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The energy and angular distributions from the Nb(n~p), ""Ag(n~p), and ""In(n~p) reactions
were investigated by means of a multitelescope system. Targets, thick compared to the range of
the most energetic protons, were used and the double-differential proton emission cross sections
were derived by unfolding. The results for both the angle-integrated proton spectra and the pro-
ton energy dependence of the angular distributions are very similar for all three measured cases
and confirm that the (n,p) reaction at 14 MeV is dominated by precompound emission in the stud-
ied mass range. The angle-integrated results are compared with calculations based on the statisti-
cal model of nuclear reactions including both precompound particle emission and subsequent par-
ticle evaportation. It is shown that the proton spectra can be adequately described within this
model, if the usual pairing correction for level densities is also applied to the exciton state densi-
ties used in the calculation of precompound particle emission and the matrix element for internal
transitions is chosen in such a way that the rate of 3~5 exciton transitions is adjusted to 5)(10
sec '. %'ith this choice of parameters it is simultaneously possible to describe the neutron spectra
in the Nb(n, n') reaction except at the highest energies where an additional direct reaction com-
ponent is required. The angular distribution which show a strongly energy dependent forward-
backward asymmetry are in fair agreement with the phenomenological model of Kalbach-Mann
and with those of direct reaction theory for continuum cross sections.

I. INTRODUCTION II. EXPERIMENTAL PROCEDURE

Our program of investigations of (n,p) reactions' at
E„=14.1 MeV was continued with the ""Ag(n,xp) and
""In(n,xp) reactions. These reactions were selected to
supplement our (n,p) measurements' in order to study
the systematic behavior of the angular distributions of
the emitted protons in the mass region around A =100,
where up to now no other detailed measurements of such
angular distributions exist.

As we especially wanted to study angular distributions
in precompound proton emission, targets thick com-
pared to the range of the most energetic protons, were
used and the double-differential particle emission spectra
were subsequently derived by unfolding the thick target
spectra.

In this way it is possible to measure the high energy
parts of the spectra with much better accuracy in a
given measuring time than with the conventional thin
target method, and, also, the results are much less sensi-
tive to the background since the use of thick targets
greatly enhances the measuring effect compared to the
background. In order to demonstrate the validity of this
method we also performed a thick target measurement
of the Nb(n, p) reaction, which had been studied before
in the conventional way. ' In this way we also consider-
ably improved the accuracy of the Nb data for the
high proton energies. Thus we will also report improved
data on the Nb(n, p) reaction obtained from combining
the results of Ref. 1 and those of the new thick target
measurements.

The (n,p) reactions were studied by means of a mul-
titelescope system irradiated by 14.1 MeV neutrons pro-
duced in the 250 keV accelerator of the Institut fiir Ra-
diumforschung und Kernphysik. As the multitelescope
system has been described before, ' only a few details
that are specific to this experiment are given.

All targets used were thick compared to the range of
the most energetic (14.7 MeV) protons. Metallic silver
and niobium sheets -0.7 mm thick and indium sheets 1

mm thick were used. As the background in these thick
target measurements amounts to only a few percent, the
whole reaction chamber (all 32 telescopes) was used for
the measurements with the various targets and the back-
ground was determined in a separate shorter background
run with a thick gold target in place of the target foils.
The background, measured in this way, is an overesti-
mate of the background, as a larger part of the gold sur-
face seen by the telescopes in the background measure-
ment is shielded by the targets in the effect measurement
(see Fig. 3 of Ref. 2). This effect was calculated from the
geometry used and accordingly the actual background
was assumed to be only 32%%uo of the result of the back-
ground run.

Since this background correction was between 8 and
20% for all reactions investigated, the uncertainty from
this procedure is quite small.

Each of the targets was irradiated for about 100 h at a
neutron source strength of -2.2~ 10 nsec resulting in a
maximum neutron flux of 1.2)&10 n/cm sec at the tar-
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get position.
The integral neutron fiux was determined by two in-

dependent methods, a I.iI scintillator monitor placed in
the shielding of the accelerator room and Co(n, 2n) Co
activation monitors at the actual position of the mul-

titelescope system as described before. Both methods
agreed within 3%.

