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A broad resonance has been observed by inelastic scattering of 200 MeV protons from
9'Zr, ~~Zr, "Zr, and 9 Zr. This resonance has a sharply forward peaked angular distribu-

tion and an excitation energy and strength which strongly suggest that it is the M I giant
resonance. Microscopic distorted wave impulse approximation calculations match the

shape of the angular distribution reasonably well. The strength, however, is only about

30% of that predicted.

NUCLEAR REACTIONS ' ' ' Zr(p, p'), E —,

—200 MeV, measured
0.(8), DWBA analysis, enriched targets, deduced levels, resolution 70

keV.

I. INTRODUCTION

The study of M 1 states in nuclei allows the ex-
ploration of the nuclear spin degrees of freedom,
which is interesting for a number of reasons. ' The
shell model predicts that there should be M 1 states
(1+ in even-even nuclei) made when the spin of a
particle in a j-unsaturated shell is flipped, ie.
j=1+1/2 —+j= 1 —1/2. The M 1 strength is there-
fore a measure of the extent to which unsaturated
spin-orbit-partner orbits are occupied in the nuclear
ground state. Secondly, the M1 strength gives a
check on the renormalization (due to core polariza-
tion and mesonic effects) of the magnetic charge
(effective„g factors). This renormalization, until

now, has been determined mainly from the study of
magnetic moments. Thirdly, in scattering experi-
ments the M1 strength allows, in principle, the
determination of the spin-dependent components of
the effective interaction between the nucleons in the
projectile and the target. At small angles and at
bombarding energies above 100 MeV/nucleon,
where the V, component is dominant, '" the
strength should be particularly sensitive to this one
component. Finally, since the one pion exchange
potential involves spin and isospin transfer of one,
and since the V~, operator involves spin flip and
isospin flip, the magnitude of this operator at large
momentum transfers is important in determining

the pionic interactions with nuclei and in particular
whether or not a phase transition to a pion con-
densed phase can take place. '

Various shell model estimates give little variation
in the predicted excitation energy of the M 1

state, ' but searches to locate it in targets having
A &60 using both inelastic electron ' and inelastic
proton' '" scattering have, until recently, proven
unsuccessful. Recent observations, ' ' in inter-
mediate-energy (p, n) reactions on a number of tar-

gets, of a broad peak which has been identified as
the giant Gamow- Teller (GT) state (in which
J = 1+) have provided a clue for the search for the
M 1 transition in the parent nucleus. The fact that
the GT state was more prominent at Ez & 120 MeV
than at 45 MeV (Ref. 15) implied that the V, com-
ponent of the effective interaction had increased rel-

ative to the other components, as is also suggested
by the energy dependence of the nucleon-nucleon in-
teraction. This implies that the 1+, M1 state,
which is excited by means of this same component
of the effective interaction, might also be more
strongly excited at higher bombarding energies.
Since the orbital angular momentum transfers in-

volved in this 0+~1+ transition are zero and two,
the cross section for the state should be peaked at 0'
and fall off rapidly with angle. These considera-
tions suggested a search for the M 1 transition using
inelastic scattering of high energy (E&100 MeV)
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protons at forward angles.
In our first measurement, carried out using the

201 MeV proton beam from the Orsay Synchrocy-
clotron, a broad peak was seen in three even-even

zirconium isotopes. In a preliminary report of this
work, ' the peak was suggested to correspond to the
giant M 1 transition. A similar feature has been ob-
served in Zr at TRIUMF. ' We have since ex-
tended the search' and located a concentration of
M1 strength in 15 other medium weight nuclei

ranging from Ca to ' Ce. These observations
have also sparked considerable theoretical interest
in the problem of M 1 transitions. ' '

The present paper presents a more complete
description of the work on the zirconium isotopes
including data on the additional isotope Zr. Com-
parisons are made with (p, n) and (e,e') results'

and with a microscopic distorted wave analysis.

II. EXPERIMENTAL ARRANGEMENT

The data were taken at the Qrsay Synchrocyclo-
tron with a large magnetic spectrometer and a corn-

puterized detection system. ' The experiment
was done at the smallest possible angles so that the
L =0 transfers associated with 0+—+1+ transitions
would be enhanced above other L transfers. The
detection system used was one designed especially
to work at very forward angles. A more complete
description of the experimental setup is contained in
two forthcoming papers. ' The key feature of the
system was that the trajectory of a particle could be
reconstructed from its positions in two proportional
counters. Particles with trajectories outside a cer-
tain angular range (+0.5' in the present experiment)
were rejected.

