)+Eiii(T —1) Eiv(T ——1)
(6.2)

where E(m+ )are the -measured energies. The Coulomb-
displacement energies were taken from Ref. 23. The re-
sults for the IVM are given in column 4 of Table VI. We
note that for T =2, Ni, the measured splitting is smaller
than the actual one, since, in addition to the T —1 state,
the T component also contributes substantially to the
(mr+, n ) cross section.

A general treatment of isospin splitting in terms of iso-
vector and isotensor potentials gives the following rela-
tions for the T+1, T(bE+) and T, (T —1)(bE ) split-
tings:

bE, = T+1[E„+(2T 1)E,], —

bE =T[E,—(2T+3)E,] .
(6.3)

TABLE VI. Isospin splitting between the T+1 and T —1

components of the IVM. Column 2 gives the splitting obtained
when the measured (m. , m ) and (m+, m ) energies are identified
with the T+1 and T —1 IVM, respectively. Column 3 gives
our estimates for the splitting between the mean energies of the
T+1 and T —1 strength distributions, based both on our data
and the differences between the RPA method III and method IV
calculations (see text). Column 4 gives the vector contribution
to the symmetry potential, deduced from the splitting in column
3, multiplied by the nuclear mass.

Ni
907r
120'

140Ce

208Pb

F„(m ) —E„(m+ )

+2(aEc —am„p)
(MeV)

5.6+3.3
8.4+3.0

15.9+3.3
12.1+4.2
9.6+4.5

5(T+1, T —1)
(MeV)

4.4+3.3
5.2+ 3.0

12.4+3.3
8.8+4.2
5.1+4.5

AE„
(MeV)

53+40
43+25
71+19
49+24
24+21

b, ( T+1, T 1)—=E„(T+1)—E„(T—1)

+b,Ec(Z()+bEc(Z) ) —2'„p,
(6.1)

where the E„are the mean energies of the T+1 and
T —1 strength distributions, bEc{Z& ) and b.Ec(Z & ) are
the Coulomb-displacement energies between the target nu-
cleus Z to the Z —1 and Z+1 neighboring nuclei, and
bM„~ is the neutron-proton mass difference (see Fig. 1).
The E„correspond to the mean energies calculated in the
RPA method III calculations, whereas the experimental
energies correspond to the mean energy of the double-
differential cross section as defined in method IV. The
E„were deduced from the data using the differences be-
tween methods III and IV,
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TABLE VII. Isospin splitting of the GDR T+1, T (AE+),
and T, T —1 (hE ) components, and the resulting symmetry
potential E„multiplied by the nuclear mass. The energies of the
T +1 and T —1 states are from this experiment, awhile the ener-
gies of the T components were taken from C, y,n) data.

Target

Ni
~Zr
I20S

140C

208Pb

'Reference 2.

4.1+1.6
3.8+1.8
6.4+ 1.8

1.0+ 1.5
1.8+1.2
3.9+0.9

50.4+25
46.0+ 17
58.4+ 11

AE '
(MeV)

51
53
54
73

Calculations predict that for collix:tive states the vector
potential E„multiplied by the nuclear mass is smaller
than the single-particle symmetry potential of 100 MeV.
For the GDR, data on both AE+ and hF- in nuclei
from Zr to Pb give E„A =50—70 MeV and less than
1 MeV for the tensor potential E,. ' We deriv& the vec-
tor potential for the IVM from the relation

b,(T+1, T 1)=—DE++DE =(2T+1)E„(T—+1)E, ,

(6.4)

using the small values for the tensor potential E, from
Ref. 31. The resulting values for E„A are given in
Column 5 of Table VII. They are generally of the order
of 50 MeV, similar to those of the GDR.

The energies and widths of the GDR T+1 and T —1

components are in good agreement with the RPA and
with other data (Fig. 14). The individual &&+ and b,E
splittings were deduced using data from (p,n) reactions
for the energies of the GDR T component. The differ-
ences between the mean energies of the strength and the
cross-section distributions were taken into account as
described for the IVM. For the narrow GDR these
corrections were small, within the range 0.5—1 MeV. The
results for the isospin splittings of the GDR and the de-
duced vector potential are given in Table VII, where the
above note for Ni applies here as well. The results from
Ref. 31 are given in column 5 for comparison. We note
that although the errors are large, (n +,n ) rn-ay have some
advantages in these derivations over the other reactions
since both EE+ and b,E are measured with the same re-
action mechanism.