In order to improve the accuracy of the p-energy cali-
bration, two of the 32 telescopes were used for an energy
calibration during the actual experiments. One of the
telescopes (at 24') was equipped with a polyethylene foil
(2.89 mg/cm ) and observation of the recoil proton peak
provided a calibration point of about 12 MeV; another
one was used to observe 5 MeV a particles from a 'Am
source. In this way the p-energy scale could be estab-
lished to better than 200 keV at 14 MeV and even more
accurate at lower energies.

tion of a measured thick target spectrum into an
equivalent thin one. Figure 1(a) is the measured thick
target spectrum, (b) is the thick target spectrum multi-
plied by (dE/dx)Er and (c) is the transformed spectrum
derived by numerical differentiation of (b).

A comparison of p-emission spectra of the two Nb
experiments is shown in Fig. 2. The data of both experi-
ments agree within the 1o error bars. At the high ener-
gy end, the accuracy of the thick target data is superior
to the thin target data, vice versa, it is at the low energy
end. In the comparison of the two data sets it has to be
taken into account that the thin target data needed
about 3 times more measuring time than the thick target
data.

IV. EXPERIMENTAL RESULTS AND COMPARISON
WITH EARLIER MEASUREMENTS

III. DATA ANALYSIS

By selecting appropriate areas in the energy-energy
loss and energy-pulse-shape planes, thick target proton
energy spectra were obtained for 16 reaction angles
ranging from 22' to 165'. The angular resolution of the
telescopes was on average 13'. The total number of true
events turned out to be -230000 for Ag, -90000 for
In, and —180000 for Nb. To obtain the p-emission
spectra the measured "thick target" spectra N(E~) had
to be unfolded. This was done by numerically
differentiating the quantity (dE~/dx) N(E~) with
respect to E (dE~/dx =specifi energy loss for protons
of energy E~ ). Given in detail, the following simple pro-
cedure was used. After subtraction of background each
spectrum N(E ) channel by channel was multiplied by
the specific energy loss (dE& /dx )(Er ) (Ref. 5)
(Er ——energy of channel I) and the resulting spectrum

N(Er ) =N(Er )(dE/dx)(Er )

was differentiated by calculating

N (Er)=IN(Er+i) N(Er —&)]/(Er+& Er i)—
giving the equivalent thin target spectrum N'(Er ), out of
which the differential cross section could be calculated in
the usual way.

In the measurement the proton energy spectrum was
recorded with a channel width of -90 keV, for the de-
scribed analysis the spectra were collapsed by a factor of
5 resulting in a channel width of -450 keV. Thus the
differentiated values N'(Er ) are essentially averaged over
0.9 MeV bins.

Only the calculation of the statistical errors of the
double-differential particle emission had to be modified
slightly. The statistical errors of the N'(Er) values can
be calculated in the conventional way. In the further
process of binning the data into the usual 1 MeV bins,
however, the correlations between N'(I) and its second
neighbors N'(I —2) and N'(I+2) would lead to an
overestimate of the statistical error. This way was taken
into account by an approximate correction factor.

Figure 1 shows a typical example for the transforma-

The data obtained by the procedure described above
represent the double differential p-emission cross section
determined at 16 reaction angles ranging from 24' to
164 with a typical resolution of 13'; the energy resolu-
tion is assumed to be better than —1.5 MeV. For further
discussion and comparison with the results of other au-
thors, it is useful to integrate over either angle or energy:
angle integrated p-emission cross sections for 1 MeV en-
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FIG. 1. Typical data from thick target experiment. (a) Pro-
ton spectra for thick Nb target at 0=22', (b) same multiplied
by dEp/dx(E~); (c) equivalent thin target spectrum obtained
by numerical differentiation of (b) ~
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42.4%2 mb for Nb, 31.4+1.5 mb for ""Ag, and
12.6+0.6 mb for ""In.