The differential efficiency of the detectors was
not completely uniform. Instead some spurious
sharp peaks both positive and negative, were ob-
served. Two different approaches were taken to al-

leviate this problem. First, each spectrum was tak-
en twice with slightly different spectrometer fields
to identify spurious structure. The Zr spectra
displayed are the sum of these two different runs
and are thus averages over the microstructure.
Secondly, the actual response of the detectors was
determined by measuring the scattering from Pb
in the region around 100 MeV excitation energy.
From the work with germanium detectors this re-
gion is known to be quite flat. The M 1 resonance
region was positioned on parts of the two detectors
which had no large defects. The Pb spectra were
measured before and after the data runs and the

detector response was found to be very stable over
this five day period. The Zr spectra were correct-
ed for the detector response before analysis. Most
of the remaining spectra were taken when the dif-
ferential nonlinearities were less severe and did not
require correction. The intensity of the beam was

kept low enough so that the overall counting rate
was less than 500/sec. At 4' this was about 100 nA.
As seen on an alumina scintillator, the size of the
beam at the target was about 6 to 8 mm diameter.

The targets used were calcium (natural Ca; 15.0
mg/cm ), Zr (98% enriched; 10.2 and 18.9
mg/cm ), Zr (95% enriched; 25.4 mg/cm ), 94Zr

(99% enriched; 16.4 mg/cm ), and Zr (57% en-

riched, with 4% Zr, 27% Zr, 2% 'Zr, and 10%
Zr; 5.4 mg/cm ). The energy resolution obtained

was about 80 keV F%HM. Calcium was used so
that we could empirically determine a 1+ angular
distribution by exciting the known 1+ state in

Ca at 10.31 MeV.
The spectra were energy calibrated by recording

the position of the elastic peak for various magnetic
field settings and by using the positions of known
low-lying states of Zr, Ca, and ' C. The calibra-
tion is good to about +20 keV.

Absolute values of the cross sections were deter-
mined by comparison with the known p-p scattering
cross sections using a polyethylene target. In fact,
when cross sections were computed in the standard
manner from the target thickness, the solid angle of
the spectrometer, a presumed 100% detection effi-
ciency (except for small dead time corrections), and
the quantity of charge collected, the result was the
same as that from the p-p scattering comparison to
within 5%. A further check on absolute values is
afforded by noting that elastic scattering cross sec-
tions measured on Zr at angles out to 18' were, on
the average, only 5% below those computed from
the optical model parameters of Schwandt et al.
The normalization is thus well established.

III. RESULTS

Spectra of protons scattered from Ca at laborato-
ry angles of 3' and 7' are shown in Fig. 1. At 3' the
spectrum shows only four peaks clearly —at excita-
tion energies of 6.94(1 ), 8.43(2 ), 10.31(1+), and
12.03 MeV.

The L =0 angular distribution observed' for the
12.03 MeV state implies that its J is either 0+ or
1+; and since it was not seen in back-angle inelastic
electron scattering, we had speculated in our pre-
vious paper' that it was probably a 0+ state. How-
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were then used to determine the peak area at the
other angles.

A large broad peak is also observed near 15 MeV
excitation energy in each isotope. This is presum-
ably a mixture of the giant dipole, quadrupole, and
monopole resonances with the dipole strength
dominating in the 4' spectra shown. ' No evidence
was found for fine structure within the broad peaks
near 9 MeV, even though the overall energy resolu-
tion in the experiment was about 80 keV.

The excitation energy, full width at half max-
imum (FTHM), and the base width for each of the
lower lying broad peaks are given in Table I. The
excitation energy of the peak shows a very slight de-
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FIG. 1. Spectra of protons inelastica11y scattered

from ~Ca at 3' and 7'. Peaks due to oxygen contam-
inant are shown hatched.
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ever, a recent (p, n) measurement on Ca shows a
state in Sc at an excitation of 4.3 MeV, which
could be the analog of the 12.03 MeV state in Ca.
If so, it would have T= 1 and would probably not
be a 0+ state since the V, operator is much weaker
than the V, operator. This would also suggest that
the J of the 12.03 MeV state in Ca is probably
1+. The fact that this state is not seen in forward
angle inelastic alpha and inelastic deuteron 2

scattering also implies that it is not a 0+ state. The
nature of the 12.03 MeV state obviously needs fur-
ther clarification.

