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In an attempt to study isovector spin-flip excitations and to find a consistent picture of giant reso-
nances in 2%*Pb, we analyzed giant resonance data from 172 MeV a scattering, 140 MeV. *He scatter-
ing, and 200 MeV proton scattering. Using spectroscopic information from « scattering, a good
description of recent *He scattering data is obtained. A detailed analysis of results from different
probes reveals differences between complex particle and proton spectra which are interpreted as due
to spin-flip contributions. The spin-flip strength is estimated in a microscopic p-h model. At the
scattering angles considered it gives resonant strength at ~9 MeV dominated by 2~ excitations and
further gives an increasing continuum yield towards higher excitation energies. The cross sections
of these spin-flip excitations in (p,p’) are comparable to giant resonance yields and have to be con-
sidered in order to obtain a description consistent with complex particle spectra. The continuum
part of isoscalar excitations is rather different from that of isovector spin-flip excitations. These
features are qualitatively understood from the nuclear matter response. Calculations using the
semi-infinite nuclear slab model of Esbensen and Bertsch give an almost quantitative description of
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isoscalar and spin-isospin continuum.

I. INTRODUCTION

Recently, there has been much interest in the investiga-
tion of collective spin-flip modes which are strongly excit-
ed by the hadronic force at bombarding energies of 200
MeV.! Most of the experimental information has been
obtained so far from the (p,n) charge exchange reaction?
in which the 1% Gamow-Teller (GT) resonance is the
dominant feature in the 0° spectra, but also L =1 spin-flip
excitations are clearly observed at larger neutron angles.
In the inelastic (p,p’) reaction® collective 1% excitations
have been identified in lighter nuclei up to the Zr region
which complement information on M1 excitations from
electron scattering4 and resonance fluorescence.” For
208pp so far only a small amount of M1 strength is ob-
served® including a 1% excitation at 5.8 MeV of mainly
isoscalar structure.””® Since in charge exchange and the
inelastic channel different isospin components are strong-
ly excited, it is of importance to study both types of reac-
tions. Compared to the (p,n) reaction, in the inelastic
channel the spin modes are shifted towards lower excita-
tion energies; therefore the widths should be smaller. Of
special interest are, aside from M1 strength, the dipole
spin-flip modes excited by tensor operators of the type
[o7Y,1°'1727. Especially the 2~ component is of great
relevance for studying the energetic separation of spin
current and convection current contributions of the elec-
tromagnetic distribution.” This separation has been dis-
cussed in connection with twist motion of the nucleus!®
indicating transverse zero sound propagation. Further-
more, the 27 excitation is important in connection with
neutronization processes of heavy nuclei during the gravi-
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tational collapse of super novae.!!

To study isovector spin-flip excitations in the inelastic
channel there is a large complication due to the fact that
isoscalar non-spin-flip excitations are dominant. Because
of this, in order to extract spin-flip strength a quantitative
knowledge of the isoscalar response is absolutely neces-
sary. Hence, such an investigation has to be embedded in
a detailed analysis of isoscalar excitations observed in dif-
ferent hadron scattering experiments. Only if a consistent
description of all the data from different probes is
achieved can spin-flip information be obtained rather
unambiguously. Sufficient data on giant resonances from
different systems exist only for 2°¢Pb.

In the first part of the paper (Sec. II) a consistent
analysis of different hadronic systems is discussed within
the double folding approach. It is shown that the absolute
strength of isoscalar excitations observed in p, d, 3He, and
a scattering can be described consistently. In some detail
we consider the following: the properties of a and d
scattering at 43 MeV/nucleon, 140 MeV >He scattering,
and 200 MeV proton scattering from 208pyp,

In the second part (Sec. III) a microscopic description
of spin-flip excitations in 2%®Pb is discussed which
predicts appreciable cross sections for (p,p’). For con-
sistency we also calculate cross sections for dipole spin-
flip excitations in the (p,n) channel which are in good
agreement with experimental data. The spin-flip excita-
tions in (p,p’) are found to be quite comparable to the ex-
citation of isoscalar giant resonances, as one might expect
from the energy dependence of the Love-Franey T ma-
trix.! :

An attempt is made to separate experimentally the iso-
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scalar non-spin-flip (S=0,7=0) and the isovector spin-
flip (S=1,T=1) response by comparing (¢,a’) and (p,p’)
spectra. Apart from resonant contributions in the struc-
tures at 9 and 10 MeV the continuum features of isoscalar
and spin-isospin contributions indicate a quite different
behavior which can be well understood by the global
features of the nuclear matter response.

