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Doubly differential cross sections of the reaction Zr(n, p) Y have been measured at 198 MeV for
excitations up to 38 MeV in the residual nucleus. An overall resolution of 1.3 MeV was achieved.
The spectra show'qualitative agreement in shape and magnitude with recent random phase approxi-
mation calculations; however, all of the calculations underestimate the high excitation region of the
spectra. A multipole decomposition of the data has been performed using differential cross sections
calculated in the distorted-wave impulse approximation. An estimate of the Gamow-Teller strength
in the reaction is given. The isovector spin-fiip dipole giant resonance has been identified and there
is also an indication of isovector monopole strength.

I. INTRODUCTION

The study of nuclear giant resonances began with the
discovery of the electric dipole giant resonance in pho-
tonuclear reactions by Baldwin and Klaiber' and it was
described in terms of collective oscillation of protons
against neutrons by Goldhaber and Teller. For almost
25 years this remained the only giant resonance known,
until the discovery of the isoscalar electric quadrupole gi-
ant resonance in inelastic proton scattering by Lewis and
Bertrand in 1972, and in inelastic electron scattering by
Pitthan and Walcher and by Fukuda and Torizuka.
Since then, the isoscalar monopole and octupole giant
resonances have been found. A major advance was made
with the discovery of the Gamow-Teller giant resonance
(hL =0, b,S =1) by Doering et al. , and the study of its
systematics by Bainum et al. and Anderson et al. using
proton beams of 100—200 MeV to study (p, n) reactions
on targets throughout the Periodic Table. The finding
that the (Hico 1+, Gamow-Teller resonance is the dom-
inant part of the (p, n ) cross section at angles near 0' was
followed by the observation of AL = 1, hS = 1 resonances
at angles of 5—10'.

Erell et al. ,
' reporting pion charge exchange reac-

tions leading to the emission of neutral pions (m.—,tr ),
have observed both the isovector monopole resonance
and the isovector dipole resonance for the targets Ca,

Ni, Zr, ' OSn, and Pb. These measurements gave

the first observation of the isovector monopole and the
zero spin of the pion ensured that the observed reso-
nances were non-spin-flip in nature.

Love and Franey" have derived a local nucleon-
nucleon effective interaction based on current phenome-
nological nucleon-nucleon scattering amplitudes, and, us-

ing it with the distorted-wave impulse approximation,
have applied it to the description of nucleon-nucleus
scattering, and, to a lesser extent, to charge-exchange in-
teractions, between 100 and 1000 MeV. This work has
demonstrated that, in the energy range 200—400 MeV, the
ratio of spin-flip to non-spin-Hip isovector transition
strengths, ~J,/J ~

is of the order of 10. Experimental
measurements' indicate that the ratio is even higher
than predicted by Love and Franey, " peaking at a value
of about 12.5. The consequence of these observations is
that charge-exchange reactions in the energy region
200—400 MeV, will predominantly populate the isovector
spin-fIip giant resonances.

The distribution of strength in isovector spin-flip giant
resonances was calculated in self-consistent Hartree-Fock
plus random phase approximation (RPA) theory by Au-
erbach and Klein. ' In the case of nuclei with consider-
able neutron excess, the energies of the three isospin com-
ponents Aw, =0, +1 are significantly different, these
differences being the result of the competing effects of the
Coulomb and symmetry potentials. Furthermore, this
neutron excess also produces significant Pauli blocking
effects. The effects of the neutron excess in Pauli block-
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ing are evident in the results of the calculations as one
goes from A~, = —1 to 0 to + 1; in such a progression the
number of configurations available to contribute to the
formation of the collective state is reduced, and conse-
quently the strength is decreased and the distributions be-
come simpler. These differences in the three isospin pro-
jection cases will lead to different escape and spreading
widths, accounting for the very different qualitative ap-
pearances of the strength distributions of the predicted
giant resonances in the different isospin cases.

Thus, on the basis of these calculations, ' one expects
to find in the (n,p) reaction giant resonances at lower ex-
citation in the residual nucleus and of less complex struc-
ture than in the (p, n) reaction. This prompted a series of
experiments, using the TRIUMF charge-exchange facili-
ty' whose aim was to study the isovector giant reso-
nances excited in (n,p) reactions on targets whose mass
number was in the range 40—238. The proton spectra
measured were to be analyzed, using a multipole decom-
position procedure, to display the response function of
the different nuclei as a function of energy, for the
different multipoles. This paper describes the experimen-
tal and analysis methods, as well as the results for a Zr
target. The Zr(n, p) spectra at 198 MeV have been
presented in less detail in an earlier work' on this experi-
ment. Candidates for the spin isovector dipole and spin
isovector monopole resonances in Pb(n, p) were report-
ed by Moinester et a/. ' in a work on another experiment
in this series.

Section II of the paper gives the experimental details,
and the data reduction processes are described in Sec. III.
The final proton spectra from the Zr(n, p) Y reaction
may be compared with theory in two different ways. The
first is to compare the measured spectra with the "total"
spectra calculated by Wambach et al. ,

' Klein, Love,
and Auerbach, ' and by Yabe, ' and these comparisons
are presented in Sec. IV. The second comparison with
theory depends on the decomposition of the experimental
spectra into component parts according to some
predetermined prescription. Two such decompositions
are reported here and their results are compared. The
first involves fitting the data with a minimum number of
peaks, including a broad one representing the quasifree
nucleon charge-exchange scattering. The differential
cross-section shapes for the peaks are then deduced, and,
from comparison with calculated angular distributions,
the multipolarity (the L transfer of the charge-exchange
reaction) or admixture of multipolarities is determined.

The second decomposition method consists of rebin-
ning the spectra into 0.8-MeV bins and fitting the angular
distribution of each bin with an incoherent sum of the
calculated differential cross sections mentioned above.
This analysis mode will be referred to as the multipole
decomposition (MD) of the spectra. ~o

These methods both require the calculation of "stan-
dard" angular distributions, which is described in Sec.
V A. The peak-fitting decomposition of the proton spec-
tra is described in Sec. V B, and the multipole decomposi-
tion method in Sec. VC. The comparison of the struc-
ture of the various multipole giant resonances, as deter-
mined by the above methods, with the spectral calcula-

tions of Auerbach and Klein' is made in Sec. VI. Sec-
tion VII presents the conclusions of the work.

II. EXPERIMENT
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FIG. 1. The layout of the charge-exchange facility at TRI-
UMF.