In the 7' spectrum many peaks are observed and
the states populated by I.=0 are now much weaker.
Contaminant peaks from the small amount of oxy-
gen impurity on the target are shown shaded. The
angular distributions for the 10.31, 12.03, and 8.43
MeV states were given in Ref. 16.

Spectra from the four even-even zirconium iso-
topes at a laboratory angle of 4' are shown in Fig. 2.
In all the isotopes a peak is observed which shows

up clearly above the background at an excitation en-

ergy between 8 and 9 MeV. The shape of the peak
varies from isotope to isotope and is neither smooth
nor symmetrical. In all cases, the peak area was ex-
tracted by first subtracting a background, shown for
4' as the dashed line in Fig. 2. The peak limits were
selected at a forward angle, where the peak is best
defined, and the same limits of excitation energy
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FIG. 2. Spectra of protons inelastica11y scattered
from Zr, Zr, 'Zr, and Zr at 4'. The arrows indi-
cate the centroids of the M 1 resonance.
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TABLE I. Excitation energies and widths or reso-
nance in Zr isotopes.

Nucleus E
(MeV)

FWHM
(MeV)

Base width
(MeV)

EQ g
x

(MeV)

~Zr
92Zr

94Zr

96Z,r

8.9+0.2
8.8+0.2
8.7+0.2
8.6+0.2

1.5+0.2
1.4+0.2
1.4+0.2
1.2+0.2

3.3+0.3
3.2+0.3
3.2+0.3
3.6+0.3

8.3+0.3
8.5+0.3
8.8+0.3

'E„* is the excitation energy of the analog state relative
to the ground-state analog, from Ref. 32.

crease from Zr to Zr. While the FWHM also
shows a small decrease from Zr to Zr, the energy
region over which enhanced structure is observed is
similar in all four isotopes as illustrated by the base
width of the peak.

The observed excitation energy for the peak is
consistent with that expected for an M1 state in

Zr. Various theoretical estimates predict that the
excitation energy of the M1 state in Zr should be
about 9 MeV and a recent paper by Toki et al. '

gives values for all even-even zirconium isotopes
which are in good agreement with those observed
here.

An estimate of the excitation energy can also be
made from the (p, n) results. In the Zr(p, n) experi-
ment at 120 MeV, ' ' there is evidence for a small

peak on the high excitation energy side of the main
GT peak. This peak is presumably the T =5 com-
ponent of the GT strength and is the analog of the
M1 state in Zr also with T=5. Thus the differ-
ence in energy of the T=5 state and the 0+ isobaric
analog state (IAS) in Nb should correspond to the
excitation energy of the M 1 state in Zr. The re-
sults from the (p, n) reaction at 120 MeV on all the
stable even-even zirconium isotopes are also given
in Table I and are seen to be in reasonably good
agreement with the excitation energies of the peaks
observed in (p,p').

An earlier inelastic electron scattering measure-

ment on Zr also showed a bump near 9 MeV ex-
citation energy. A recent high resolution inelastic
scattering experiment ' claims to identify three 1+
states in Zr at 8.233, 9.000, and 9.371 MeV with
seven other possible 1+ states at 7.774, 7.868, 8.142,
8.366, 8.602, 9.439, and 9.520 MeV, although the
dominant strength observed in this region is M2.
While the differential nonlinearities in the (p,p )
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FIG. 3. Spectra of protons inelastically scattered
from Zr at 3 and 7'.

20

counter make it difficult to identify small sharp
structures unambiguously, there is no evidence in
the (p,p') spectra for sharp peaks corresponding to
those observed in (e,e'). In particular the peak at
9.000 MeV observed in (e,e') is separated by more
than 300 keV from any neighboring 1+ state yet we
see no evidence for its excitation in the present ex-
periment. The upper limit for the summed strength
given by the (e,e') results is 16% or 25% of the to-
tal random phase approximation (RPA) M 1

strength calculated in a separable interaction model
using bare and effective g factors, respectively.
These limits will be compared with the present re-
sults later in the paper.