II. ISOSCALAR GIANT RESONANCES
EXCITED IN DIFFERENT
HADRON SCATTERING SYSTEMS

Recent progress in our knowledge of giant resonances
has been achieved'? by investigating inelastic scattering
with different projectiles, from protons up to a particles,
and different incident energies from ~ 100 to 800 MeV.
To obtain more details about the structures involved, and
in particular to test the reliability of the extracted results
derived from different scattering systems, it is necessary
to perform a consistent analysis of all the data. Further,
in the description of the cross sections it is important to
obtain absolute sum rule strengths which are similar for
different scattering systems. This is generally not the
case; e.g., in most giant resonance analyses the usual po-
tential approach!’ has been used in which the inelastic
form factor is given by derivatives of the optical potential.
In this description, appreciably smaller sum rule strengths
|

(up to factors of 2—3) are extracted from proton scatter-
ing'*1 than from strongly absorbing probes like *He and
a scattering. On the other hand, differences in the
dynamics of the scattering by different projectiles can be
well accounted for in the double folding approach based
on a microscopic picture of the scattering process (see,
e.g., Ref. 16). Therefore, a consistent description of the
data should be performed within a microscopic frame-
work.

There are recent data on giant resonances for 2°*Pb
from different scattering systems—proton, *He, and «
scattering!“1>1718__with conclusions which are not con-
sistent. For instance, in an analysis of *He scattering!” the
importance of L =4 contributions in the region of the gi-
ant quadrupole resonance (GQR) was stressed. Possible
L =6 strength which was crucial to describe a scatter-
ing,'® and which has large effects on the extracted results,
was not considered at all. This is also the case in a recent
study of 200 MeV proton scattering.!> Another problem
is the L =2 strength in the GQR region (see Ref. 18)
which was also extracted too low in the (°He,’He’)
analysis.!”

A. DWBA calculations using folding form factors

The double differential cross section for inelastic
scattering from a spin zero ground state is given in linear
response by

2
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where k; and k; are the three-momenta of the incident
and scattered projectile and u is the reduced mass. H
denotes the full nuclear Hamiltonian and |) the exact
ground state with energy E,.

In DWBA the transition operator T is given by

T= é fdl"X(—)*(k OV(r—r )X (k1) ?)
4 [ i i .

i=1

Here X'®) denote the distorted waves in the incident and
scattering channel and ¥V denotes the interaction between
the projectile and a target nucleon. For complex projec-
tiles ¥V is replaced by the folded interaction

Vp(r—r,-): fdrlp(r])V(r+r]—r,) > (3)

where p(7;) is the projectile density. In expression (2) ex-
change contributions are neglected.

In the following we present a consistent analysis of dif-
ferent scattering systems using results on strengths, ener-
gies, and widths of isoscalar resonances extracted from
small angle a scattering.!® In this analysis the collective
model is used in which the propagator in (1) is given by

*
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(N|(E—H +Eo+in)~'|N)=

where p" is the collective model transition density for
mode N. Generally the radial form of a surface derivative

—
is used (details are discussed in Ref. 16). Results ob-
tained by using these collective model transition densities
show generally good agreement with those of microscopic
random phase approximation (RPA) calculations.'® !

In the collective model approach we consider a
nucleon-nucleon interaction of the general form

V(r—r,-)z[Voo—l- VOI(TT,')"— V[()(G'O'i)
+V11(0’0,‘)(7'7',')]g(r——1';) . (5)

This interaction is strongly energy dependent.! For the
complex particle scattering systems discussed (E <50
MeV/nucleon) the inelastic matrix elements are complete-
ly dominated by V. So, only pure isoscalar non-spin-
flip (§=0,T=0) excitations are considered; this is exact
for a scattering. The isovector spin-flip (S=1,T=1) in-
teraction ¥y is very strong in 200 MeV (p,p’); contribu-
tions due to this are discussed in Sec. III. Here, it should
be mentioned that Eq. (5) contains only the central part of
the nucleon-nucleon interaction and ignores spin-orbit and
tensor terms. The latter are not important in small angle
complex particle scattering. In (p,p’) spin-orbit contribu-
tions may effect mainly non-spin-flip transitions at large
scattering angles, whereas tensor contributions can be im-
portant for spin-flip excitations.

For the radial shape of the interaction (5) a Gaussian of
1.68 fm range was used which is well suited for the
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TABLE I. Optical potentials used in the DWBA calculations (Refs. 14, 16, and 20). The units of the potential depths are MeV,

those of the radii and diffusenesses fm.

System VQ ¥o ag w Fw Ay Vso Wso Fso Aso Ye
p+2%Pb 19.649 1.223 0.736 18.134 1.213 0.829 2.065 —0.753 1.113 0.558 1.328

3He +2%Pb 180.0 1.092 0.902 17.80 1.538 0.757 1.3

a+2%%Pb 155.0 1.282 0.677 23.26 1.478 0.733 1.3

description of different scattering systems (see, e.g., Ref.
16). The volume integral of Vi, was 446 MeV fm? in the
case E <50 MeV/nucleon. Due to a large surface sensi-
tivity the radial integration (2) depends to some extent on
the optical potentials used. This effect can be compensat-
ed by adjusting the effective force to describe known tran-
sitions, e.g., the excitation of the low lying states. In our
calculations the strength of V) is adjusted to describe the
data for the low lying 3~ state in 2%°Pb (E, =2.61 MeV).
Using a transition density of surface derivative form
which describes the electromagnetic properties (see the
discussion in Ref. 16) well, the 3He scattering data are
well described by increasing Vo by 10%. Optical poten-
tials for the different scattering systems'*!%2% are given in
Table I. In the case of 200 MeV proton scattering we ob-
tain a good description of the 3~ cross sections of Ref. 14
using a volume integral of Vg, of 180 MeV fm3. This is
consistent with that of the optical potential in Table I (see
also Ref. 18). However, this interaction is smaller than
that by Love and Franey.!

