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The reaction mechanism in (p, p') reactions exciting states above about 3-MeV excitation
energy has been studied in several nuclei in which ordinary compound-nucleus contributions
have been shown to be unimportant. Up to 7 MeV in 64¹and ~24Sn, there is strong structure
in the energy spectra of emitted protons which is closely correlated with the structure in
(d, d') reactions; this indicates that direct reactions exciting collective states are the domi-
nant mechanism here. Distorted-wave Born-approximation calculations are used to show
that there is an additional mechanism contributing low-energy protons. This mechanism is
believed to be isospin-conserving reactions via T& states, but it is shown that the decay of
these states cannot be treated with statistical theory in the Sn region. A reason for this is
proposed, and supporting evidence is presented. The applicability of pre-equilibrium calcu-
lations to (p, p') reactions is discussed.

I. INTRODUCTION

The energy spectra of protons from (P, P') reac-
tions induced by 17-MeV protons on various iso-
topes of Sn are shown in Fig. 1. It is taken from
the work of Cohen et al. ' after removal of contri-
butions from (P, nP) reactions' and corrections for
background. Similar results have been found' in
various other mass regions. It has been shown' '
that the excess cross section in the light isotopes
is due to contributions from ordinary compound-
nucleus reactions in which the variation of Q(P, n}
causes rapid changes in the relative probabilities
for proton and neutron emission, and that the
spectra in the heavier isotopes are entirely due
to processes in which competition with neutron
emission is not a factor. It is the purpose of this
paper to investigate what these latter processes
are,

Three processes satisfying the above criterion
have been. widely discussed in the literature: (1)
direct reactions; (2) pre-equilibrium reactions; (2)
isospin-conserving reactions (ICR) via T& states.
Direct reactions are usually defined as ones in
which the time of interaction is of the order of the
transit time of the incident particle across the nu-
cleus. However, a combination of experimental
and theoretical developments on the process4 al-
low us to recognize them as reactions exciting
collective states in a manner which is largely in-
dependent of whether the inelastically scattered
particle is a proton, a deuteron, or a more com-
plex particle. "Pre-equilibrium" processes in

principle include direct reactions, but we opera-
tionally define them to be processes which can be
treated by pre-equilibrium theories. ' These the-
ories are semiclassical and statistical in nature
and do not include effects of collective excitation,
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FIG. 1. Energy spectra of protons emitted at 75' from

(p, p') reactions induced by 17-MeV protons on various
isotopes of Sn. Data are from Ref. 1, with corrections
applied. Portions of the upper two curves to the left of
the parentheses are obtained by the method of Ref. 2.

but they have proven useful in explaining energy
spectra of neutrons from (P, n) reactions. ' The
third process, ICR, was first introduced by Miller
et al. ' and is illustrated for "4sn(p, p') in Fig. 2.
When the incident particle strikes a nucleus,
states of T, (in this case, T = —",) are formed with
a probability 1/(2T+1), and for these states, de-
cay by neutron emission is forbidden by isospin
conservation; hence this is another case in which
competition with neutron emission is not a factor
in determining the probability of proton emission.
The cross section for this process cannot be more
than 1/(2T+ 1) times the total reaction cross sec-
tion, but can be less, or even very much less, be-
cause isospin mixing can occur in the compound
nucleus before the proton is emitted. In this situa-
tion the compound nucleus goes into T, states
from which neutron emission occurs very rapidly,
about 10' times more rapidly than proton emission
for the
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Of the three processes listed above, we expect
direct and pre-equilibrium reactions to be most
important for the highest-energy emitted protons,
and the ICR to give their biggest contribution at
low energies. The relative importance of these
three processes is, at the outset, almost com-
pletely unknown and any of them might be either
completely dominant or completely negligible ex-
cept for the well established fact that the 2' and
3 collective states are strongly excited by direct
reactions. 4

The first aim of this paper is to assess the im-
portance of direct reactions by making a compari-
son between (P, P') and (d, d') reactions. The latter
are presumably understood to be direct reactions
since, by any calculational techniques, one finds
the probability for deuteron emission in pre-equi-
librium or equilibrium processes to be very
small. For example, statistical theory of nuclear
reactions predicts a favoring of proton over deu-
teron emission by 2 orders of magnitude due to
the difference in Q value; and in pre-equilibrium
processes, one expects a deuteron to break up
before undergoing very many collisions inside the
nucleus.