The cross sections for the broad features centered
between 8 and 9 MeV observed in (p,p') show a very
rapid decrease with angle. This is seen clearly in
Fig. 3 where the spectra from Zr(p, p') are shown
at laboratory angles of 3' and 7'. Although the
background from the tail of the elastic scattering
peak has grown substantially at 3', even compared
to the 4' spectrum of Fig. 2, the peak at about 9
MeV excitation energy still stands out clearly. At
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ence may arise from the choice of background since
the background shown in the work from TRIUMF
is substantially lower than the data points on the
high excitation side of the 9 MeV peak.
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FIG. 4. Angular distributions for the M1 state in
~Zr, Zr, "Zr, and Zr. The solid curves are DWBA70
calculations and the dashed curve is a RESEDA calcula-
tion (see Sec. IV). All calculations are normalized to the
data at forward angles. The dotted-dashed curve is
from a Zr(p, n) measurement at 200 MeV (Ref. 14).

IV. MICROSCOPIC CALCULATIONS

Microscopic inelastic scattering calculations were
performed in the distorted wave impulse approxi-
mation (DWIA) with a modified version of the code
DWBA70, which includes knockon exchange con-
tributions exactly. In the DULIA, the effective
nucleon-nucleon (N N) inte-raction is taken to be the
free N-N t matrix. In addition to this interaction,
the other main inputs required in the calculation are
the optical potential describing the scattering of the
projectile from the Zr target and the amplitudes
describing the transition from the nuclear ground
state to the final state. For the single-particle states
involved in the transition, harmonic oscillator

I.O-
Zr (p, p) Zr

7', the low-lying states are much more clearly visi-

ble, the background is much lower, but the peak
near 9 MeV is very much weaker.

The angular distributions of the broad peaks are
shown in Fig. 4 together with theoretical calcula-
tions which will be discussed in the next section.
All four angular distributions are similar in shape
and fall off sharply with angle. The angular distri-
bution for Zr appears to fall somewhat more
steeply than for the other isotopes. These angular
distributions are also very similar to the angular
distributions observed' for the known 1+ state in

Ca at 10.3 MeV. The angular distribution for the
Zr(p, n) reaction measured at 200 MeV (Ref. 14) is

shown as a dotted-dashed line in Fig. 4. The shape
of this angular distribution matches quite closely
the measured shape of the Zr(p, p') angular distri-
bution at 201 MeV. The comparison of the
strengths of these two reactions will be discussed in
Sec. V.

The absolute magnitudes of the cross sections at
the most forward angles measured are very similar
for all four isotopes. However, the present mea-
surernent for Zr at 4' is lower than the value of
7.2+2.0 mb/sr measured by Bertrand et al. ' for

Zr(p, p') at 200 MeV. An examination of their
spectrum suggests that at least some of the differ-
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FIG. 5. Elastic scattering angular distribution for
Zr(p, p) at 201 MeV. The dashed and solid curves are

optical-model calculations using set I and set II optical
potentials, respectively.



92 G. M. CRAWLEY et al. 26

TABLE II. Optical-model parameters used in the distorted-wave analysis of the reaction Zr(p, p') at E~=201 MeV.

Set V
(MeV)

fp
(fm)

Qp

(frn)

8',
(MeV)

&w

(fm) (fm)
V„

(fm)
~so aso

(fm) (fm) (MeV)

I
~so

(fm)

t
Qso

(fm)
fg

(fm)

16.5
15.31

1.26
1.28

0.74
0.72

16.6
13.26

1.17
1.26

0.82
0.66

1.87
2.00

1.06
1.10

0.60
0.56

—2.36
—1.56

1.04
1.10

0.62
0.56

1.25
1.26

bound-state wave functions were used, with an os-
cillator constant obtained from Aco =41' ' MeV.
The results are not sensitive to the exact value of
this parameter.

The interaction derived by Love and Franey
from 210 MeV two-nucleon scattering amplitudes
was used for the effective interaction in the calcula-
tions. It consists of a sum of real and imaginary
central, spin-orbit, and tensor terms of various
ranges.