Dynamical aspects of the different scattering systems
are illustrated for the excitation of the GQR region in
Figs. 1 and 2. A comparison of a and d scattering is
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FIG. 1. Differential cross sections for the excitation of the
GQR in ®Pb in « and d scattering in comparison with DWBA
calculations. Upper part: multipole excitation with the strength
parameters in Table II (thick solid lines). The curves in the
lower part correspond to calculations for L =2—6 with the sum
rule strengths indicated. The data are from Refs. 16 and 18.

made in Fig. 1; *He and proton scattering is compared in
Fig. 2. Experimentally the angular distribution of the
GQR is rather flat,'®!® indicating a mixture of different
L values. Also cross sections for different multipolarities
with the sum rule strengths indicated are given in Figs. 1
and 2. In the comparison of a and d scattering in Fig. 1 a
significant difference becomes apparent. In filling out the
deep diffraction minima in the L =2 cross sections the
L =4 component is very important in d scattering. On
the other hand, in «a scattering the diffraction patterns of
L =2 and 4 contributions are in phase at larger angles.!®
It is clear that an additional strong L =6 component is re-
quired to understand the a scattering data.!® This was
further confirmed by the inclusion of small angle data!®
(Fig. 1). Nevertheless, in more recent investigations!'>!’
L =6 contributions were not considered.  Of course, in
proton scattering (Fig. 2) experimental data do not exist
beyond the second L =2 cross section maximum, so one is
not so sensitive to high L yields. However, in 3He scatter-
ing the data exist over a sufficiently large angular range.

In the experimentally best accessible angular range of
8°—15° for all systems the L =2 excitation is clearly dom-
inant in (p,p’) below 10° (Fig. 2). Generally in (p,p’) the
yields for lower L structures are more pronounced than
for complex scattering systems. To compare (p,p’) to a
rather similar dynamical situation of strong dominance of
L =2 yield in «a scattering one has to go to scattering an-
gles as low as 4°. In both cases the extracted L =2 sum
rule strength is comparably large.
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FIG. 2. Differential cross sections for *He and p scattering
exciting different multipolarities in the region of the GQR with
the sum rule strengths indicated.
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TABLE II. Excitation strengths [in % of the energy weighted sum rule (EWSR)] of isoscalar giant

resonance excitation.

a+ 208Pba 3He + 208Pbb P+ ZOSPbc
L 172 MeV 140 MeV 200 MeV
2 59 59 53
GQR region 3 5 5 2
(10.9 MeV) 4 16 19 10(8)
6 16 19 )
12 MeV 4 14 14
structure 6 5
0 90 90 90
GMR region 1 d d d
(13.8 MeV) 2 14 14
6 6 6
16 MeV 6 15
structure
GOR
(18.7 MeV) 3 60 (60—90)
21.3 MeV 1 90 90°

3Sum rule strengths taken from Ref. 18.

"Background shape similar to « scattering (Ref. 18).

“Background shape different from « scattering.
dSee Ref. 21.
“Reference 18.

B. Comparison with experimental results

In the following, giant resonance excitation in *He and
proton scattering is discussed based on results obtained
from «a scattering. Giant resonance cross sections extract-
ed from experimental data depend critically on the back-
ground shape assumed (see the discussion in Ref. 18). In
the 3He scattering analysis of Ref. 17 the background
shape used is rather similar to that used in the study of a
and d scattering.!®!® In this case a direct comparison of
results derived from a scattering with the *He scattering
data of Ref. 17 is possible. The situation is quite different
for 200 MeV proton scattering. Here, the multipole dis-
tribution in the giant resonance continuum is limited to
lower L values. In addition, spin-flip contributions may
give rise to significant contributions to the resonant and
the continuum yield in (p,p’). Further, the isovector giant
dipole resonance is strongly excited in 200 MeV proton
scattering.!* Cross sections for this excitation are calcu-
lated for the different systems as detailed in Ref. 21.

1. 3He scattering

Differential cross sections for excitation of the 3~ state
at 2.61 MeV, of the GQR (at 10.9 MeV), and of the giant
monopole resonance (GMR), are given in Fig. 3; the data
are taken from Ref. 17. The differential cross sections for
the 37 state are well described by our microscopic calcu-
lations. Using the multipole strengths (Table II) extracted
from a scattering (Ref. 18, Table 1, fit 2) we obtain c¢ross
sections for GQR and GMR which are given by the
dashed line for the GQR (10.9 MeV) and by the solid line
for the GMR (13.7 MeV). A good agreement of our cal-
culations with the experimental data is obtained; for the
GMR we have a quantitative description of the absolute