We make the comparison between (P, P') and

(d, d') primarily by studying the detailed structure
of the spectra. %'e then introduce distorted-wave
Born-approximation (DWBA) calculations and show
how they fail in several ways to account for the
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FIG. 2. Energy level diagram for A =125.
See discussion in text.

data. They nevertheless do lead us to the conclu-
sion that another process is needed to explain the
low-energy protons. The ICR via T, states are
investigated in this connection, and problems with
them are pointed out. A solution to these prob-
lems is introduced and supported, leading to the
conclusion that this process is present and im-
portant. Finally, the role of pre-equilibrium re-
actions is assessed.

II. EXPERIMENTAL

Protons and deuterons of various energies from
the University of Pittsburgh three stage Van de
Graaff accelerator were used to bombard targets
of about 2-mg/cm' thickness in a 24-in. scattering
chamber. Scattered particles were detected with
a 4E-E telescope of semiconductor detectors in
which "~E"was a 50-p, -thick planar surface-bar-
rier detector and "E"was a 2000-p, -thick surface
barrier or 2000-p, -thick lithium-drifted silicon
detector. Beam monitoring was done by standard
current-collection techniques and by measuring
elastic scattering with two scintillation detectors
at +25' and -25'. Target thicknesses were deter-
mined by weighing, by measuring the energy loss
of "'Am n particles in passing through them using
a surface-barrier detector, and by measuring
elastic scattering of 5-MeV protons at 35, 40,
and 45; in general, the various determinations
agreed within about 5%. Two different targets of
each isotope were used in most cases. Particle
identification was done by use of the multiplier
technique, although in some of the (d, d') measure-
ments, the Goulding method' was used.

The most difficult experimental problem was the
subtraction of background. This is due to:
(l) Slit scattering of the incident beam. This in-
troduces into the beam a low-energy component
which is elastically scattered by the target.
(2) Slit scattering of elastically scattered particles
(and of higher-energy inelastically scattered par-
ticles) in the detector slit, giving lower-energy
protons.
To minimize the first effect, only a single slit
was used between the last bending magnet and the
target; it was located a few inches in front of the

target and the focusing system was tuned so that
no detectable beam strikes this slit. In some of
the later runs, a large-area 4E detector was used
with the detector slit between the ~E and E de-
tectors; this reduced the background by about one
third, but it caused count-rate problems which
just about offset this advantage. Background prob-
lems were studied by making measurements at
forward angles where, due to the large cross
section for elastic scattering, background over-
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excitation dominates much of the spectrum from
(P, P').

apply it here. In that theory, the cross section
for exciting a region of excitation energy E* is

IV. APPLICATIONS OF DNA

Since the theory of direct-reaction cross sec-
tions is believed to be reasonably well understood
through the DWBA, it seems natural to attempt to

where o» is the cross section obtained from a
DWBA calculation as a function of the angular mo-
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FIG. 9. Same caption as Fig. 8 except at 12-MeV incident energy.
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mentum transfer l and the scattering angle 8, and

S, is the strength distribution for l transfers de-
fined by

Here P, is the familiar amplitude for 2'-pole os-
cillation in the nuclear state i, and the sum is as-
sumed to be smoothed out as a function of energy
before differentiating. It may be noted that E* is
just equal to -Q, where Q has its usual meaning
of energy release in the reaction.

Since the S, are essentially completely unknown
and (1}is not factorable, one might think that no
use can be made of DWBA calculations. However,
the situation is not that unfavorable, largely be-
cause aD~ is a smoothly varying function in the
energy region of interest. Examples of this are
shown in Figs. & and 9, which are calculations of
vD~ made with computer code JUI.IE"using col-
lective form factors and Percy-Set B optical-mod. -
el parameters. " We see there that the oscillatory
behavior so well known at low excitation energies
is almost completely smoothed out at the energies
of interest here, presumably because of poorer
momentum matching. The behavior of o»as a
function of target mass is illustrated in $'ig. 10
which shows a logarithmic average of the l= 2, 4,
6, and 8 curves for various nuclei; they corre-
spond to curves for an average l, l, of about 4.
Once again the smooth behavior is evident.