The experiment was carried out at the TRIUMF nu-
cleon charge-exchange facility, ' the layout of which is
shown in Fig. 1. The neutrons were produced when a
dispersed proton beam, of energy 200 MeV and average
intensity 450 nA, struck a narrow strip Li target of
thickness 220 mg/cm and width 7 mm. The proton
beam was dispersed in a vertical plane and the strip tar-
get was aligned horizontally so that neutrons produced in
the Li(p, n) reaction originated from a very small region
and from protons with an energy spread of 3SO keV. The
primary proton beam, after traversing the Li target, was
bent through 20' and transported to a well-shielded beam
dump. Any events from charged particles originating
outside the target box were eliminated by the thin veto-
scintillator just upstream of the target box. The neutrons
produced by this means had a mean energy of 198 MeV
in the peak, but the spectrum also exhibited a long tail
going to lower neutron energies which was about l%%uo of
the peak in intensity per MeV. The neutrons struck the
secondary target assembly which consisted of five foils of

Zr (isotopic purity )99%), each of nominal thickness
250 mg/cm, followed by a CH2 foil of thickness 47
mg/cm . These targets were centered on the axis of rota-
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FIG. 2. The upper frame shows the spectrometer momentum
acceptance data and the smooth curve used to correct subse-
quent data. The lower frame is the proton momentum divided
by the magnetic field strength versus channel number. This is
the calibration curve of the medium resolution spectrometer.

tion of the proton spectrometer.
The secondary target foils were separated by multiwire

proportional counters (MWPC's). Protons produced by
the Zr(n, p) Y reaction in a particular target foil would
then be expected to produce a signal in all succeeding
MWPC's. This feature permits the determination of the
layer in which the (n, p) reaction occurred and hence a
correction for the energy loss of the emitted protons in
subsequent target layers. A full description of the seg-
mented secondary target system is given in Ref. 21. The
protons produced by (n,p) reactions in the secondary tar-
get foils were momentum analyzed by the magnetic medi-
um resolution spectrometer (MRS). This spectrometer
has a large momentum acceptance (bp/p =15%),has an
intrinsic resolution of about 100 keV, and has instrumen-
tation which allows good track reconstruction between
the target and the focal plane.

"Target empty" runs were taken with no zirconium
foils in place; typically these were run for about —,

' of the
integrated beam current of the "target in" runs. The
main contributions to the "target empty" spectrum came
from the following.

(i) Events in the entrance window of the target box
which by-passed the first MWPC and were thus "fed for-
ward" into downstream targets (see later discussion).

(ii) Events in the Mylar windows of the MWPC's.
(iii) Events in the CHz target in position six of the tar-
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FIG. 3. Neutron spectrum from bombardment of 220
mg/cm' 'Li by 200-MeV protons.

get stack which occurred in coincidence with a chance
random firing of the preceding MWPC and were thus
"fed back" into upstream targets (also see later).

At each spectrometer angle, data were also taken with
a secondary target stack of six CH2 targets. By compar-
ing the relative areas of the 'H(n, p} peaks from each tar-
get position, the combined effect of the variation of the
neutron Aux along the target stack and the geometric ac-
ceptance of the spectrometer was determined.

At eMRs=o, the spectra from the (CH2) stack were
recorded for numerous magnetic field settings, chosen so
that the resulting positions of the 'H(n, p) peak covered
the whole of the focal plane. A full size (i.e., not a nar-
row strip) Li primary target and achromatic (non-
dispersed) beam were used to ensure that the full beam
passed through the primary target. The integrated
charge from the Faraday cup at the beam dump was used
to normalize the peak areas from different runs. Thus,
the variation of the areas of the 'H(n, p) peaks with focal
plane position gave a measure of the momentum accep-
tance of the spectrometer. The ratio of proton momen-
tum to magnetic field as a function of the focal plane po-
sition determined the momentum calibration of the focal
plane coordinate. The acceptance curve and the momen-
turn calibration curve of the spectrometer are shown in
Fig. 2.

The energy spectrum of the incident neutron beam was
determined by measuring the energy of recoil protons
from hydrogen in the (CH2) target stack. A secondary
target stack consisting of five carbon foils followed by a
CH2 foil for normalization was used to obtain the
response of carbon at OMRs=0. After applying the
corrections described in the next section, the carbon spec-
trum was subtracted from the CH2 spectrum to give the
response of hydrogen alone. This is the neutron spec-
trum produced in the Li(p, n} reaction and is shown in
Fig. 3. The large peak corresponds to transitions to both
the ground state and first excited state at 0.43 MeV in
Be.

III. DATA REDUCTIDN
The proton spectra measured by the MRS were collect-

ed on magnetic tape in event-by-event mode. Software
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corrections to the position on the focal plane were made
by ray tracing from the wire chambers at the front end of
the spectrometer to the vertical drift chambers near the
focal plane. These corrections included both corrections
for optical aberrations in the spectrometer and kinemati-
cal corrections, and are more fully described in Ref. 14.

For each event, the target layer in which the reaction
occurred was identified by considering the pattern of hit
wire planes in the (n,p) target box. It was necessary that
two adjacent wires in these planes be struck to register a
good hit. This substantially reduced the chance of ran-
dorn hits. The position on the target where the event oc-
curred was determined by tracing back from the front-
end chambers to the target plane. In this way, it was pos-
sible to eliminate events that originated outside the target
dimensions, such as from the target frames.

The true scattering angle for each event was calculated
by ray tracing from the primary target (assumed point
neutron source) to the event position in the secondary
target plane and through to the front-end chambers. In-
dividual target layer spectra were then produced from
events in a small angular range. The spectra published in
an earlier work on this experiment (Ref. 15) encompassed
data from the full 4.2' scattering angle bite of the spec-
trometer and the mean scattering angle at each spectrom-
eter angle was given. Here, however, events have been
grouped into smaller angle bites of 2.2' and though data
were taken at only seven spectrometer angles ranging
from 0' to 21', ten spectra were eventually produced with
mean laboratory scattering angles between 1.3' and 22.6'.

The ineSciencies of the multiwire proportional
counters (wire planes) between the target segments were
determined for each run by counting the number of times
each wire plane did not fire in an otherwise good event.
These inefficiencies, typically 3%%uo, caused a small number
of events to be misidentified as originating in the next tar-
get downstream rather than the one in which it actually
occurred. These are known as feedforwards. By a simi-
lar counting method, it was possible to determine the
chance of a random firing of one of the wire planes while
a real event was being recorded. This was typically
1.5%%uo. These chance events caused a small number of
events to be misidentified as originating in the previous
target upstream, and are known as feedbacks. The raw
spectra were corrected for feedforwards and feedbacks
within the stack, and for loss due to inefticiency.

The spectra from the target empty stack were used to
estimate the background from (n,p) events occurring in
the counter gas and wire-plane windows. Empirically it
is observed that the target empty spectrum contains a
larger 'H(n, p) peak than can be accounted for by the
content of the counter gas and mylar foils alone. There
must be a contribution due to events feeding forward
from the vacuum entrance window to targets down-
stream and from events feeding backwards from the CH2
target in position six. The same thickness CHz target was
used in both the Zr and target empty stacks and so the
feedback component should be the same.