yields without any adjustment of the multipole strengths.
For the GQR our calculations reproduce the overall trend
of the data well; however, the absolute cross section is
slightly underpredicted (the dashed line in Fig. 3). By
adding a small component of higher multipolarity (3%
L =4 and L =6), a good description of the data is ob-
tained. The fact that somewhat smaller cross sections are
predicted for the GQR from our « scattering data can be
understood by a somewhat different background subtract-
ed in the two different sets of data (which are, of course,
analyzed completely independently). Nevertheless, the
quantitative comparison in Table II shows clearly that gi-
ant resonance yields can be extracted reliably if a con-
sistent description of several scattering systems is made.
It has to be mentioned that the fits to the *He scattering
data in Fig. 3 based on our a scattering results are much
better than those given in Ref. 17. So, different from the
conclusions drawn in Ref. 17, the data support our results
of a strong L =2 excitation and the importance of L =6
contributions. A large L =2 strength in the range of the
GQR (65% of the energy weighted sum rule strength) was
also obtained in a recent (e,e'n) experiment of the Univer-
sity of Illinois group.??

2. Isoscalar excitations in proton scattering

The detailed comparison with giant resonance data ob-
tained from high energy protons is more complicated.
The first problem is a rather different structure of the
background. In 3He and a scattering the continuum
background involves excitation of high multipolarity (up
to L ~14) at larger angles, whereas in the case of 200
MeV proton scattering only lower L values (up to ~6)
contribute to the cross section in the measured angular re-
gion. Consequently, the angular distribution of the back-
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FIG. 3. Differential cross sections for excitation of the low
lying 3~ state, the GQR, and GMR in 3He scattering from 2**Pb
in comparison with DWBA predictions with the sum rule
strengths in Table II. The dashed line indicates a calculation
with multipole strengths from a scattering. The data points are
taken from Ref. 17.

10° 15° 20°

ground can be rather different; possibly there is also an ef-
fect on the spectral shape.

In addition, there is the complication that also spin-
isospin modes are strongly excited which give contribu-
tions to the background continuum and also to the
resonant structure (this is discussed in Sec. III). Therefore
it is not surprising that giant resonance parameters de-
rived from complex particle spectra can be different from
those obtained from 200 MeV proton scattering. An in-
teresting example is the GQR in 2®®Pb. Apart from indi-
cations for fine structure,”® this resonance is well
described in many hadron scattering systems by a Gauss-
ian with E, ~10.9 MeV and I'~2.6 MeV. Quite dif-
ferently, in 200 MeV proton scattering’® a double struc-
ture has been found in this region, one peak at 9.0 MeV
with a width of 1.0£0.1 MeV and the other at 10.6 MeV
with a width of 2.0+0.2 MeV. The 9 MeV peak observed
in (p,p’) may be identified mainly as part of the resonant
spin-flip excitation (see Sec. I1I).

Differential cross sections for the GQR and the lowest
3~ state!*!® are given in Fig. 4. The good description of
the 37 cross sections indicates that 200 MeV proton
scattering data are well described by the microscopic
DWBA approach (Sec. I A). The data for the GQR show
the expected behavior discussed in Sec. II, namely that the
first diffraction minimum of the L =2 distribution
(~13°) is smeared out by L =4 excitation. The differen-
tial cross sections are well described by L =2 and 4 exci-
tations exhausting 53% and 10% of the corresponding
isoscalar energy weighted sum rule (EWSR) strengths.
Considering the uncertainties in the extracted background,
the strengths are in good agreement with the a scattering
results (Table II). Here, it should be noted that the small-
er angle data of the GQR between 5° and 7° are not well
described in these calculations. For the GQR an estimate
of L =6 strength cannot be made since the data do not ex-
tend to large enough angles. The data extracted for the
new structure at 12 MeV (Ref. 15) which are also included
in Fig. 4 are well described by L =4 and 6 excitations
with energy weighted sum rule strengths of 14% and 5%,
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L 3=
L= 2.61MeV
10k
T F
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E |
(e
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FIG. 4. Differential cross sections for excitation of the low
lying 3~ state, the GQR, and the 12 MeV structure in 2%Pb in
200 MeV proton scattering in comparison with DWBA calcula-
tions with strengths in Table II. The data are taken from Ref.
14 (solid points) and Ref. 15 (open points).
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respectively. The L =4 strength is in excellent agreement
with that of the L =4 structure observed in a scattering.'®
The falloff of the cross section towards larger angles
which is smaller than predicted by L =4 excitation may
be a first indication for L =6 strength in proton scatter-
ing. In «a scattering a much larger L =6 strength is found
(see also Table II). The small evidence for L =6 excita-
tion in proton scattering may be for the following reason:
both L =4 and 6 excitations are strongly mixed in the
2% excitation region; apart from the concentrated L =4
structure at ~12 MeV the average ratio of EWSR
strengths S(L =4)/S(L =6) is about 0.4. This gives a
rather flat angular distribution in the region between 10°
and 18°, which may be subtracted in the spectra as part of
the background. This would also explain that a smaller
L =4 strength is derived from the GQR cross section in
Fig. 4. These arguments are supported by the discussion
of spectra in Sec. III C, indicating that in proton scatter-
ing a somewhat higher background is subtracted than in a
scattering.