The angular distributions of the protons (see Figs. 11
and 12) are forward peaked for all but the very lowest

energies; the amount of the forward-backward asym-
metry increases strongly with proton energy. For all en-

ergies, however, the angular distributions can be well de-
scribed by a series of Legendre polynomials up to 1=2.
Thus the information on the angular distributions can be
summarized in form of the reduced Legendre coefficients

a, /ao(E ) and a) /ao(E ) derived from least squares fits

of the form

d 0' = g aIPi(cos8}
p I=0

0.1
8 10

Ep(wev)

12 14

erg y bins were obtained by Legendre fits to the
(d o )/(dE&d8) values. The numerical values for these
angle integrated p-emission cross sections are listed in
Table I together with the corresponding 10 errors com-
bining both statistical and all identified systematic error
contributions [essentially, uncertainties in the neutron
flux (3%}and in the solid angle of the central detector
(2%), error in the dE/dx values (3%), and errors due to
the data reduction procedure (2%)]. For niobium the
weighted average of the results of this work and our pre-
vious thin target experiment' is given.

The total proton emission cross sections amount to

FIG. 2. Comparison of the angle integrated proton emission

cross sections from the Nb(n~p) reaction at E„=14.1 MeV
from different experiments. E~ represents the channel energy.
~ represents the thin target experiment (10 mg/cm'), 220 h

measuring time, and 0 represents the thick target experiment
(-0.7 g/cm2), 75 h measuring time.

which are given in Table II.
Again for Nb the weighted average of the results of

this experiment and our previous thin target measure-
ments is given.

The given uncertainties of the reduced Leg endre
coefficients were also determined from the least squares
its.

Concerning the comparison with previous measure-
ments we refer to Ref. 1 for the Nb(npsp) reaction, as
the addition of our new results (see Fig. 2) caused only
minor changes.

For the ""Ag and ""In there exists one measurement
of the proton emission spectrum in the forward direction
(0'-15') using a counter telescope. For indium there
exist, in addition the counter telescope, results of Ni-
idome et al. (reporting both angle integrated proton
spectra and the energy integrated proton angular distri-
bution) and of Hans and Mohindra (reporting proton
spectra at angles in the range 0'-135') and one nuclear
emulsion study of proton emission in the forward direc-
tion (0' —37'). The emulsion study disagrees completely
with all other experiments and shows some rather
strange structure, thus it will not be discussed further.

Our data agree (within the rather large experimental
errors) with the results of Ref. 7, as shown in Figs. 3 and

TABLE I. Angle-integrated proton emission cross sections
at E„=14.1 MeV.

TABLE II. Reduced Legendre coefficients describing the
angular distributions of the protons from the (n, p) reactions on
'Nb, ""Ag, and ""In.

E„(MeV)

2-3
3-4
4—5
5-6
6-7
7—8

8—9
9—10

10-11
11-12
12-13
13-14
14-15

93Nb

0.64+0.18
1.98+0.30
3.97+0.35
6.27+0.45
6.77+0.65
6.38+0.40
5.35+0.35
4.82+0.35
3.30%0.30
1.78%0.15
1.00+0.08
0.24+0.06

der/d0 (mb/MeV)
natAg

0.75+0.38
1.14+0.35
3.86+0.37
5.08%0.37
4.99+0.35
4.53+0.30
4.07+0.26
3.33+0.21
2.02+0.14
1.04+0.07
0.44+0.05
0.17+0.02

n

0.29+0.29
1.51+0.27
1.50%0.24
2.04+0.23
2.75+0.23
2.30+0.19
1.32+0.13
0.56+0.08
0.28+0.05
0.09+0.03

E, (MeV)

4-6
6-8
8-10

10-12
12-14

4-6
6—8
8—10

10-12
12-14

93Nb

a& /ao

0.19+0.09
0.44+0.03
0.70+0.03
0.85+0.035
0.86+0.09

a 2/ao

0.08+0.08
0.28+0.04
0.30+0.04
0.34+0.04
0.3820.08

natAg

ai /ao

0.12+0.10
0.31+0.04
0.72+0.04
0.93+0.04
0.97+0.06

a2/ao

0.04%0.15
0.16+0.09
0.3320.05
0.40+0.05
0.42+0.08

n

a, /a,

0.12+0.23
0.62+0.10
0.85+0.05
1.05+0.08
1.15+0.12

az/ao

0.32+0.13
0.40+0.07
0.48+0.11
0.70%0.25
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FIG. 3. Comparison of our angle integrated proton emission
spectra from the reaction ""In(n&p) with those of Ref. 7.
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4, both with respect to the proton energy and angular
distributions; also the total proton emission cross section
18.1+5.4 mb from Ref. 7 is consistent with our result of
12.6+0.6 mb.