The target empty yield was lowest from target position
four and so it was assumed that for this target position,
the feedforwards from the entrance window and the feed-
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FIG. 4. The upper frame shows the raw spectrum of protons
from the ' Zr(n, p)' Y reaction with no target empty subtraction
(solid) and the summed smoothed target empty spectrum
(dashed). The lower frame shows the result of subtracting the
empty spectrum from the raw Zr(n, p) Y spectrum.

backs from target six were negligible. It was then possi-
ble to separate the target empty spectra into an anoma-
lous component due only to feedforwards or feedbacks
and a background component from materials in the
counter gas and mylar windows. When the Zr foils were
in positions one to five, the protons that originated within
or upstream of the target stack would have lost energy
and would be straggled as they passed through the stack.
Therefore, we artificially shifted and broadened the
different components of the target empty stack spectra
according to where they originated.

The individual target spectra of both the target empty
and Zr stacks were corrected for the momentum accep-
tance of the spectrometer and for the neutron Aux and
geometric acceptance relative to target position six. The
total Zr stack and target empty stack spectra were then
made by summing together the spectra from each target
after first shifting them to correct for energy loss of the
protons. The energy loss was calculated (Ref. 23) for pro-
tons passing through half the target in which the reaction
occurred and all the following targets including the CH2
target in position six. The total target empty spectrum
was smoothed and normalized [by the ratio of 'H(n, p)
peak areas from the CH2 targets in position six of the Zr
and target empty stacks] before subtracting it from the
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summed Zr spectrum. An excellent check on the correc-
tions to the target empty spectra was how well the
'H(n, p) peak, which dominates the target empty spectra,
was removed from the summed Zr spectra. This peak is
isolated in the spectra taken at mean angles of 1.3' and
3.3' but is kinematically shifted and broadened at larger
angles. Figure 4 shows the 1.3' raw proton spectrum on
which the summed and smoothed target empty spectrum
is plotted. The result of subtracting the target empty
spectrum is shown in the lower frame.

After making these corrections, the overall resolution
was determined to be 1.3 MeV F%HM. This value was
obtained from the width of the hydrogen peak at 1.3',
and is dominated by the contributions of the energy
spread of the neutron beam (800 keV) and the energy
spread due to energy straggling of protons in both pri-
mary and secondary targets (750 keV}.

The resultant Zr spectrum at each angle was binned
into equal excitation energy increments of 0.4 MeV using
the momentum calibration described earlier. The excita-
tion energies are quoted with respect to the Y ground
state. The corresponding excitations in Zr occur 13.1
MeV higher, due to the difference in the masses of the
oZr and Y ground states (+2.3 MeV), the Coulomb en-

ergy difference (+ 11.6 MeV), and the n Hma-ss
difference ( —0.8 MeV).

As noted in Sec. II, the neutron spectrum produced in
the Li(p, n) reaction by 200-MeV protons is not monoen-
ergetic but consists of a sharp peak followed by a long tail
whose intensity per MeV is about 1% of that in the peak.
The measured Zr(n, p) spectra must be corrected to re-
move the effect of this long tail. The Li(p, n) spectrum
was converted to 0.4-MeV bins. All of the counts in the
sharp peak were then put into the 0-MeV excitation bin
(called the first bin) and the spectrum was normalized
such that the value in the first bin was unity. The correc-
tion was then made in an iterative process which assumed
that the contribution of the tail in the bin corresponding
to the ground state of the residual nucleus ( Y}was zero,
and that the cross section for the Zr(n, p) Y reaction is
independent of bombarding energy over a range of 40

i —
1

z =z; —g z,'Ii;+.
j=1

1 2y3y ~ ~ ~

where i is the excitation bin number, z, is the proton
spectrum from the Zr(n, p) reaction, z is the unfolded
proton spectrum, and h; is the normalized neutron spec-
trum from the Li(p, n } reaction. The effect of this un-

folding procedure is shown for the 3.3' spectrum in Fig.
5.

To test the validity of the assumption that the
Zr(n, p) Y cross section remains constant over 40

MeV, a small linear increase in cross section with de-
creasing neutron energy was assumed and the unfolding
then performed. The increase, which was approximately
0.2% per MeV, was estimated from the magnitudes of
calculated cross sections at varying incident energies.
The resulting unfolded cross sections were less than 3%
different from the unfolded cross sections assuming no
energy dependence. In the region of the resonances, the
difference was less than 0.5%. Thus, the results discussed
henceforth in this paper are those obtained with the as-
sumption of no energy dependence.

The 'H(n, p) peak from the CHz target in position six
of the Zr stack provided the means of calibrating the
cross sections, as data from this target were collected
simultaneously with that from the Zr targets. The
neutron-proton scattering cross sections in the center-of-
mass frame were given by the program sAID (Ref. 24)
which uses the Amdt phase shifts. These were converted
to 'H(n, p) cross sections in the laboratory system and
used to normalize the Zr(n, p) Y cross sections. The
complete set of Zr(n, p} Y spectra is shown later in Fig.
10.

MeV, i.e., between 200 and 160 MeV. The tail accom-
panying events in the first bin of the Zr(n, p) spectrum
was subtracted from all higher excitation bins, then the
tail accompanying events in the resulting second bin was
subtracted from higher bins, and so on.

The unfolding procedure can be written as

I
zi z]
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%'ITH THKORKTICAL SPECTRUM CALCULATIONS

~ 400

+ 200
C3

10 20 30
Excitation Energy (MeV)

40

FIG. 5. The 3.3 proton spectrum in 0.4-MeV bins, before
and after unfolding the tail of the neutron spectrum. The lower
histogram is the unfolded spectrum.

As noted above, the first comparison is with calcula-
tions of the total spectra. Such calculations were first
presented by Osterfeld for the related (p, n ) charge-
exchange reactions on Ca and Ca. A subsequent pa-
per gave results for the Zr(p, n) reaction. This paper
shows that for most of the excitation energy range, the
measured (p, n ) spectra can be accounted for by assuming
correlated one-particle —one-hole (1p-1h) spin-isospin
transitions only, folded with an empirical asymmetric
Breit-%'igner shape to simulate the spreading width. In a
later calculation of the same reaction, %'ambach et ai. '

showed that this assumption was essentially correct, be-
cause the explicit inclusion of 2p-2h excitations in their
reaction calculation made little change to the calculated
result.