Concerning higher energetic giant resonances, the pro-
ton scattering data are consistent with a scattering. In the
microscopic approach we obtain a quantitative description
of the giant monopole (and isovector dipole) cross section
and also an excellent description of the squeezing mode
(L =1,T =0); the latter has already been discussed in Ref.
18.

III. SPIN-FLIP EXCITATIONS
IN PROTON SCATTERING

The evidence for low energy spin-flip strength in 2°°Pb
is still a controversial question. Since 2°*Pb is non-spin
]
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saturated we expect in the independent Particle model
(IPM) two strong 1% transitions: 7h-+ —wh+> and
viZ —vitt with B(M1)1 values of 25.6 u% and 22.1 u,
respectively. Some of this strength,® about 8.5 u%, i.e.,
17.49% of the IPM value, has been seen between 7 and 8
MeV. Another tentative 8.5 u¥ (Ref. 6) are located be-
tween 8 and 9.5 MeV, increasing the percentage of 35%.
This 17 strength should also be excited in inelastic proton
scattering at small scattering angles. As the scattering an-
gle increases, higher multipoles than 1% will be excited,
dominantly the dipole spin-flip resonance. This resonance
has been clearly identified in 160 MeV (p,n) charge ex-
change. On the basis of a microscopic calculation which
will be described below we argue that this spin-dipole res-
onance is also excited in 200 MeV (p,p’).

A. Theoretical calculations of spin-flip excitations

To calculate the theoretical cross section we use an ap-
proximate form of the DWBA cross section for inelastic
nucleon-nucleus scattering given in Eq. (1). The target is
described by a second order ph propagator’*?* which in-
cludes 1plh and 2p2h excitations, and the projectile is
described by plane waves and a distortion factor Np.?® In
terms of the scattering angle 6, the initial and final three-
momenta k; and k¢, and the reduced mass p we therefore
have for excitations to states of multipolarity J

2
d’c 7 ks
6)=— ~——47(2J+1)Np(B)F , 6
deE( ) el m(2J +1)Np(6) (6a)
F=lim 22 | S 7% [E— Ay (B)+ Eo+in]~ ' Thy (6b)
n—0 T ph
p'h’
where the ph matrix 47 is specified in terms of the residual interaction ¥ as
V | (2p2h)’)((2p2h)’ | V¥ p: '
Ao (B) = (€, — )85 ,+<< Y |V : (ph)’) . ™
php'h p— €n/Opp’ Ohh p 2p22h E_ Exp2m+i17 p
T
In PWBA the particle-hole matrix elements of the transi-  ¢(q)=8(q)—1/(4mg»8(|q| —g.) ,
tion operator T are given by (9b)
A g.=3.93 fm~!,
T =<o elerp(q) ph> , (8) 2
ph igl dmfs | A—m? (o'k)o'"k)
Vilk)=—— Ak o2 s TT, (9¢)
where V is the Fourier transform of the projectile-target M nt +ma
nucleon interaction and ¢ is the momentum transfer 47 F2 2 2 )2
. Ay—m '
[k —k; |. V)= — 2o | Ao | (oxK)o'XK) (g
In the calculation of d?0/dQ dE we approximate both 1, | Aptk kitm,

the residual interaction V in Eq. (2) as well as the cou-
pling between the projectile and target as correlated 7+p
meson exchange. This interaction is specified by?’

V= [ gla—k[V,(k)+V, &%k, %)

f2=0.081, m,=0.699 fm~!, A,=6fm™!;
fh=4.86, m,=3.9fm~!, A,=10fm~";

and has been shown in Ref. 28 to give a quantitative
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description of magnetic states. Also this interaction is a
fair approximation to more realistic + matrices.?’ In the
present calculations for (p,p’) we ignore 1A1h effects.

The distortion factor Np which enters Eq. (1) has been
evaluated from a DWBA calculation with surface peaked
collective model form factors (see Sec. II B) using relativ-

istic kinematics:
DWBA /

For the GT excitation in the *°Pb (p,n) reaction, the
microscopic model (including also 1Alh mixing?®) gives
54% of the 3(N—Z) sum rule, which is in good agree-
ment with the experimental results.? Also, the centroid
energy and width are consistent with the data.

As a further test of the model we calculated the spin-
dipole cross sections in the 160 MeV (p,n) reaction. In the
lower part of Fig. 5 we show the yields in a 1plh model
[without the ¥? term in Eq. (7)]. These results are in
good agreement with earlier RPA calculations. The effect
of 2p2h mixing is very strong; the full calculations (in-
cluding 1A1h mixing) is given in the upper part of Fig. 5.
The various multipole contributions indicate that the peak
in the energy distribution is dominated by 2~ excitation
whereas the 1~ and 0~ yields are strongly damped. The
second order contributions to the ph interaction increase
the repulsion of the ph force pushing the strength to
higher energies, a region of high level density. This push
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FIG. 5. Spectra computed for dipole spin-flip modes

(0—,17,27) excited in the (p,n) reaction at 160 MeV at an angle
of 5°. In the lower part results are given in a 1plh calculation
consistent with the calculations in Ref. 30. An energy averaging
parameter 7 of 0.5 MeV was used in these calculations.
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FIG. 6. Spectra computed for isovector spin-flip excitations
in 200 MeV (p,p’) at a scattering angle of 8°.

is multipole dependent and strongest for 0~ and 1~ states.
Therefore, the damping of 0~ and 1~ strength is larger
than for 27 excitations. The agreement with experiment
is surprisingly good. The integrated strength between O
and 40 MeV is 26.2 mb/sr as compared to 32 mb/sr
found experimentally.