The ratios of o(P, P') to o(d, d') are shown in Fig.
11. The experimental ratios are from Fig. 3, and
the ratios labeled "DW" are from curves of aver-
age 0» like those in Fig. 10. In comparing the

experimental and theoretical curves in Fig. 11,
one finds large discrepancies:
(1) The absolute values of the ratio are always
higher experimentally than in DWBA. This dis-
crepancy could be eliminated if we took T for the
DW curves to be about 2 instead of about 4. This
is not impossible, but it is not what one would
ordinarily expect.
(2} In Sn and in several other cases, the 135'
curve is above the 75' curve in the experimental
results, but below it in the DWBA calculations;
that is, experimentally (d, d'} has a steeper angu-
lar distribution than (P, P') whereas DWBA pre-
dicts the opposite. This discrepancy is not very
sensitive to T. It has been shown previously" that
the angular distribution in Sn(d, d'} falls off more
rapidly with increasing angle (i.e. is steeper'} than
can be explained by DWBA regardless of the be-
havior of S, .
(2) The experimental curves rise with increasing
E*(= -Q}, whereas the DWBA curves fall. From
Figs. 8 and 9 we see that in the energy regions of
interest, the (P, P'} curves fall off more rapidly
than the (d, d'), so the latter behavior would be
valid independently of T. Moreover, the (P, P'}
curves decrease more rapidly with increasing l
than do the (d, d'), so if l increases with increas-
ing F-* as one would ordinarily expect, the DWBA
curves in Fig. 11 would fall even more rapidly
with increasing E*, thus increasing the discrep-
ancy.

There are two alternative interpretations for
these discrepancies, either DWBA does not work
well, or the (P, P'} reactions are not predominant-
ly direct reactions. In explaining the first two
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FIG. 12. Energy distribution of protons emitted at 75' from (p, p') reactions on various isotopes of cadmium with 12-
MeV bombarding energy. Data are from Ref. 3.
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discrepancies, we favor the first of these alter-
natives because:
(a) There is independent evidence that DWBA does
not correctly predict the angular distributions. "
If angular distributions are not correct, absolute
cross sections can at most be correct at one an-
gle, and there is no reason to believe that either
of the angles we have chosen is the correct one.
(h) There are other failures in DWBA for (d, d').
For example, we see from Figs. 9 and 10 that oD~
for all l decreases much more rapidly between
E*=3and 5 MeV in Sn at 12- than at 17-MeV bom-
barding energy; this behavior is not evident in the
experimental results of Fig. 3.
(c) Much of the direct-reaction cross section may
lead to two phonon states, and it is well known

that simple DWBA calculations of the type done
here are not valid for two-phonon states. "
(d) Much effort was expended in optimizing DWBA
techniques to reproduce correctly the oscillations
in the angular distributions for transitions to the
2' and 3 states, and to give correct cross sec-
tions for these. Since these are the DWBA tech-
niques we are using, there is no reason to believe
that they were simultaneously optimized for the
high excitation region.
(e) The evidence in Sec. III that direct reactions
are predominant in the region E*&7 MeV seems
too overwhelming to consider the second alterna-
tive.

Since the first two discrepancies are typically
of the order of a factor of 2, it is not hard to be-
lieve that a DWBA calculation that does not work
very well can be their cause. However, the third
discrepancy -the fact that the experimental curves
in Fig. 11 rise rapidly with increasing E*whereas
theory predicts that they should fall even more

rapidly than the curves labeled DW in Fig. 11-is
more than a factor of 10 discrepancy and depends
only on the ability of DWBA to correctly calculate
the Coulomb barrier penetrability. Stated in an-
other way, the experimental curves in Fig. 3 in-
dicate that (p, p') yields far more low-energy par-
ticles than does (d, d') and DWBA gives us no rea-
son to expect such behavior. We therefore con-
clude that another process is present in (P, P')
contributing heavily to the low-energy portion of
the spectrum. From the candidates listed in the
Sec. I, only isospin-conserving reactions via 7.'&

states are expected to have this property.