%e observe that the absolute magnitude of the cross
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sections presented by Osterfeld et al. may be uncertain
by as much as 15%. These authors obtain a normaliza-
tion factor, relating theory to experiment, from the zero
degree cross section for the Ca(p, n) Sc(1+,E„=0.61
MeV) reaction. They concluded that a 16% increase in
the theoretical cross section was necessary to make it cor-
respond to the experimental result in the Ca(p, n) reac-
tion, and carried that percentage increase over to the

Zr(p, n) reaction. They comment further that "the dis-
tortion factor X, could also be responsible for this, "and
acknowledge that the extrapolation in Z noted above
"would lead to an uncertainty not larger than 10%."
Furthermore, they point out that at 200 MeV these con-
siderations, and associated parameters, "lead to a 10%
larger cross section in Zr(p, n) than those determined
from 200 MeV (p,p) elastic scattering data. Therefore,
all our conclusions presented. . . might include such an
uncertainty. " It must be concluded, therefore, that while
the (p, n) calculations of Osterfeld et al. do fairly well
in fitting the spectral shapes, there is significant uncer-
tainty in the absolute cross sections.

Calculations of the Zr(n, p) Y reaction spectra have
been reported by Klein, Love, and Auerbach, '

by
Yabe, ' and by Wambach et al. ' These calculations
have substantial differences in their bases but have one
common feature in their results, which is that they all un-
derestimate the cross section for excitations in Y above
about 25 MeV.

Klein, Love, and Auerbach' calculated the direct re-
action cross section in DWBA. The nuclear structure in-
formation was generated using the Skyrme III force to
generate the Hartree-Fock single-particle potential, and
the transition densities are obtained in the charge-
exchange Hartree-Fock random phase approximation
framework. Empirical optical-model parameters were
used, and only correlated 1p-1h states were included.
The knock-on exchange term arising from the tensor
force was neglected, as was the isovector spin-orbit term.
The contributions of both of them were shown to be
small. The calculation included only transitions involv-
ing states with J"~5+ (L=0—4). The peaks were
broadened with a Lorentzian of width 2 MeV. The
features of the 0' spectrum, shown in Fig. 6, were dipole
peaks at approximately 5- and 14-MeV excitation, and a
monopole-quadrupole peak at about 25 MeV. The most
obvious shortcoming of this calculation is its inability to
predict enough cross section above 30-MeV excitation.

Wambach et al. ,
' on the other hand, included 1p-1h

and 2p-2h configurations in the random phase approxi-
mation, and in a consistent manner included the spread-
ing widths. In a suSciently heavy nucleus the escape
widths are expected to be smaller, and hence were
neglected. The reaction calculation was essentially a
plane-wave impulse approximation calculation, with the
distortion of the optical-model waves approximated by a
multiplying factor, a consequence of assuming the distor-
tion function to be local in momentum space. This calcu-
lation gives dipole peaks at approximately 3-, 5-, and 11-
MeV excitation, with quadrupole peaks of significant
strength at 12- and 20-MeV excitation. At 8 and 10, the
calculated energy integrated cross sections (0—50 MeV)
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for the dipole and quadrupole contributions are compara-
ble. As with the Klein, Love, and Auerbach calcula-
tion, ' this calculation fails to give enough cross section
at high excitations. The results of Wambach's calcula-
tions are also shown in Fig. 6.

The third calculation, which suffers from the same
deficiency as the other two, is that of Yabe. ' This calcu-
lation generated the wave functions for the excited states
from microscopic RPA calculations, and included
configurations up to 4%co in energy. All states with
J ~3+ were included. For all the discrete RPA states
the differential cross sections were calculated, and from
these, continuous spectra by folding them into an asym-
metric Breit-Wigner resonance shape. The widths, which
varied with excitation, took values from 1 to 15 MeV and
were derived from the empirical nucleon-nucleus optical
parameters of Rapaport et al. The spectra, calculated
for proton emission angles of 0', 5', and 8', showed essen-
tially no structure. A second calculation, using width
values of half the magnitude taken previously, gave spec-
tra exhibiting more structure; in particular, there was a
substantial peak at an excitation energy of 10 MeV (Q
value of —11.5 MeV), which was stated to be a collective
2 state. That it is a dipole peak is in agreement with ex-
periment, but this experiment does not confirm that it is a

JI
I I I I

0 10 20 30 40

Excitation Energy (MeV)

FIG. 6. The experimental spectra at mean angles of 1.3', 5.5',
and 8.0' are compared with the calculations of Klein, Love, and
Auerbach (Ref. 18) made at 0', 5', and 8' (dashed lines) and
those of Wambach et al. (Ref. 17) at 0' and 6' (solid lines).
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the data. The second was a multipole decomposition of
the data. Both of these methods, which are described
shortly, require angular distributions of the differential
cross sections for each multipolarity at a number of exci-
tation energies in the residual nucleus. Microscopic
particle-hole distorted-wave impulse approximation
(PH-DWIA) calculations were performed for many J
values and excitation energies.

The transition densities were calculated using simple
neutron-particle proton-hole wave functions where the
strength for each J is localized in one coherent state.
The amplitude for the different particle-hole components
of the wave functions were calculated as the overlap of
the appropriate multipole transition operator acting on
the assumed closed-shell Zr ground state, and a particu-
lar particle-hole configuration, i.e., the excited state
lX ) is obtained from the ground state l g. s. ) by

lx&=glg. s. ), (2)

where the excitation operator 6 is given by

0= ya,'a„&phlulg. s. &

ph

(3)
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Excitation Energy (MeV)

FIG. 7. The experimental spectra at mean angles of 1.3', 5.5',
and 8.0' are compared with the calculations of Yabe (Ref. 19) at
0', 5', and 8'. The dashed lines show the results, with the widths
derived from the imaginary part of the empirical optical poten-
tial (see text). The solid lines show the results obtained by using
smaller widths than those of the dashed lines.

2 state (see the next section). In this respect, Yabe's cal-
culation disagrees with the structure calculation of Auer-
bach and Klein, ' which gives the dipole J"'s, in order of
increasing excitation, as 2, 1, and 0 . Yabe notes'
that the shapes of the cross sections given by his calcula-
tion are similar to that given by Klein, Love, and Auer-
bach, but that the cross-section magnitudes are a little
smaller ( & 15% smaller). This demonstrates that, in all
calculations at least, the contributions from the L =4, 5
multipoles are small. These were omitted from Yabe's
calculation but were included in that of Klein et al. '

Figure 7 shows that for low excitations ( & 20 MeV) the
calculations of Yabe' give quite a fair representation of
the data, the worst agreement being for the case of the
1.3 spectrum. The agreement would be markedly im-
proved by a slight modification of the widths used for the
Breit-%igner shapes. As noted, a11 calculations fail for
the excitation region about 25 MeV.