The IVM and GDR excited by Ca(m, n. ) are analogs
of the resonances excited by Ca(n. +,m ). The measured
energy shifts are 12.1+3.3 MeV for the IVM and
10.9+1.6 MeV for the GDR, in good agreement with the
12 MeV expected from the Coulomb displacement ener-
gies. The T, =+1 components of the IVM have compar-
able widths as expected, 21.6+1.9 for (n, m ) and
24.2+4.0 for (n+,m).

Unequal (m+, m ) and {rr,~ ) cross sections for isovec-
tor resonances on T =0 targets can be expected if the neu-
tron and proton ground-state densities are not the same.
The resonance energy (n, n)reac. tion. samples the sur-

face proton density and the (n.+,m ) reaction samples the
surface neutron density. The Coloumb force causes the
surface proton density to be larger than the surface neu-
tron density in a T =0 nucleus. One therefore expects the
(ri, .

m ) cross sections to be larger than the (m.+,n. } cross
sections. The experimental ratios of m to or+ cross sec-
tions are 1.44+0.15 for the IVM and 1.18+0.28 for the
GDR. Auerbach ' calculates ratios of 1.45 and 1.40,
respectively, by assuming (based on Hartree-Fock calcula-
tions) that the proton rms radius is 0.05 fm larger than
the rms radius of the neutron. Unfortunately, the large
errors in the experimental ratios do not allow a quantative
test of the calculation.

Earlier' we published a ratio of 1.7+0.2 for the GDR
cross section in Ca(n+, m ). That result was obtained
with an analysis of a subset of the data, which achieved
better energy resolution, but was not as complete as the
present analysis. The earlier analysis assumed a strictly
isotropic background and thus fitting errors were not in-
cluded and, in addition, the IVM was not taken into ac-
count. We believe, therefore, that the present analysis
gives more accurate results for the cross sections. The
better resolution Ca m+ data suggested a possible
broadening of the GDR, particularly noticeable at 22' and
28', and it was suggested' that this broadening could be
due to spin-flip resonances. The present analysis, which
emphasized the IVM„compromised good resolution in
favor of better statistics and assumed a constant width for
the GDR. Therefore it was not sensitive to such a possi-
ble broadening.

Although the excitation energy of the IVM in the
inelastic-scattering channel ( To) was not measured direct-
ly in this experiment, it can be deduced on the basis of the
(m—+,m ) results for the T+1 and T —1 channels. The
resonance in the T0 channel is the one whose energy has
been predicted by the hydrodynamical model and which,
in the case of the GDR, has been the most thoroughly
studied. We used a simple approximation for the average
energy of the To strength,

(6.5)

that neglects the differences between the b,Ec(z ) and
AEc(z& ) Coulomb energies and between b,E+ and b,E
Substituting the m and n+ results for E„(T+1) and
E„(T—1), respectively, we obtain the values plotted in
Fig. 15. Two cautionary remarks should be made regard-
ing the validity of these estimates: (1) the values of the
(m+, n. ) energies in the heavy targets are not as well deter-
mined as in the other cases, and therefore the error bars

120Sn lance and 208Pb jn Fig 15 Inay have been un
derestimated, and (2) we chose to make no model-
dependent correction of the type made in Eq. (6.2). Thus,
the values in Fig. 15 correspond to the mean energy of the
double-differential cross sections rather than to the mean
of the transition strengths, which is the usual definition of
the excitation energy. Based on Eq. (6.2), we estimate that
the mean energy of the strength distributions could lie ap-
proximately 2 MeV above the plotted values. The width
of the IVM in the inelastic scattering channel may be es-
timated in a way equivalent to the approximation in {6.4).
The results vary from 16 MeV in Ni to 8 MeV in Pb.
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100
Nuclear Mass

FIG. 15. Estimates of the IVM excitation energy in the
inelastic-scattering channel, obtained by taking the average of
the IVM energies in the (m, m ) and (m+, m ) reactions. These
values correspond to the mean energies of the double-differential
cross sections. %e estimate that the mean energy of the
strength distributions could lie approximately 2 MeV higher.
Due to the large ambiguity in the results for the heavy elements,
the values for ' Sn, ' Ce, and Pb are not as well determined
as in the other cases. The solid line is a best fit to an A

dependence, with a coefficient of 59.2+2.6 MeV. The function
1703 ' ' MeV is plotted as a dashed line.