These results give us confidence that also the prediction
for (p,p’) in Fig. 6 should be reasonable. For dipole spin-
flip excitations (0~,17,27) rather similar features are ob-
tained as found for (p,n), i.e., a strong bump due to 2~ ex-
citation and rather damped 1~ and O~ yields. In addition
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FIG. 7. Differential cross sections for spin-isospin excitations
in 200 MeV (p,p’). In the upper part the different multipole
components are shown for the resonant part (see the discussion
in the text); the continuum contributions in two energy regions
are given in the lower part.
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to the spin dipole in Fig. 6 we have also included the 1+
(dotted line) which, however, has minimal cross sections
at §=8°, and further, the 3% excitation which is quite
strong above 8 MeV. The energy location of the main
peaks is consistent with earlier 1plh RPA calculations of
Ref. 9. Comparing our calculations to more refined cal-
culations including 1Alh contributions and ground state
correlations,”® our strength is too large by about
30—40%. Furthermore, these correlations somewhat
lower the centroid energies.

The total spin-flip strength in Fig. 6 may be divided
into a resonant part below 10 MeV and a rising continu-
um part. Using a linear separation below 12 MeV dif-
ferential cross sections are given in Fig. 7. For the
resonant part the different L contributions are given; at
very small scattering angles the 1% cross section is quite
large. For the continuum part all multipolarities are add-
ed; the two curves given for different energy bins indicate
that the angle dependence of the continuum is small.

B. Experimental evidence
for spin-flip excitations in 2°*Pb

The results of the calculations in Sec. III A have indi-
cated that spin-flip excitations in 200 MeV proton scatter-
ing are quite comparable to those of isoscalar excitations
in Figs. 2 and 4. If this is true, then one should be able to
detect significant differences between proton scattering
and a scattering (in a scattering spin-flip strength is ab-
sent). In Fig. 8 a comparison is made between a proton
spectrum (Ref. 15) and a spectrum from 172 MeV «a
scattering, both spectra taken at scattering angles corre-
sponding to the first maximum of the L =2 angular dis-
tribution (g~0.45 fm~!). In these spectra there are
marked differences in the resonant strength as well as in
the continuum background, both taken from Refs. 15 and
18.

In the resonant strength there are differences in the re-
gion of the new high lying resonances’! as well as in the
lower region of the GQR. At high excitation energies in
the a spectrum at 4° only the giant octupole resonance
(GOR) is observed (E,=18.7 MeV) (Ref. 32), whereas
both the GOR and isoscalar dipole resonance®! (E, =21.3
MeV) should be excited in proton scattering. This may be
seen by the shift of the high-lying structure to higher exci-
tations in (p,p’).

Differences between (p,p’) and (a,a’) are found also in
the region of the GQR. In complex particle scattering the
GQR is described by a resonance at 10.9 MeV with a
width of about 2.6 MeV.!°~!®¥ However, as mentioned in
Sec. IIB, there is fine structure mainly on the low energy
side of the GQR dominated by an L =3 excitation at 9.3
MeV which is clearly seen in the spectrum in Fig. 8. In
proton scattering the location of the GQR is generally
lower with also a smaller width of 2 MeV.'%!> Actually,
in the work of Ref. 14 the GQR region is fitted by two
resonances, a resonance at 10.6 MeV with a width of 2
MeV and one at 9 MeV with a width of 1 MeV. The
latter structure should not be identified with the 9.3 MeV
peak seen, e.g., in a scattering: The 9.3 MeV structure in
(a,a') has an angular distribution'® consistent with L =3,

whereas the 9 MeV peak shows a rather different angular
dependence (Fig. 9). In the proton spectrum of Ref. 15
displayed in Fig. 8 instead of one structure at 9 MeV, two
resonances are indicated. None of these, however, is iden-
tical to the structure seen in the a spectrum in Fig. 8 at
about 7.8 MeV which corresponds to the L =4 structures
(E, =7.4 and 8.1) studied earlier.'® These are expected to
be very weakly excited in small angle proton scattering
and should not contribute much to the structure in the
proton spectrum in Fig. 8.