V. INTERPRETATION OF THE DATA

A. Sample angular distributions

Two approaches to the further interpretation of the
data were adopted. The first involved fitting a minimum
number of some assumed peak shape to the peaks seen in

and Juris , a particular multipole operator, e.g. ,
A=r Y2or for a spin isovector quadrupole excitation.
The configuration space was restricted to +2%co of the
respective neutron and proton Fermi surfaces. The un-
derlying assumption of this method is that all p -h

configurations are degenerate in excitation energy, which
is, of course, not true. To test the effect of this assump-
tion, the amplitudes of various p-h components were
varied by 25% (while maintaining a normalized wave
function) to simulate the theoretical uncertainties in these
wave functions. The resulting angular distributions were
found to be insensitive to changes of this magnitude.

The reaction calculations were performed with the
code DWBA7o (Ref. 31) which sums the contributions
from the different p-h configurations coherently. The
effective interaction used was the tt matrix for free
nucleon-nucleon scattering as parametrized by Franey
and Love. " Some calculations were also performed using
the density dependent form of the two-nucleon t matrix
derived from the Paris potential. The differences be-
tween calculations for the same transition using the two
interactions were negligible over the angular range of in-
terest of the current data. The optical-model potentials
(OMP's) used were those of Schwandt et al. These are
proton-nucleus OMP's and include an energy and target
mass dependence. The same parametrization was used
for the neutron-nucleus OMP's. Different potentials were
tried, such as those of Crawley et al. , and the results
were found to be insensitive to the choice of a reasonable
potential.

Figure 8(a) shows the dipole angular distributions at an
excitation energy of 10 MeV for J values of 0, 1,and
2 . The small differences in shape between these curves
could not be resolved by the data, so an incoherent sum is
used to obtain the overall L = 1 shape shown in Fig. 8(c).
Similarly, the L =2, 3, and 4 shapes shown in Fig. 8(c)
are incoherent sums of the appropriate J angular distri-
butions. The J = 1+ Gamow-Teller (GT) and spin iso-
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FIG. 8. Results of DWIA calculations of Zr(n, p) at E„=198MeV and an excitation energy of 10 MeV, using 1p-1h amplitudes
calculated as described in the text. The 0, 1, and 2 angular distributions are shown in (a). The 1 GT and SIVM shapes are
shown in (b) and the incoherent sums of the appropriate J"angular distributions for each multipolarity are shown in (c).

vector monopole (SIVM) angular distributions are shown
in Fig. 8(b).

B. Peak fitting

N X &Xp,
dQ dE

1 + [(X—X F ) / WL ]QF

0, X (Xp, (4)

where N, Xp T XgF and 8'L are parameters.
In this expression, Xp is the separation energy of the

last neutron in Y (i.e, 6.9 MeV). A quasifree shape cal-
culated with this value of Xp, and then convoluted with a
Gaussian of width 1.3 MeV to simulate the resolution,
was negligibly different from a quasifree shape calculated
with Xp=6. 6 MeV. Therefore, in all calculations the
value Xp =6.6 MeV was used. The quantity X&F is given
by the kinematics of the reaction 'H(n, p)n* where
m +=m„+8. Here, X&F is the difference in kinetic en-

ergies of the incoming neutron and outgoing proton in
this model reaction and 8 is a parameter associated with
the average binding of struck protons. A value of 12

Rather than attempt an overall comparison with
theoretical calculations of spectra, as described in Sec.
IV, an alternative approach is to fit peaks to the spectral
shape at all angles and then to make an interpretation of
those peaks. The procedure followed here is similar to
that described by Erell et al. ' on the pion charge-
exchange reaction which they also used to study isovec-
tor giant resonances.

In this case, the dominant and broad peak is ascribed
to quasifree scattering at all angles. A symmetric peak
shape is assumed, with an exponential cutoff to bring it to
zero at a proton energy corresponding to the maximum
emitted proton energy less the neutron separation energy
of the residual nucleus, Y. Thus, the form of the quasi-
free fit in terms of the excitation energy X in Y is

—(x —x j!T0

MeV was used for the parameter T having been suggested
by trial fits to all ten spectra. The quality of the fits is not
particularly sensitive to the value of T. Following Erell
et al. ,

' we write

WL = WL []+a(q/kF) ],
where q is the momentum transfer at X&F, kF is the Fer-
mi momentum, and WL and a are parameters.

0

The shape of such a fit was checked by comparing it
with calculations of the quasifree process by Smith and
Wambach, at momentum transfers such that the condi-
tions of validity of the theory are satisfied. The calcula-
tions were compared to the empirical fit for qR &1,
where R is the nuclear radius and the agreement was
good away from the resonance region. The Smith and

o

U

b0

b
Q 2

0
0.0 0.4 0.8

q' (fm ')

FIG. 9. The ratio of the energy-integrated quasifree cross
section to the free 'H(n, p) cross section at the q of the peak of
the quasifree distribution is plotted against q .
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%'ambach calculation at angles greater than 15' can be
used to give starting values for the parameters T, 8, 8'L,

0

and e noted above, since at these angles the peaks in the
spectra play a very minor part in determining the spectral
shapes. However, it is necessary to use the empirical fit
at small excitations as the theory of Smith and Wambach
is not valid in that region as it does not take account of
the binding energy in Y.

Comparison of an expression of the above form with

individual spectra at small angles led to the conclusion
that the minimum number of additional peaks necessary
to fit the spectra was four, and this initial analysis also
gave starting values for the energies of the peaks (on the

Y excitation energy scale), their widths and their peak
cross sections at each angle.

Having these sets of starting values, the ten spectra, at
mean scattering angles from 1.3' to 22.3', were all fitted
simultaneously for minimum y . The parameters that

1.3' 3.3'

2-

5 50 8.0'

2-

0
N 10.5' 12.7'

0
15.0' 17.3'

2-

19.4' 22.3'

2-

0
0 10 20 30

I

40 0 10 20
I

30 40

=xci"a-ion =nergy (MeV)

FIG. 10. The fitting of four peaks, plus the quasifree scattering shape, to the ten spectra is shown. Note that all spectra were fitted
simultaneously.
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were varied in the fit were B, Wi, a, and ten 1V's (one for
0

each angle). It is emphasized that no constraint was
placed on the normalization N of the quasifree peak in

any spectrum. This quantity was allowed to vary freely
in the fitting. However, at the completion of the fitting,
the q dependence of the energy-integrated quasifree
cross section was plotted, and was shown to be closely
linear as a function of q for small q (see Fig. 9) as is ex-
pected, since a cross section must be an even function of
the scattering angle.

The results of this fitting of ten spectra are shown
simultaneously in Fig. 10, and the parameters for the
quasifree scattering and the four extra peaks are shown in
Table I.