V. ISOSPIN-CONSERVING REACTIONS

VIA T& STATES

In previous treatments of ICR via 'E, states the
decay has been treated by statistical theory. ' If
this is done here, serious difficulties are imme-
diately encountered in understanding the shape of
the energy spectrum. One evidence for this may
be seen in Fig. 1. The low-energy part of the
curve for '"Sn has been shown to be dominated by
ordinary compound-nucleus reactions, and if one

uses statistical theory to treat ICR, one expects
a similar spectrum. However, the curve for "Sn
in Fig. 1, whose low-energy part we attribute to
ICR, is seen to be very different, peaked about 3

MeV higher in energy. Another example of this
type is shown in Fig. 12 which is taken from Ref.
3. The curve for ' 'Cd, dominated by ordinary
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permost curve in the figure, indicating that the intensity
is very much larger at 10.65 than at 10.50 MeV.
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compound-nucleus reactions, is peaked at a much
lomer energy than the curves for the heavy iso-
topes whose low-energy part me are explaining by
ICR.

Cline, Huizenga, and Vonach" have observed
smaller energy shifts between their "~Sn(P, P')
evaporation peak and their "Sn, "Sn, and "Sn
data. They have found their results to be consis-
tent with the possibility that ICR decay is predom-
inantly pre-equilibrium, with much of the decay
oecuring close to the equilibrium limit. Our pur-
pose here is not to quarrel with the proposal of
Ref. 14, but to show that even if equilibrium is
reached, one does not expect the decay to be gov-
erned by statistical theory.

At lower energies, ICR reduces simply to in-
elastic scattering via isobaric analog states, a
subject that has been widely studied for many
years. These reactions are well known to give
strong excitation of the 2 and 3 collective states„
presumably because those states contain wide mix-
tures of configurations and wave functions with a
coherent relationship to the ground state. For
similar reasons we might expect ICR to strongly
excite collective states in the residual nucleus.

To be more specific to the eases under consid-
eration here, the highest-energy known isobaric
analog state ln Sn(P, P ) ls one excited by 10.65-
MeV protons"; it is the analog of a state at 2.78
MeV in "'Sn which is strongly excited by "4Sn(d, P)
with transfer of an f», neutron. " An energy dia-
gram is shown in Fig. 13. From i'he (d, P) data we
know that its mave function has a strong component
of (A f», }where A is the ground-state wave func-
tion for "Sn. Since this state is near in energy
to the ~ component of the octupole vibrational
state, it might mell have a strong component of
(& s,&,) where 8 is the wave function for the 3
collective state in '"Sn and s„,is a typical single
particle in the ground-state shell (it could also be
d„, and still be at about the same energy). This
component mould be evidenced by a strong decay
of the isobaric analog state to state B. This is
an example of the "window effect" first proposed
by Allan et al": There is a strong probability for
an isobaric analog state to decay to collective
states in a region of excitation energy which is
about equal to the energy by which it is above the
lowest-energy isobaric analog state. These tran-
sitions are expected to have large reduced widths
for emission of particles in the shell that is filling.

The window effect leads to the emission of pro-
tons with about the same energy as those needed
to excite the lowest-energy isobaric analog state,
which in '"Sn is 7.9 MeV. One therefore expects
the peak of the energy spectrum to be at a proton
energy of about 7.9 MeV, mhich corresponds to

-Q = 9 and 4 MeV at 17- and 12-MeV bombarding
energies, respectively, in reasonable agreement
with Figs. 1 and 12.

The windom effect should not, of course, be
taken so literally as to give a precise determina-
tion of the energy of the emitted protons. The
point is that nuclear structure effects are impor-
tant because there are large reduced midths for
decay by emission of particles in the shell that is
filling, and these are concentxated in a relatively
narrom energy region. A statistical treatment
completely ignores this point.