There are, however, considerable discrepancies be-
tween our data and the results of the earlier telescope
work of Refs. 6 and 8. As shown in Figs. 5 and 6, both
the form of the angular distribution in Ref. 8 and the en-
ergy spectra in forward direction from Refs. 6 and 8 de-
viate considerably from our results.

No obvious reasons for these discrepancies can be sug-
gested; very little information on the experimental de-

In(n, xp)

5-

FIG. 5. Comparison of the proton emission spectra from the
""Ag(n~p) and ""In(n~p) reactions in forward direction with
earlier measurements. )& represents the result [average of tele-
scope 1 (24') and telescope 2 (31')], o represents the result of
Ref. 6 and 6 represents the result of Ref. 8.

tails is given in either Ref. 6 or 8; thus one can only
speculate that problems associated with either the back-
ground subtraction or the rather large target thickness
( —30 mg/cm ) might have influenced the earlier data.

In addition, there have been a number of activation
measurements of the (n,p} cross sections of ' Ag, '

Ag,
and " In; however, in all cases the reactions feed two
isomers, and measurements to one isomer in " Cd and
to one in ' Pd are missing. Thus no direct comparison
of these activation cross sections with our proton emis-
sion cross sections is possible.

lh

E
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00 300 60' 904

(deq)

1200 1504

FIG. 4. Comparison of our proton angular distributions for
the ""In(n~p) reaction with the results of Ref. 7. )( represents
the present result and o represents the result of Ref. 7.

V. COMPARISON WITH THEORY

A. Angle-integrated cross sections

Proton emission in nuclear reactions in the studied
mass and energy range is due to both precompound
emission and particle evaporation from fully equilibrated
compound nuclei with comparable contributions from
both processes. ' Accordingly the experimental results
were compared to nuclear model calculations using the
exciton model for precompound particle emission and
the Hauser-Feshbach theory for the compound nucleus
decay using the code MAURINA. ' The main ingredients
of the exciton model calculations were internal transition
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FIG. 6. Comparison of our angular distributions for the
""In(n,xp) reaction with the results of Ref. 8. (a) E~=7-9
MeV; (b) E~ g 9 MeV. g represents the present results and o
represents the Hans and Mohindra (Ref. 8).

rates according to Oblozinsky et al. ,
" detailed balance

based particle emission rates which account for
neutron-proton distinguishability as proposed by Gadioli
et al. ,

' and William's formula' for the particle hole
state density of the residual nuclei. Figures 7-10 show
the results obtained with the parameters listed in Table
III. The calculation of the compound nucleus part is
very sensitive to the level density parameters of the re-
sidual nuclei populated by proton and neutron emission
and to the (n,p} Q value and the results may be very
different even for neighboring nuclei. Thus the equilibri-
um part of the calculation was fitted individually to the
low energy parts of the measured spectra by adjusting
the mentioned level density parameters. This was possi-
ble in all cases within the known uncertainties of these
level density values.

Precompound particle emission, on the other hand, is
rather insensitive to the properties of individual nuclei
and if a phenomenological model like the exciton model
is a good approximation at all it should not need indivi-
dual parameter adjustment and also simultaneously de-
scribe precompound neutron emission, that is the high
energy parts of the neutron spectra. Therefore a corn-
mon set of parameters was chosen for the exciton model
for all cases: density of single particle states
g=A/13. 16 (MeV '} and pairing 6=A/&12 (MeV}
for calculation of the exciton state densities and matrix
elements for internal transitions (FM values of Table III}

8 10 12 14

E&(Mev)

FIG. 7. Comparison of the angle-integrated proton spec-
trum from the reaction Nb(n~p) with nuclear model calcula-
tions. )& represents the experimental cross sections, the solid
curve represents the calculation with parameters of
Table III, and the dashed curve ———represents the calcula-
tion without pairing correction for excition states and with FM
changed to 700 MeV'.
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FIG. 8. Comparison of the angle-integrated proton spec-
trum from the reaction ""Ag(n~p) with nuclear model calcula-
tions. The meanings of the symbols are the same as in Fig. 7.

chosen in such a way that the internal transition rates
were adjusted to 5)&10 ' sec ' for the first equilibration
step (transition of 3~5 excition states}.