Having consistent fits to all the measured spectra, the
differential cross sections for the four peaks were plotted,
as shown in Figs. 11(a)—11(d). Figures 11(a)—11(c) show
differential cross sections whose shapes are qualitatively
similar. The differential cross sections for the peaks at
excitations 2.7, 5.5, and 10.0 MeV are well fitted by an in-
coherent sum of Gamow-Teller, L = 1 and 3 angular dis-
tributions which were calculated as described in the pre-
vious section. In each of these peaks the L =1 transi-
tions dominate, with a significant component of L =3
transitions being present. Since the L =1 spin-flip transi-
tions populate states of J"=0, 1, and 2, and L =3
transitions populate states of J =2, 3, and 4, a com-
ponent of both the L = 1 and 3 strengths could be due to
2 states. The cross section for Gamow-Teller transi-
tions will be discussed in the next section.

It is noted that in no case do the fits pass near the 20.1'
and 22.9' points. This most probably signals the presence
of L values higher than 3, possibly the presence of high-
spin states or an inadequate treatment of the quasifree
continuum.

The fourth peak, centered at 15.5 MeV, exhibits a
differential cross section which resembles qualitatively

TABLE I. Parameters of the Gaussian peaks and quasifree
scattering shape used to fit the spectra shown in Fig. 10.

Eo
(MeV)

I a

(MeV)

Gaussian peaks
Maximum (do. /dQ)L

(rnb/sr)
GT SIVD

2.7
5.5

10.0
15.5

2.3
2.6
4.6
3.8

1.9
2.4
1.6
b

2.9
5.2
7.5

Quasifree shape

X0=6.6 MeV (see text)
T=12 MeV

B =11.9 MeV
WL =22.7 MeV

0

(y/kF ——0 36 fm

'These figures represent the natural FWHM. The resolution
width of 1.3 MeV has been removed in quadrature.

For possible composition of this peak, see text.
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FIG. 11. Differential cross sections for the four peaks are
shown, as well as the fits to them from the incoherent sums of
sample angular distributions. The line types are as specified on
Figs. 8(b) and 8(c). The uncertainties on the data include the
overall uncertainty in the normalization of the spectra at each
angle and the uncertainties due to fitting the peaks but do not
include a systematic uncertainty contribution due to the choice
of background. This is expected to increase with angle.

that of the spin isovector monopole angular distribution.
However, measured angular distribution for that peak is
significantly lower than the calculated SIVM distribution.
An attempt was made to fit this angular distribution us-
ing a coherent sum of SIVM and spin isovector quadru-
pole (SIVQ) 1+ transition amplitudes specified as follows:

0,' I
A +=

( 2+1)]yg sIVM
( P+ 1)]yg sIVQA + A

The fit shown in Fig. 11(d) was obtained with a value of
a= —0.7. However, as shown by the dashed curve in
Fig. 11(d), an L =1 angular distribution fits the experi-
mental data almost as well. This situation does not en-
courage any definite conclusion in the case of this peak.

Perhaps the most surprising aspect of this spectral
decomposition is the dominance, in magnitude, of the
quasifree charge-exchange scattering. This is in direct
contrast to the (p, n) reaction spectra, ' where the dom-
inant feature is undoubtedly the Gamow-Teller reso-
nance. Indeed, if one removes the GT resonance from
consideration, the (p, n) and (n, p) cross sections for a
given target are similar in magnitude.
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C. Multipole decomposition

The second method used for identifying and extracting
the giant resonance strengths was a multipole decomposi-
tion of the experimental spectra. The basic assumption
of this method is that any interference between the vari-
ous multipole transitions making up the spectra is small.

The measured spectra were put into excitation energy
bins of width AE =0.8 MeV. This binwidth is con-
venient as it is close to half the experimental resolution,
and gave excitation energy bins centered at close to the
observed local maxima in the low angle spectra.

For each excitation energy bin, the angular distribution
of the differential cross section was extracted. Using the
assumption that the multipoles do not interfere with each
other, this differential cross section can be written as

do'

dQ

where aL are the relative strengths of each of the mul-
tipoles and are functions of excitation energy only,
( d a /d Q )L are the angular distributions for each of the
multipoles, normalized to unity at the peak value, and L
is the orbital angular momentum associated with each of
the giant resonances.

The problem then was to find the ai values for each
excitation increment given a set of angular distributions
(do/dQ)L. A semiclassical calculation indicates that L
values up to a maximum of approximately 7 are possible

for the angular range covered by this experiment. Also,
as indicated before, the transitions are predominantly
spin Aip and so, except for L =0, there are three possibleJ" values for each L value. There are clearly too many
degrees of freedom for the resolution and angular range
of the data. For this analysis it was sufficient to consider
a maximum of L =4 only.

The DWIA calculations indicate (as do the more de-
tailed RPA-DWIA calculations of Klein, Love, and Au-
erbach' that the theoretical angular distribution shapes
are somewhat different for the different J 's and have
different strengths. The differences though, are small,
and it is sufticient to group the J 's according to orbital
angular momentum transfer L. Thus, for LAO, the gen-
eralized theoretical shape (do /dQ)L is given by the sum
of the DWIA calculations appropriate for that multipo-
larity. Symbolically, this grouping is

L =1D(J =0,1,2 ), L =2D(J"=1+,2+,3+),
L =3D(J =2,3,4 ), L =4D(J =3+,4+, 5+) .

Other groupings are possible and these will be discussed
later with reference to the stability of the results.

There are two other possibilities. These are both
J =1+ and are the (Pico Gamow-Teller and the 2A'co spin
isovector monopole transitions. The angular distribu-
tions of both of these peak at 0' [see Fig. 8(b)] and even
though the shapes are somewhat different at larger an-
gles, a multipole decomposition of a limited data set can-

1
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FIG. 12. Sample differential cross sections for the protons in six different excitation energy bins. These are chosen to be typical of
the angular distributions observed in this experiment. The line types are as specified on Fig. 8.
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not distinguish between SIVM and the sum of GT and
spin isovector quadrupole angular distributions. There-
fore, to avoid misassigning SIVM strength at higher exci-
tations as GT strength, it is necessary to choose an exci-
tation energy at which to separate either the GT and
SIVM or the GT and SIVQ shapes. Below this energy,
either the SIVM or SIVQ was set to zero and above it the
GT was set to zero in the decomposition.

We are guided, first, by theoretical calculations in mak-
ing the choice of an appropriate excitation energy at
which to split the 1+ transitions. Bloom et al. have
calculated the Gamow-Teller strength function for the

Zr(n, p) Y reaction at 200 MeV using two extreme
models. The strength function from both models goes to
zero for excitations greater than 8 MeV. Auerbach and
Klein have made calculations' which predict no SIVM
strength below 7.8 MeV. Our first choice was to separate
the GT and SIVM at 7.8 MeV as this is one of the boun-
daries between the excitation bins used in the decomposi-
tion.