For the p+Zr optical potential, two sets were
used. Set I was obtained from a global energy and
target mass-dependent potential determined recently

by Schwandt et al. by combining extensive elastic
differential cross sections at a number of energies
extending up to 180 MeV with elastic analyzing
power data in the same energy range; its parameters
were evaluated for the case of 200-MeV protons in-
cident on Zr. This potential supercedes the fixed-
spin-orbit potential of Nadasen et al. Potential
set II is one determined by searching on data ob-
tained in a previous measurement of elastic scatter-
ing from OZr from 4' to 52' (Ref. 36) using the
optical-model code JIB Iv. The two sets are listed
in Table II, using the same notation as in Ref. 35.

Figure 5 shows the elastic scattering data from
which potential set II was determined. Also shown
are the calculated angular distributions obtained us-

ing set I (dashed curve) and set II (full curve). The
set I potential, . determined by a global search on
scattering data at energies below 200 MeV, gives a
good fit to the data below about 24' but the fit is
much poorer at more backward angles. Moreover,
as mentioned in Sec. II, the good fit (in both magni-
tude and shape) obtained with the set I potential at
forward angles implies that the absolute cross sec-
tion determination in the present measurement is
free of substantial error.

The microscopic DWIA calculations also require
transition amplitudes as input. These depend on the
model used to calculate the structure of the ground
and excited states. For the 1+ states in Zr, the
shell-model calculations of Anantaraman and Wil-
denthal were used to obtain the transition arnpli-

tudes. In those calculations, only neutron excita-
tions were considered, and Zr was treated as the
core. The valence neutrons were distributed within
the 1g9/2 2d5/2, 3s&/2, 2d3/2, and 1g7/2 orbitals,
subject to the restriction that the g9/z orbital was
occupied by either 9 or 10 particles. In the case of

Zr, this model gave the configuration

(g7/2g9/2
'

)
' + for the 1 + state, which is identical

to that expected in the simplest shell model. In the
case of 2' Zr, the model includes all configurations
which give rise to 1+ states. No shell model calcu-
lation was done for Zr because of the large dimen-
sionalities of the problem.

We turn now to the results of the DWIA calcula-
tions performed for the 1+ states. In the model of
Ref. 20, the 1+ strength is concentrated in a single
state in Zr, whereas in Zr and Zr, appreciable
strength is found in the lowest 20 and 50 states,
respectively. Since DWBA calculations for all these
separate states would be prohibitively time consum-
ing and expensive, an alternative approach was
used. A B(M1)t strength was calculated for each
of these states. Microscopic (p,p') calculations
were done for a few of the states and it was ob-
served that the (p,p') cross sections for transitions to
them were in strict proportion to their B(M1)t
strengths. The strongest state contained 5l%%uo of the
total B(M 1)t strength in the case of Zr and 18%
in the case of Zr. The (p,p') cross sections calcu-
lated for these two states were therefore multiplied
by factors of 1/0.51 and 1/0. 18, respectively, to get
the total 1+ cross sections in the two nuclei.

All the curves shown in Fig. 4 have been individ-
ually normalized to the data. The solid curves are
the results of the microscopic calculations for the
1+ transitions in ' ' Zr using the full 210-MeV
Love-Franey (LF) interaction. The two sets of opti-
cal potentials gave the same shapes for the angular
distributions, with set I giving about 10% larger
cross section than set II. [The cross sections ob-
tained with the Nadasen optical potential evaluated
at 200 MeV were about 60% larger than those with
the later potential of Schwandt et al. (set I). The
main difference between them is that the strength
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of the volume imaginary term is 30% greater in set
I.]

The calculated 1+ angular distribution shapes are
nearly identical for ' ' Zr in the angular range of
interest, showing that the admixture of the

d 3 /2 d 5/2
' component in the latter two cases has

little effect on the shape. The differences in the ex-
perimental shapes are more pronounced. This leads
to the result that the quality of the fit is good for

Zr and Zr but poor for Zr.
In the case of Zr, the lack of transition ampli-

tudes precluded microscopic calculations. In view

of the fact (illustrated in Fig. 4) that the angular
distributions calculated for the transition to the 1+
states in ' ' Zr are very similar despite the dif-
ferent d3/gd5/3

' admixtures present in them, we
expect that the same shape would also be valid in
the case of Zr. In fact, when the angular distribu-
tion shape calculated for the Zr transition is com-
pared with the data for Zr (as shown by the solid
line) a good fit is obtained.

To improve the fit in the case of Zr, various
changes in the input parameters of theecalculation
were tried. Use of different optical potentials and
modest changes in the oscillator constant did not
alter the calculated shape.