The energy spectrum of protons emitted from
"4Sn(p, p') reactions on the 10.65-MeV isobaric-
analog-state resonance is shomn in Fig. 14. This
is a very strong resonance as ean be seen by com-
paring the intensities Rt 75 with that from 10.50-
MeV bombarding energy, just below the resonance
(those two curves have been normalized to the
same cross-section scale}. Even though the reso-
nant state clearly decays by a compound-nucleus
process in which equilibrium has been reached,
the decay is anything but statistical. In fact, there
is a very strong tendency for its decay to populate
the same states as are populated by (d, d'), which
are presumably the collective states.

In the energy region me are primarily concerned
with in this paper, 12-17-MeV bombarding energy„
there are no known isobaric analog resonances.
However, there is considerable evidence for ef-
fects of the details of nuclear structure in the re-
gion where ICR are believe to be dominant. Fig-
ures 15 and 16 show spectra from the various
heavy Sn and Cd isotopes. We see that there is a
considerable variation among the various isotopes.
At 12-MeV bombarding energy, for which the ICR
region begins at 8*=5.5 MeV according to Fig. 11,
the heavier isotopes seem to have a strong peak
in the low-energy region, a peak that is com-
pletely missing in the lighter isotopes. A similar
situation still seems to be in evidence at 14 MeV,
although the peak is at a rather different excita-
tion energy and also at a somewhat higher emitted-
proton energy. There is even some evidence for
this shifting of the peak at 16-MeV bombarding en-
ergy, for mhich data are shown in Fig. 17, al-
though the effect is somewhat smaller. The fact
that the spectra become smoother at the higher
bombarding energies is expected from the fact
that we are dealing with higher excitation energies.

It is interesting to note from Fig. 17 that the
cross sections at the peak increase mith decreas-
ing A, approximately in proportion to I/(2T+ 1) as
might be expected from the fact that this is pro-
portional to the probability for the system to be in
a T, state.

Since it has been shown that ICR can explain the
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FEG. 15. Energy spectra from (P, P') reactions on various Sn and Cd isotopes with 12-MeV bombarding energy.
Detection angle is 135'.

excitation of collective states, it might be asked
whether this could account for the region we have
been ascribing to direct reactions. There are two

strong arguments against this:
(1) It is clear from Fig. 2 that angular distributions
are not isotropic or symmetric about 90, but are
somewhat forward peaked. Special techniques are
required to measure angular distributions forward
of 70', and these measurements will be reported
separately when completed. ' But it is clear from

the preliminary results that the intensity continues
to increase as one goes to more forward angles.
(2) The maximum cross section for ICR is
1/(2T+1) times the reaction cross section, which

for ' Sn, is about 40 mb. One expects this to be
reduced by an appreciable factor due to isospin
mixing. However, the total cross section for"Sn(P, P') leaving the final nucleus with &2-MeV
excitation energy is about VO mb.
It is thus apparent that at least half of the cross

OP

~ ~
Q
OP

—Q (MsV)

FIG. 16. Energy spectra from ( p, p') reactions on various Sn and Cd isotopes with 14-MeV bombarding energy.
Detection angle is 135'.
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higher energies (8& 30 MeV)" seems to confirm
its conclusions -the activation cross sections for
(P, n) reactions, which are indicative of neutron
emission within -8 MeV of the maximum available
energy, are much lower than directly measured
cross sections for (p, p') reactions in which the
proton energy is within 8 MeV of its maximum.
The new data in the lower-energy region under
consideration here (Z& 20 MeV) are mostly from

direct measurements of neutron spectra' and
seem to indicate that the (P, P') j(P,n) cross-sec-
tion ratio for E* less than about 7 MeV is only
about a factor of 1.5. Such a factor could be ex-
plainable within the framework of pre-equilibrium
calculations, "but before this matter is settled,
there should be measurements at higher bombard-
ing energies to ease the process of separating
equij. ibrium and pre-equilibrium neutrons.
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