The 9 MeV structure in (p,p’) may be interpreted as be-
ing of dominant spin-flip structure. Further, inconsisten-
cies of resonance parameters for the GQR extracted from
complex particle and proton scattering may also indicate
that spin-flip components are also important in this reso-
nance. In Fig. 9 differential cross sections for these two
resonances are given; the data are taken from Ref. 14.
These data can be well described taking into account the
resonant spin-flip strength discussed in Sec. IITA: For
the GQR for which the small angle data in Fig. 4 were
not well described by the pure L =2 and 4 fit a quantita-
tive description is obtained by adding about a quarter of
the predicted resonant (L =1,S=1) strength (the L =4
strength is slightly reduced to 8% of the EWSR). The ad-

a +208Ph
Ex =172 MeV

COUNTS
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|
20 10 Ex (MeV)

FIG. 8. Comparison of a and proton spectra at scattering an-
gles corresponding to the first maximum of the L =2 angular
distribution (¢ ~0.45 fm~!). The data as well as resonance and
background fits are taken from Refs. 15 and 18. For proton
scattering the calculated spin-isospin response (S=1,T=1) is
given as well as the extracted isoscalar response (S=0,7=0)
(see the text).
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calculations including spin-flip contributions. The data points
are from Ref. 14.

dition of L =1 strength can explain the somewhat lower
centroid energy and width of the GQR in (p,p’). The 9
MeV cross section in Fig. 9 can be fitted by a mixture of
(L=1,S=1), (L=2,S=1), and a small fraction of L =3
strength (2% EWSR) reminiscent of the isoscalar L =3
structure at 9.3 MeV.!%!823 In this fit the whole
(L=2,S=1) strength is assumed and 43% of the predict-
. ed (L=1,S=1) strength. Adding the dipole yield in the
GQR cross section we obtain 67% of the resonant dipole
spin-flip strength (Fig. 7). This is in excellent agreement
with our predictions in Sec. III A if one realizes that A
quenching and ground state correlations have not been in-
cluded in our calculations; this can give a quenching of
the dipole spin flip yield®® on the order of 30—40 %. In
spite of this good agreement it has to be mentioned that
the fit to the 9 MeV structure in Fig. 9 is not really con-
vincing. The angular distribution could be described as
well by a dominant L =2 shape. This shows that more
detailed data, in particular at smaller angles, have to be
taken before the spin-flip strength in this structure is well
established.

The largest differences in the spectra of a and proton
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2
ks 3w
ki ki &

(g)/ nucleon= — Im

scattering are in the shape of the background continuum.
In a scattering it falls off to larger excitations, whereas it
stays rather constant in proton scattering. From the
preceding discussion we expect that this difference may be
due to spin-flip strength. To estimate the dominant iso-
scalar (S=0,T=0) and spin-isospin (S=1,T=1) contri-
butions to the continuum one may subtract the spin-flip
strength in Sec. III A (Fig. 6) from the experimental back-
ground. Separated into resonant and continuum contribu-
tions, the spin-flip strength is plotted in the lower part of
Fig. 8. Subtracting the continuum from the experimental
background yields the solid line indicated (S=0,T =0).
On the other hand, we may take the isoscalar continuum
from the a spectrum. Adjusting the height at the highest
excitations in the same way as before yields the dashed
line which is rather similar to the solid line. Of course,
one has to realize that it is not at all clear whether the
(S=0,T7=0) continuum in « scattering can be directly
compared to that in proton scattering. We know, e.g.,
that the dynamics of small L compression modes is very
different in the two scattering systems. On the other
hand, we expect that the dynamical features of the dom-
inant surface response are not so different for both cases,
so that the subtraction technique appears to be more or
less justified for higher excitations and small angles.
These results indicate that isoscalar and isovector parts
of the inelastic continuum can be separated with proper-
ties which are dramatically different: The spin-isospin
continuum is strongly quenched at low excitation but
overshoots the isoscalar continuum at high energies.
These features can be well understood by global properties
of the nuclear response discussed in the next subsection.

C. Properties of the continuum response
in a nuclear matter approach

In the preceding discussion we have seen that under
certain assumptions the comparison of spectra (see Fig. 8)
gives direct information on different spin-isospin chan-
nels, in our case mainly on (S=0,7=0) and (S=1,T=1)
modes. Both of these types of excitations have resonant
and continuum parts. The resonant parts are dominated
by low L structures yielding detailed information on the
shell model structure of the nucleus and the properties of
damping mechanisms. On the other hand, in the continu-
um part excitations of many different (higher) multipolar-
ities are present which have comparatively large spread-
ing. It is clear that these continuum excitations probe im-
portant aspects of the nuclear response; this may be seen
by the large differences of isoscalar and spin-isospin con-
tinua in Fig. 8.

In the following an attempt is made to identify the nu-
clear continuum by the global response of infinite or
semi-infinite nuclear matter (see also Ref. 33). In the
Fermi gas model the double differential cross section per
effective number of nucleons is given in PWBA by

> | Vsriq) | Mer(q,E) |, (11)
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where my is the nucleon mass, k; and ky are the magni-
tudes of initial and final three-momenta of the scattered
projectile, and ¢ is the momentum transfer. Vgr(q)
denotes the interaction between projectile and target nu-
cleon in the various channels (S,7") and HgT(q,E ) is the
free polarization propagator.** Choosing values close to
the Love-Franey ¢ matrix, Vo= — 150 MeV fm?, V,; =80
MeV fm®, V=30 MeV fm’, and ¥;; =170 MeV fm?, we
obtain the cross section denoted by the dashed line in Fig.
10. The Fermi momentum ky has been chosen somewhat
lower than the nuclear matter value corresponding to
about 70% of nuclear matter density, which is more ap-
propriate for 2%Pb.