A further test was made in an attempt to clarify the
separation of Gamow-Teller and SIVM strength. In this
case the SIVQ strength was put identically to zero, and
both Gamow-Teller and SIVM shapes were used in the
multipole decomposition. The result of this test was that
the GT strength went smoothly to zero above 11-MeV

8=1.3'

'I [t )I &II")),",[,i„

g GT

0—

LIJ

U

8=5.5'

SIVM

I L=I

g L=Z

Other

0
0 10 20 30 40

Excitation Energy (MeV)

FICx. 13. Multipole decomposition of the Zr(, n, p) "Y spec-
tra at angles close to the maximum of the GT and dipole angu-
lar distributions. The contributions of each component to the
total reconstructed spectra are indicated by the shaded regions.
A key to the types of shading is given. The uncertainties on the
data included the statistical uncertainties for each bin and the
uncertainty in the overall normalization of each spectrum. The
normalizations of the spectra are independent and so are impor-
tant in the decomposition which depends upon angular distribu-
tions.

excitation and the SIVM strength rose from almost zero
below S MeV. Further, what was taken to be SIVQ in
previous decompositions was, in this test, taken up into
the SIVM strength.

As a consequence of this test, the final conditions for
the decomposition were that the GT strength was con-
strained to go smoothly to zero for excitations from 7.8
to 11 MeV and the SIVM strength was constrained to
rise smoothly from zero for excitations from 4.6 to 7
MeV. Figure 12 shows the experimental differential cross
sections for several excitation increments. Also shown
are the various multipole components which were added
incoherently to give the overall fit. The fitted strengths
can be used to "reconstruct" the spectra by multiplying
them by the appropriate DWBA cross section at each an-
gle. This is shown in Fig. 13 for the lowest angle, which
is near the maxima of the GT and SIVM angular distri-
butions, and at an angle close the maximum of the dipole
angular distribution. The distributions in excitation ener-
gy of the peak values aL of the components are shown in
Fig. 14(a). A decomposition of the nonresonant (quasi-
free) components of the spectra was also made. The re-
sulting strength functions were subtracted from those of
the total spectra. The differences are shown in Fig. 14(b).

VI. DISCUSSION

The Zr(n, p) Y reaction has been studied for a neu-
tron energy of 198 MeV, by detection of the emitted pro-
tons. The spectra of these protons display spin-flip iso-
vector giant resonances.

The treatment of the data has been described in detail,
and three different methods for comparison of the results
with theory have been used. They are the following.

(i) The comparison of measured proton spectra with
calculations of the total proton spectra.

(ii) The fitting of Gaussian peaks, plus a quasifree
scattering shape to the spectra, followed by a deduction
of the multipolarities present in each of the peaks from
comparison with sample calculated angular distributions.

(iii) A multipole decomposition of the proton spectra,
using the sample calculated angular distributions.

The latter two methods give consistent results, indicat-
ing a small amount of Gamow-Teller strength at low ex-
citations in Y, some spin isovector monopole strength
at higher excitations, substantial spin isovector dipole
strength, and possibly a small amount of spin isovector
quadrupole strength. It must be noted that the angular
distribution shapes which were calculated indicated that
it would be virtually impossible to distinguish between
the spin isovector monopole contribution and the sum of
Gamow-Teller and spin isovector quadrupole angular dis-
tributions. The discussion of the strengths of the rnol-
tipoles is now dealt with separately.

A. Gamow-Teller strength

The total Gamow-Teller strength was calculated from
both the peak-fitting results and from the multipole
decomposition results using the relation

(0')/S, =4.2 mb/sr .
do o
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FIG. 14. The strength functions for Gamow-Teller and SIVM transitions, and spin dipole and spin quadrupole transitions, as
determined by the multipole decomposition procedure described in the text. The results for the decomposition of the total spectra
are shown in (a), and for the total spectra minus the quasifree contributions in (b).

The value of 4.2 mb/sr was obtained from a calculation
of the cross section per unit GT strength for the

Zr(p, n) reaction. Taddeucci et al. also give a value
near 4 mb/sr for the Zr(p, n) reaction at 200 MeV.
These calculations are based on the relation

(q, &)=re&.',
IJ.,l'B (GT), (9)

Sp= g B (GT), (10)

where the sum is over all final states. Thus, apart from
small differences in distortion and kinematics, the pro-
portionality factor (4.2 mb/sr) should be the same for the
(p, n) and the (n,p) reaction.

The best estimate of S + comes from the multipole

decomposition technique using the assumption described
earlier that the distribution goes smoothly to zero at 11

where K is a kinematic factor, S,is the distortion factor
defined by the ratio of plane-wave and distorted-wave
cross sections, J, is the volume integral of the spin-flip
isospin-flip part of the nucleon-nucleon interaction, and
B(GT) is the GT beta decay transition strength.

All the nuclear structure effects, including Pauli block-
ing, are contained in B(GT) and the total strength is
given by

MeV. The confidence limits for S + are difficult to esti-

mate, because they depend as much on the accuracy of
the sample angular distributions for each L value (in par-
ticular, the low angle behavior of the I. =1 distribution
which is due to the distortion of the incident and outgo-
ing waves in the DWIA calculation), as on the statistics
of the experimental yields or the particular details of the
peak-fitting or multipole decomposition method of
analysis. Our best estimate under the above assumption
would have the result for Gamow-Teller strength stated
as 1.0+0, 3 units. The uncertainty in this and the follow-
ing estimates does not include any uncertainty in the ra-
tio 4.2 mb/sr given above.

In an attempt to obtain an upper limit of the Gamow-
Teller strength, decompositions were made under
different assumptions. The result from the peak fitting
assumes no monopole strength below about 10 MeV and
allows GT strength up to a little above 15 MeV. A non-
resonant (quasifree) background was included in the
fitting and no strength was assigned to it. The value of
S + from this method is 1.4 units.

A decomposition was done in which no monopole
strength was allowed anywhere and no quasifree back-
ground was subtracted. As expected, the sum of
Gamow-Teller and quadrupole angular distributions



41 SPIN-FLIP ISOVECTOR GIANT RESONANCES FROM THE. . . 2849

played the role of the monopole, and the Gamow-Teller
strength did not fall until about 30 MeV in excitation.
The total GT strength up to 20 MeV (see later) from this
decomposition is 3.3 units.

These estimates of Gamow-Teller strength are to be
compared with the strength calculated by Bloom et al.
of 1.6 (their model A) and that of 1.2 calculated by
Kuz'min and Soloviev. In both cases the agreement is
satisfactory. As noted above, the distribution calculated
by Bloom et al. is limited to the excitation region below
8 Me V in Y. The distribution calculated by Kuz'min
and Soloviev, on the other hand, extends from the
ground state up to an excitation of about 18 MeV.

A value of 0. 12+0.18 units of GT strength was ob-
tained from the Zr(n, p) reaction at 65 MeV (Ref. 40)
and is also be compared to the estimates of this work.
However, this value must be very uncertain because of
the unknown normalization of the preequilibrium com-
ponent and the large effect of distortion at 65 MeV.