As the figures show, there is a reasonable overall
agreement between measured and calculated cross sec-
tions, both in absolute magnitude and shape also in the
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FIG. 9. Comparison of the angle integrated proton spec-
trum from the reaction ""In(n~p) with nuclear model calcula-
tions. The meanings of the symbols are the same as in Fig. 7.
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FIG. 10. Comparison of the angle-integrated neutron spec-
trum from the reaction Nb(n~n) with nuclear model calcula-
tions, The meanings of the symbols are the same as in Fig. 7.

upper halves of the proton spectra which are dominated
by precompound emission. The absolute values of the
peak cross sections for proton emission is essentially
determined by the value of the internal transition rates
whereas the shape of the high energy part of the proton
spectra depends essentially only on the chosen pairing

93Nb
107A

109Ag
115I

420
460
460
470

4.7
4.7
4.6
5.1

correction for the exciton states. Thus our results imply:
(1) The internal transition rates (3~5 exciton states)

are found to be about (5+1)X 10 ' sec
(2) As already pointed out in Ref. 1, there is definitely

need for a pairing correction of about the usual value
6=A i&12 (MeV) in exciton state densities. Without
such a correction (see Figs. 7 and 9) the emission of
high-energy protons is greatly overestimated. It has to
be noted, however, that even in applying such a correc-
tion, the shape of the spectra cannot be described per-
fectly. In two of the reactions studied (on Nb and
""In} the calculated slopes of the high energy parts of
the proton spectra are definitely different from the mea-
sured value. This discrepancy cannot be removed by
any simple parameter variation and seems to indicate the
limits of validity of the model.

Another important question, the quality of the simul-
taneous description of proton and neutron precompound
emission, can also be tested with our data, as for one of
the nuclei Nb a rather accurate neutron emission spec-
trum is available from a recent evaluation of one of the
authors. ' Figure 10 shows these spectra and the results
of the model calculations using the same parameters (see
Table III) as for the Nb(n, xp) spectra. As the figure
shows there is good agreement up to a neutron energy of
about 10 MeV, above this energy the measured neutron
emission cross sections are much larger than the calcu-
lated ones, indicating that for neutron energies above
—10 MeV —that is, excitation energy below -4
Me V—direct reactions, e.g., excitation of collective
states, have to be assumed in addition to precompound
neutron emission. Looking only at the neutron spec-
trum, exciton model calculation without pairing correc-
tion or calculations using the geometry-dependent hy-
brid model' would improve the fit to the data, and,
however, at the same time produce unacceptable proton
spectra (see Figs. 7 and 9).

Thus for a complete description of the interaction of
14 MeV neutrons with nuclei it seems necessary to use
three reaction mechanisms (direct, precompound, eva-
poration) for the inelastic neutron scattering, whereas
the (n,p} process does not show such direct contributions
and can be better used to extract the model parameter
for precompound emission.

Finally it should be remarked that the ratio between
precompound proton and neutron emission for neutron
energies below 10 MeV is quite well described by the
form of the exciton model (using the method described
in Ref. 12) in order to distinguish between neutron and
proton emission) implemented in our code.
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B. Angular distribution

As in Ref. 1 we will compare, in the following, the ex-
perimental results to the systematics of reduced Legen-
dre coefficients and to the results of the one-step version
of the direct reaction theory for continuum cross sec-
tions.