The free Fermi gas response is modified by the ph
correlations. For repulsive interactions the response is
quenched and for attractive interactions the response is
enhanced.’®> In RPA II2; has to be replaced by the in-
teracting propagator given by

gr(g,E)=M12(q,E)/[1—VE:g)I3r(q,E)] . (12)

Taking the parameters of the ph interaction V' from
Landau-Migdal theory® fitted to nuclear excited states,
VBl (g)=—50 MeV fm?, VEi(g)=210 MeV fm3, ¥3i(q)
=0 MeV fm?, and PV} (g)=150 MeV fm>, we obtain the
results denoted by the two full lines in Fig. 10. Since the
isoscalar interaction Vb is attractive, the strength is shift-
ed to lower energies. In contrast, the isovector response is
shifted to higher energies since both VB! and V§! are
repulsive. The bulk of the isovector cross section is spin-
flip (S=1,T=1); the (§=0,T =1) contribution, which is
- rather small, is indicated by the dashed-dotted line. These
results are in good agreement with the results in Ref. 35
and show the right qualitative features of the differences
between isoscalar and isovector continua seen experimen-
tally (Fig. 8).

A more realistic treatment in the same spirit uses semi-
infinite nuclear matter including surface dynamics.’’
This allows for a more quantitative comparison with ex-
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FIG. 10. Nuclear matter estimate of the inelastic response in
(p,p’). The dashed line shows the free Fermi gas model predic-
tion whereas the other lines take into account the attractive
(S=0,T=0) and the repulsive (S=0,T=1) and (S=1,T=1)
parts of the nuclear force.
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FIG. 11. Continuum part of the isoscalar (S=0,T=0) and
spin-isospin (S'=1,T=1) response—solid bars and open points,
respectively—taken from the results in Fig. 8 in comparison
with calculations using the semi-infinite nuclear matter model of
Esbensen and Bertsch (Ref. 37) (solid and dashed lines).

periment when solved in RPA similar to (12). In this ap-
proach the response is pushed significantly to lower exci-
tation energy due to the surface effects (Fig. 11). The
comparison with our experimental results taken from Fig.
8 clearly shows that the main features are well repro-
duced. The absolute cross sections are described quantita-
tively. Only the response is pushed a bit too much to the
low excitation region. However, in comparison with the
data in Fig. 11, one should realize that quite large isoscal-
ar strength is above the “background” at low excitation,
filling up part of the yield between the shaded area and
the solid line in Fig. 11.

That the absolute yields are well described for 200 MeV
proton scattering is of large importance (see also Ref. 33).
It indicates that the nuclear interaction, in particular the
isoscalar force Vg, is weak enough at 200 MeV, so that
the data are described by a single scattering process (this
is assumed in the formalism discussed in Secs. IIA and
IITA). For 172 MeV «a scattering this approximation is
not justified for excitation of the continuum. Here the
strength of the force ¥V is about twice as much, so mul-
tiple excitations become important. Indeed, using the
same model of Esbensen and Bertsch®’ for the description
of a scattering, only about one-third of the continuum
yield is obtained; this result is similar to a continuum esti-
mate based on a partial wave expansion (Ref. 12).

1IV. SUMMARY

In this paper different aspects of excitation of giant res-
onances and magnetic structures in 2*®Pb have been stud-
ied. A main emphasis was put on a consistent and com-
plete analysis of isoscalar giant resonances observed in
different scattering systems. This has been achieved
within a folding model description. By using consistent
background shapes giant resonance yields in the scattering
of different probes can be quantitatively compared, with
rather small uncertainties in the EWSR strengths.

A second emphasis was placed on the understanding of
spin-isospin modes which may be detected by comparison
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of proton scattering and a scattering. First, microscopic
calculations have been presented which describe the dif-
ferent spin modes (GT and spin-dipole) in the (p,n) charge
exchange reaction well. These calculations indicate sig-
nificant spin-flip strength in the (p,p’) channel with cross
sections quite comparable to those of isoscalar excitations.
In the comparison of a and proton scattering the struc-
ture observed at about 9 MeV can be well understood by
spin-flip excitations in excellent agreement with our
predicted strength. It is clear that out results have to be
confirmed in more detailed small angle scattering experi-
ments.

The continuum features of the isoscalar and spin-
isospin response were found to show very dramatic differ-
ences which can be understood by the global properties of
the nuclear matter response. It is important to note that a
quantitative description of the background and its proper-
ties is possible for 200 MeV proton scattering. On the

other hand, the application of the single scattering ap-
proximation to the a scattering continuum yields only
one-third of the experimental yield, indicating that multi-
ple excitations are important in this case. Under particu-
lar dynamical conditions, e.g., in heavy ion reactions with
large GQR cross sections, multiple collisions may give
rise to new effects, e.g., multiple phonon excitation of the
GQR producing new structures not seen in light ion
scattering. An example for this may be the structures
seen in Ref. 38.
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