The values in Fig. 15 come out considerably below the
hydrodynamical prediction of Bohr Mottelson' of
1703 '~3 MeV, plotted in the figure. This resembles the
situation of the GDR photonuclear data, which seem to
depend on A '~ rather than on A '~3. The latter rela-
tion is a consequence of the Steinwedel-Jensen 3 model of
volume oscillations, while the former has been predicted
by Goldhaber and Teller for surface oscillations. We
find that the IVM excitation energies, plotted in Fig. 15,
also depend on A '~, with a coefficient of 59.2+2.6
MeV. It would be interesting to investigate theoretically
whether this result can yield any specific information on
the volume- or surface-symmetry energies in nuclei.

The search for an IVQ resonance of the RPA-predicted
parameters was motivated by the success of these calcula-
tions in describing the properties of the IVM and GDR.
The predicted excitation energy of the IVQ is severely
constrained by the requirement that the residual interac-
tion used in the RPA calculations reproduce the asym-
metry term in the semiempirical mass formula and the ex-

citation energies of the IVM and GDR. Nonetheless, all
the deduced cross sections are consistent with zero, and
the upper limits for the light elements correspond to
15—30%%uo of the RPA-DWIA method IV estimates. This
is in contrast to the measured ratios of approximately
60% for the IVM and GDR. The upper limits do not in-
crease to more than 40%, even when widths of twice the
RPA values are assumed. We emphasize that the upper
limits are not very sensitive to variations in the IVM cross
sections since the latter are, in any case, smaller than the
upper limits at the angles where the IVQ peaks. For the
heavier elements the results are not as conclusive: In

Ce the upper limit is small, but so is the measured IVM

cross section. In ' Sn the upper limit is high due to the
poor statistics of the data at 15'—28'. In Pb the ex-
pected IVQ cross section is very small and the excitation
of a considerable fraction of the sum rule cannot be ex-
cluded.

The fact that we did not observe the IVQ in a reaction
that gives GDR and IVM signals is of great interest, since
the RPA-D%IA calculations use the same nuclear struc-
ture input for all three resonances. Another question is
whether the small upper limits in imCe 9o+r 6oN; and

Ca contradict other data. Possible evidence for the IUQ
has been found in electron scattering in various nuclei
ranging from Ni to U. The IVQ assignments were
made to peaks near excitation energies of 1302 '~, MeV
whose form factors were consistent with those expected
for E2 transitions. However, the angular range of data
did not reach the maximum of the calculated form factor.
The deduced sum rule strengths are model dependent and
lie within the range 10—90%. Other possible evidence
for the IVQ comes from recent measurement of (n,y) re-
actions on Pb (Ref. 10) and Ca (Ref. 11). The fore-aft
asymmetry of the gamma yield was interpreted as being
due to an interference between dipole and quadrupole ra-
diations, in the expected energy region of the IVQ. How-
ever, the deduced strength of the IVQ depends strongly on
the model assumed for the dipole strength in the region of
the IVQ.

The Ca(n, y) data were consistent with 35% of IVQ
sum rule strength, which corresponds to 100% strength in

the T component in 'Ca. However, as this result is
model dependent it does not contradict our 30% EWSR
upper limit for Ca. As for the (e,e') data, there seems to
be an inconsistency only with the approximately 50—80%
IVQ sum rule reported for ' Ce and Ni, as the strength
reported in Zr is consistent both with 90% and with
10% of the EWSR due to the large uncertainty involved
in the analysis. Thus, it seems that more (e,e') data on
medium and light nuclei are needed in order to establish
the presumed observation of an IVQ signal in these nuclei.