A further DWIA calculation was also carried out

using the code REsEDA (Ref. 38) for the case of 0Zr

using the set II optical model parameters and a sim-

ple (g7/2g9/3 ') wave function. The details of the
calculation are given in Ref. 24. There, calculations
are carried out for a number of low lying states in

Pb and good agreement is obtained with the mea-
sured cross sections. In the Zr case, the calcula-
tion is shown in Fig. 4 as a dashed line. For this
calculation the normalization of theory to experi-
ment for Zr requires multiplication by a factor of
0.41.

The experimental and calculated cross sections at
4' for the 1+ transitions in the Zr isotopes are listed
in Table III, along with the factors N(= ~olo„~,)
used to normalize the calculated curves to the data.
Optical potential set II and the 210-MeV LF in-

teraction were used in three of the calculations from
which these numbers were extracted. The other cal-
culation for Zr, using the code RESEDA, gives a
normalization factor X of 0.41 and is also given in
Table III. The two calculations give rather dif-
ferent normalizations for 90Zr. While the RESEDA

calculation gives a slightly better fit to the Zr an-

gular distribution than the DWBA70 calculation, the
absolute value of the calculated cross section is
probably less reliable. Exchange effects, which are
known to be very significant in the calculations, are

V. COMPARISON BETWEEN (p,p')
AND (p, n) STRENGTHS

In general, the (p,p') transition to the M 1 state
can proceed through the V and V, parts of the
central interaction, while the transition to the ana-
log of this state in a (p, n) reaction is mediated by
the V«part alone. There will also be contributions
to both transitions from the tensor and spin-orbit
forces, but these are expected to be small at small
momentum transfer, corresponding to very forward
angles. In addition, the V term is expected to be

TABLE III. Cross sections measured and calculated
for the Zr(p, p')Zr reaction at E~=201 MeV to the M 1

state.

Nucleus
o,„p (4')

mb/sr
~„), (4')

mb/sr N =o,„„/0„~,'

90Zr

92Zr

"Zr
96Zr

2.8+0.4

2.5+0.4
3.0+0.4
3.0+0.4

13 2'
7.3'

130
124

No calculation

0.26
0.41
0.19
0.26

'N is obtained from the overall matching between the
experimental and calculated angular distributions.
DWBA70 calculation.

'RESEDA calculation.

treated exactly in DwBA70 but are treated only ap-
proximatly in RESEDA. The values of N determine
the degree of enhancement or quenching of the ex-
perimental cross section relative to the theoretically
expected one. For all four isotopes the experimental
cross sections are the same within errors and the
three calculated cross sections using DWBA70 are
also equal. This means that we find about the same
degree of quenching in all the isotopes.

We estimate the overall uncertainty in N by add-

ing in quadrature the uncertainties of the measure-
ment (+15%) and the uncertainties of the calcula-
tion, due to the optical potential (+ 15%) and the ef-
fective interaction (+20%). Combining together
both calculations for Zr, gives an average 1+ nor-
malization factor of N=0. 3+0.1, for all the iso-
topes. This is about the same amount of quenching
as is observed in (p, n) reactions at intermediate en-

ergies to 1+ states in medium and heavy nuclei. '

A more detailed comparison between (p,p') and

(p, n) reactions in the case of Zr is given in the
next section.
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about one sixth of V, at a bombarding energy of
200 MeV, according to the calculations of Love and

Franey. Thus, initially we may assume that the

(p,p') reaction to the 1+ state and the (p, n) reaction
to its analog are mediated by the same piece of the
effective interaction, namely the V, piece. With
this assumption, it is possible to simply relate the
cross section for (p, n) to the T =5, 1+ state in QNb

to the cross section for exciting the M 1 transition
"in Zr by (p,p').

If one assumes that Zr has closed proton and
neutron shells, then for one-step processes acting on
neutrons only and mediated by V „the (p,p') cross
section to the M 1 state is related to the (p, n) cross
section for exciting the T) component of the GT
resonance by the equation

o(p,p')(M 1)= , o(p, n—)(T=5) .

With similar model assumptions, the ratio of the

(p, n) cross sections for the T =4 and T= 5 states
should be 9:1. Therefore, if one compares the (p,p')
cross section with the total (p, n) cross section to
both T=4and T=S states in Nb [sincethe T=4
and T =5 states are not always clearly resolved in
the (p, n) reaction], we find

o(p,p')(Ml)=0 25o(p, n).(T=4+T=5) .