B. Spin isovector dipole strength

The peak-fitting analysis indicated that the peaks cen-
tered at 2.7-, 5.5-, and 10.0-MeV excitation in Y were
dominated by spin isovector dipole transitions and this is
strongly supported by the multipole decomposition.
These excitation energies correspond to excitations in

Zr of 15.8, 18.6, and 23.1 MeV, respectively. As indi-
cated in Sec. IV (above) and Figs. 6 and 7, the calcula-
tions of total spectra would appear to show that the cal-
culated and measured SIVD strengths agree within a fac-
tor of 2. However, the SIVD strength found experimen-
tally is more widely spread in energy than the very nar-
row distribution indicated in the paper of Auerbach and
Klein. ' ' '

Auerbach, Klein, and Love have calculated the in-
tegrated (n,p) cross sections for transitions which popu-
late the J =0, 1, and 2 states which can be popu-
lated by L =1 transitions. They give 29 mb/sr for this
value which is to be compared with values of 38 mb/sr
from the multipole decomposition to 40-MeV excitation
or 16 mb/sr from the peak fitting with quasifree contribu-
tion subtracted.

TABLE II. The total GT strength and ratios of SIVM to
SIVQ strengths resulting from possible misassignment fractions
(see text). The discrepancy of the SIVM-SIVQ ratio to that pre-
dicted by Auerbach and Klein [Ref. 13(b)] is also given.

Misassignment

fraction'

SIVM strengthGT strength
SIVQ strength

(consequent) (to 40 MeV)

Discrepancy

from theory

(factor)

0
0.5
0.75

1.0
2.1

2.7

0.86
0.48
0.34

3.4
1.9
1.4

'The Auerbach and Klein calculation [Ref. 13(b)] indicates
significant SIVM strength below 20-MeV excitation.

situation one would expect the ratio of cross sections to
be about —,'. Because of the inability to separate the
SIVM contribution from the (GT plus SIVQ) contribu-
tion, any argument based on the experimental results
must involve all three.

The Gamow-Teller contribution is expected to be
confined to excitation energies below 20 MeV since it
must arise from ground-state correlations in Zr. Cer-
tainly the two calculations of the GT strength distribu-
tion as a function of excitation energy ' show it going
to zero before that excitation. Table II shows the conse-
quence of assuming three different fractions of the SIVM
strength below 20 MeV to have been misassigned, i.e., as-
signed to SIVM instead of to GT plus SIVQ. It is clear
that the data are not inconsistent with the prediction of
the SIVM-to-SIVQ ratio by Auerbach and Klein, '3'b' nor
are they inconsistent with the GT predictions of Bloom
et al. or Kuz'min and Soloviev. However, these two
statements are not mutually exclusive inasmuch as the
data are not consistent with both the SIVM-to-SIVQ ra-
tio prediction and the GT prediction simultaneously.

However, a word of caution must be given regarding
the taking of this result as more than just the indication
of a possibility. Since the highest L value considered in
the multipole decomposition is 4, the result for L =2
considered above must be marginal, and those for L =3,4
not to be believed.

C. Spin isovector monopole and quadrupole strength

As shown in Fig. 14(a), the best estimate of the
strength of SIVM transitions is spread more or less uni-
formly between about 10 and 25 MeV. This is not in con-
tradiction with the ealeulations of Auerbach and Klein, '

particularly when a resolution function of width 1.3 MeV
is used to smooth the calculation. The matter of SIVM
strength will be considered together with the SIVQ
strength.

Auerbach and Klein' ' ' have calculated the total
SIVM and SIVQ strengths and find their ratio to be —,'.
To compare this number with an experimental ratio, this
number must be modified by a reaction calculation using
the DWBA. Such a calculation finds the SIVM peak
cross section to be approximately half the SIVQ peak
cross section for a residual excitation of 20 MeV. In that

VII. CONCLUSIONS

It is worth pointing out that the L =0 and 1 con-
clusions are quite stable under variations of the condi-
tions under which the multipole decompositions were
made. This involved performing the deeompositions with
three, four, or five degrees of freedom. The number of
shapes used in the decomposition was limited by combin-
ing, for example, the L =3 and 4 shapes into a composite
shape.

A complementary experiment, in which the reaction
Zr( Li, Be) Y was studied, has been reported by

Gareev et al. ' That experiment concludes that, in the
excitation region up to 3 MeV, the transitions with L = 1

and 3 are dominant, between 3 and 8 MeV no single mul-
tipolarity dominates over all others, and for excitation
energies above 8 MeV, L =4 and 6 are dominant. How-
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ever, the relatively featureless angular distributions found
in that experiment must make the drawing of conclusions
dificult. Furthermore, the interpretation of the results
appears to depend critically on the calculated particle-
hole spectrum of Y which was also reported in the
above-mentioned work. Nevertheless, the conclusions
do, in some respects, resemble those of this work, in that
the dominance of L =1 transitions at low excitations is
confirmed although the heavy-ion experiment does find
more L =3 strength than the present analysis indicates.
A four-peak decomposition of the ( Li, Be) spectra gives
peaks at excitations of 1.7, 4.6, 8.4, and 14.8 MeV with
widths of 2.2, 3.0, 7.0, and 13.9 MeV, respectively. These
values are to be compared with 2.7-, 5.5-, 10.0-, and
15.5-MeV excitation energies, and widths of 2.3, 2.6, 4.6,
and 3.8 MeV reported here. No reason can be given for
this discrepancy, which averages about 1 MeV in the ex-
citation energies.

Brady et al. have measured the Zr(n, p) Y at 65
MeV, and report structure at low excitations which ap-
pears to be dominated by spin dipole strength at excita-
tions of 1.8, 5.6, and 10.4 MeV. These values agree,
within the combined uncertainties, with those obtained in
this work. The confidence level of the quantitative results
quoted must, however, have been aft'ected by the domi-
nance of the preequilibrium continuum background that
was subtracted before analysis of the spectra.

The conclusions of this investigation may then be stat-
ed as follows.

(i) The best estimate of the Gamow-Teller strength ob-

served in the Zr(n, p) Y reaction at 200 MeV is close to
1 unit where the units are those of the Ikeda sum rule

S —S ~ =3(N —Z) .
P

(ii) Taking the above result for GT strength as close to
true, the ratio of spin isovector monopole to spin isovec-
tor quadrupole strength is indicated to be greater than
given in the structure calculations. " '. However, the
data are consistent with the SIVM-to-SIVA ratio calcula-
tion but in this case the consequent GT strength is close
to 3 units.

(iii) The spin isovector dipole strength observed is ap-
proximately that given by theory, ' ' though rather
more spread out in energy.

(iv) The high excitation continuum region of the spec-
tra is not well predicted by theory. In particular, all
available calculations underestimate the strength at high
excitations.
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