However, there may be a more general disagreement be-
tween the published interpretation of the (e,e') data and
our (n +,n ) results-. In the former, a broad peak in the
energy spectra at approximately 1303 ' MeV was in-
terpreted as the IVQ, and no IUM strength was reported.
In the present work there is a clear IVM signal, but none
for the IVQ. Several facts suggest a possible explanation
for what appears to be a contradiction. (1) The excitation
energies reported in (e,e') and associated with the IVQ are
within 1—2 MeV of our estimated IVM values for the in-
elastic channel. (2) In electron scattering the E2 and EO
multipolarities cannot be distinguished by the shapes of
the form factors only. They can be clearly distinguished
in pion charge exchange at energies near the 3,3 resonance
by their very different angular distributions. (3) The cal-
culated E2 cross section, which corresponds to the full
sum rule strength, is 3 times the equivalent EO cross sec-
tion in (e,e ), whereas the situation is reversed in (n , n )-
(4) Our estimates for the IVM width in the inelastic chan-
nel are approximately 60—80%%u~ larger than the values re-
ported in electron scattering. However, the errors in the
widths are large in both experiments.
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In view of the above, it is quite possible that a consider-
able part of the strength which was identified in electron
scattering as E2 could, in fact, be due to the IVM. For
example, the interpretation that 50—80% of the E2 sum
rule strength is observed in Ni(e, e') is not unique: The
(e,e') data are also consistent with approximately 70%%uo EO
and 25%%uo E 2, as suggested by the (n, vr ) results.

VII. CONCLUSIONS

The (n ,n—)r.eactions were used to study selectively
isovector electric resonances. The (n, no) reaction is
especially suitable for studies of the IVM, which was the
main inotivation for this work. The extensive angular
range of the measurements also allowed a reliable search
for the IVQ.

A quantitative analysis could be performed only after a
considerable effort was made to describe the nonresonant
background. The m data on the heavy elements, where
the IVM and GDR contribute to the cross section only in
small regions of energy loss and q, were instrumental to
our understanding of the background. An examination of
the angular variation of the (n, n. ) cross sections shows
a forward-peaked feature, which follows the I. =0 angu-
lar distribution superimposed on an almost isotropic back-
ground. This feature was identified with the IVM. The
IVM was more difficult to observe in the (m+, n ) reac-
tions. A consistent treatment of the background for all
nuclei and angles revealed the IVM in the latter reactions
as well. However, the fitting errors, especially for the
heavy elements, are generally larger than for the (n,n).
results.

The observation of the IVM in all the (n +,n)react-ion. s
indicates that it is a general feature of nuclei. The IVM
and GDR cross sections exhaust the same substantial
fraction of the RPA-DWIA estimates, indicating that the
IVM is as collective as the GDR. It is well known that
the GDR is highly collective and exhausts a large part of
the sum rule, which implies that this is equally true for
the IVM. The measured energies and widths of the IVM
are smooth functions of the nuclear mass and are in good
agreement with RPA calculations. Our estimated values
for the IVM excitation energies in the inelastic scattering
channel follow the function (59.2+2)A ' MeV. The

IVM (m, n ) cross sections decrease with increasing tar-
get isospin, due to Pauli blocking for the r+1 com-
ponent. The above properties characterize the IVM as an
isovector giant resonance.

The T+ 1 and T —1 components of the GDR show up
in the 15' energy spectra as clearly identifiable peaks at
the expected energies. The fact that the IVM and GDR
were analyzed simultaneously, and the fact that the results
for the GDR are in good agreement with other data, give
a measure of the reliability of the IVM results.

We searched in the ~ data for an IVQ having the
properties predicted by RPA-DWIA calculations. The
cross sections are consistent with zero in all nuclei. The
upper limits for the light elements are well below the frac-
tion of sum-rule strength observed for the IVM and
GDR. For the heavy elements the measurements are not
sufficiently sensitive to set meaningful limits. The results
for the light nuclei seem inconsistent with previous inter-
pretations of electron-scattering experiments that show
possible evidence for the IVQ. In view of our results, it is
possible that part of the cross section that was attributed
in these experiments to the IVQ could, in fact, be due to
an IVM excitation. The absence of evidence for an IVQ
in the experimental data contradicts the predictions of
RPA-DWIA calculations, which predict a compact IVQ.

Pion charge-exchange experiments at energies below
and above 165 MeV are in progress to study the effects of
different pion interaction radii, and possibly to get better
signal-to-background ratios. Other charge-exchange ex-
periments, such as (n,p), (p,n), and (p, n), are also
planned in order to study the spin-fiip modes of the iso-
vector monopole, dipole, and quadrupole excitations. We
expect that these experiments will be complementary to
the present work in studying isovector resonances.
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