(2)

The measured value of the OZr (p, n) cross section
at a bombarding energy of 200 MeV to the T =4
and T =5 unresolved GT states is 50+12 mb/sr. '

This simple model would thus predict a (p,p') cross
section for the M 1 state at 0' to be 12.5+3 mb/sr.

In order to make the comparison, it is necessary
to extrapolate the (p,p') cross section to O'. The two

DWIA calculations for Zr shown in Fig. 4, extra-
polate to slightly different values at 0' but both
values lie within the range 7.0+0.8 mb/sr. An ex-
trapolation using the empirical (p, n) angular distri-
bution at 200 MeV, shown as a dotted-dashed curve
in Fig. 4, gives a value at 0' which also falls within
this range.

This very simple theory can be refined in a num-
ber of ways. First, it is known that the ratio of the
cross sections for T=4 to T=5 states in (p, n) at
120 MeV, where they can be resolved, is not 9:1 but
is closer to 13:1. This is explained by Bertsch et
al. as arising from mixing of the T =4
(g7/2g9/2 ') state with a low lying 1+, T =4 state
with configuration g9/2g9/2 . Thus, in comparing
with (p,p'), the simple prediction given previously

10
should be reduced by a factor of —„,as shown in
Table IV. This makes the agreement somewhat
closer.

Another effect which can be calculated is the
contribution of the V~ interaction to the (p,p') cross
section. This contribution has been calculated using
DwBA70 with the values of V and V, taken from
the LF interaction at 210 MeV. Unlike the situa-
tion at lower bombarding energies, where there is a
cancellation between V and V which reduces the
overall cross section, the LF interaction implies that
the (p,p') cross section is increased by about 25%
due to the isoscalar contribution. This effect tends
to make the prediction disagree even more with the
observed values, as shown in Table IV.

So far, the estimates have assumed that the dis-
tortion effects are the same for (p,p') and (p, n). A
calculation of the distortion factors made in the
usual manner by comparing DwBA70 calculations
for plane waves with one for distorted waves for

TABLE IV. Comparison of (p,p') cross sections with predictions using (p, n) cross sections measured at 200 MeV.

Simple

wave
functions

mb/sr

Include

mixing
with

low-lying
states
mb/sr

Include

effect
of

isoscalar
terms
mb/sr

Include

distortion
effects

mb/sr

Ex erimental R = exPerimental

predicted

mb/sr

Predicted (p,p') at 0' from
(p, n) at 0' (50+12 mb/sr)

12.5 8.9 8.9 7.0 0.79

Predicted (p,p') at 4 from
(p, n) at 4' (22+5.5 mb/sr)

5.5 3.9 4.9 3.9 2.8 0.72
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both (p, n) and (p,p') at 200 MeV suggests that the
distortion effects are different in the two cases and
tend to reduce the (p,p') cross sections by about
20%%uo more than they reduce the (p, n) cross sections.
The final comparisons at 0' (and also at 4' where no
extrapolation is requried) are displayed in Table IV.
The ratio of actual to predicted cross sections at
both angles is about 0.7.

VI. SUMMARY AND CONCLUSIONS

The inelastic scattering of 201-MeV protons from
Zr, Zr, Zr, and Zr shows a resonance at an

excitation energy between 8 and 9 MeV with a
FWHM of about 1.5 MeV. The angular distribu-
tion of this resonance is very forward peaked and is
characteristic of an angular momentum transfer of
zero The .shape of the angular distribution is very
similar to that of the GT peak observed in the

Zr(p, n) reaction at 200 MeV. The excitation ener-

gy and angular momentum transfer suggest that
this resonance is the giant M 1 resonance, the analog
and antianalog of which have both been seen in

(p, n) reactions of the zirconium isotopes. The

strength of the resonance observed in (p,p') is about
70lo of the strength one would predict from scaling
the 200 MeV (p, n) cross section with a simple
model of the nuclear wave functions. A microscop-
ic distorted wave impluse approximation provides
reasonably good agreement with the shape of the
measured angular distribution. However, the
strength observed is only about 30% of the calculat-
ed strength in Zr, Zr, and 4Zr.
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