0.8-

o 0.6-

Ig 04

Aq (n, p)

1. Systematics of reduced Legendre coe+cients 0.2-

In Ref. 1 we compared our angular distribution with a
slightly modified version of the Kalbach-Mann model. '

Essentially we replaced the division of the cross sections
into a multistep direct and a multistep compound part
by the conventional division into a preequilibrium and
an equilibrium part; that is, we assumed that the angular
distributions proposed in Ref. 15 for multistep direct re-
actions are also approximately valid for all precompound
particles and the angular distributions for the multistep
compound reaction can be used for the evaporation part.
This latter assumption, however, is not necessary as the
angular distribution of the evaporated particles can be
calculated by the standard H ause r-Feshbach theory.
Also the angular distributions suggested in Ref. 16 do
not have the right asymptotic behavior; for low energies
of the emitted particles the angular distributions do not
approach isotropy. Thus, as modification of the
Kalbach-Mann systematics, which should be especially
suited for description of the angular distributions down
to very low particle energies, we assumed the following:
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g 0.8 .
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FIG. 12. Reduced Legendre coefficients for the ""Ag(n~p)
reaction (see the caption of Fig. 11).
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FIG. 11. Comparison of the reduced Legendre coefficients
describing the angular distributions of the protons from the

Nb(n, xp) reaction with the predictions of the modified
Kalbach-Mann systematics.
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FIG. 13. Reduced Legendre coefficients for the ""In(n~p)
reaction (see the caption of Fig. 11).
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FIG. 14. Comparison of the double-differential proton emis-
sion cross sections for the ""Ag(n~p) reaction with the predic-
tions of the direct reaction theory of continuum cross sections.
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FIG. 15. Comparison of the double-differential proton emis-
sion cross sections for the ""In(n,xp) reaction with the predic-
tions of the direct reaction theory of continuum cross sections.

(1) For the precompound particles we assumed an an-
gular distribution exactly as given in Eqs. (2) —(Sb) of
Ref. 16 for multistep direct reactions.

(2) For the equilibrium part the angular distribution is
calculated by means of the standard Hauser-Feshbach
theory. In the present case the resulting anisotropy
amounts to a few percent.

The reduced Legendre coefficients calculated in this way
are compared to the experimental data of Table II and
Figs. 11—13. As the figures show, the agreement is quite
satisfactory in all three cases, especially considering the
extreme simplicity of the model. This also means that
the angular distributions of the precompound particles
are equal within experimental error for all systems stud-
ied and only dependent on the particle energy.

2. One step oersion of direct reaction theory
for continuum cross sections

Calculations of double differential cross sections for
the reactions ""Ag(n,xp) and ""In(n,xp) were performed
by means of the code ORION-TRISTAR-1. ' More details
are described in connection with an analogous compar-
ison of our previous Nb(n~p) data. '

Figures 14 and 15, respectively, display, for ""Ag and
""In as targets, experimental and calculated cross sec-
tions for three groups of energy of the emitted protons.

Besides the direct component, the calculated cross sec-
tions also include a Hauser-Feshbach contribution. For
the direct continuum cross sections, the form factors
f&(r) for orbital angular momentum transfer 1 were relat-
ed to the derivative of the optical potential U(r) by
ft(r)=pt(dUIdR). Optical potentials for protons and
neutrons were chosen according to Becchetti and Green-
lees. ' The shape of the angular distributions could be
reproduced by assuming the same value Pt ——P for all
considered orbital angular momentum transfers l from 0
to 10. The solid curves in Figs. 14 and 15 were obtained
with parameters p (p=0.90 for ""Ag and p=0.56 for
""In) adjusted so as to reproduce the highest energy
group centered at 11 MeV, where the Hauser-Feshbach
contribution is negligible. The dashed curves are nor-
malized to the data of the two groups with lower proton
energy in order to illustrate that the shapes of the angu-
lar distributions are reasonably well reproduced though
the absolute cross sections are by far too small. We ob-
tained very similar results when using for the protons
the optical potential by Menet et al. ' instead of that by
Becchetti and Greenlees. '

Thus the results of this comparison for ""Ag(n~p)
and ""In(n,xp) show similar features as for Nb(n, xp)
a fair reproduction of the shape of the angular distribu-
tions but difficulties in reproducing absolute cross sec-
tions for different emission energies with one set of mod-
el parameters.
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