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Cross sections have been measured for the emission of protons, deuterons, and alpha particles for 15-MeV
neutrons on ' ' Fe, "' Ni, ' Cr, and ' 'Cu, as well as on natural iron, nickel, and chromium. A
quadrupole spectrometer served to detect particles with energies as low as 1 MeV. For some of the targets, a
substantial fraction of the charged-particle spectrum is at energies below the Coulomb barrier, Cross sections

and spectra are compared with statistical and pre-equilibrium model predictions.

'NU'C, 'LEAR gEA/T/ONS ~~cr, Cr, ~4~ Fe, Fe ~ t Nj, Nj, + e~cu, (g,p),
(n, d), (n, n), E= 14.8 Mev; measured g (E&, 6), ( E&, 8 ), (Eo, 6), enriched and

natural targets. Hauser- Feshbach analysis, deduced reaction mechanism.

I. INTRODUCTION

Cross sections for the emission of protons,
deuterons, and alpha particles in reactions of neu-
trons near 14MeV are of interest for both basic and
applied nuclear physics. Recent measurements"
of these cross sections for "Al, "Ti, and "Ti
and for "V and 93Nb have illuminated aspects of
the reaction mechanism. In particular, these data
indicated that charged particles with energies be-
low the Coulomb barrier can be emitted with high
probability in the decay of an excited nucleus if
other modes of decay are inhibited. In previous
studies, especially large effects were found in
the proton spectra if the target nucleus has a neu-
tron binding energy that is larger than the proton
binding energy. In this case there are excited
states of the target that cannot decay by neutron
emission but that can emit a low-energy proton.
Since y-ray emission is the only alternative decay
channel, proton decay is usually the preferred
mode even if the available energy is less than the
Coulomb barrier. For example, in "Ti, where
the last neutron is bound more tightly than the
last proton by nearly 3 MeV, , the cross section
for the emission of sub-Coulomb-barrier protons
is more than a third of the total proton-emission
cross section. For "Ti, on the other hand, where
the binding energies are nearly equal, the number
of protons with energies below the Coulomb barrier
is smaller by more than an order of magnitude.

For applied purposes, the measurement of hydro-
gen and helium production is important in assess-
ing radiation damage of materials for fusion reac-
tors, Hydrogen and helium produced in reactions

of 14-MeV neutrons alter the mechanical proper-
ties of materials. This source of radiation dam-
age occurs in addition to the radiation damage
caused by displacements of atoms by neutrons and
the secondary charged particles.

A better understanding of the reaction mechan-
ism will help in predicting the reaction cross sec-
tions for nuclides for which no direct measure-
ments are available. In particular a knowledge of
the charged-particle spectra and angular distri-
butions can serve to check the validity of the cal-
culations, although the total cross sections for
hydrogen and helium production are most impor-
tant for estimating radiation damage effects.

The measurements of charged-particle emis-
sion are related to radiochemical studies in that
complementary reaction products are investigated.
A complicating feature, however, is that, for all
of the targets studied here, several channels are
open for reactions induced by neutrons near 14
MeV. The proton-emission cross section is the
sum of (n, P), (n, njj, and possibly other channels,
depending on the reaction Q value. For alpha-particle
emission, the emission cross section again is a
sum, usually-of the (n, n) and (n, n ) coross sections.
Deuteron emission is simpler, however, since
the large negative Q values effectively limit it to

Q, d) only. Radiochemical data can be used to
identify some of these competing channels, al-
though certain channels such as (n, nP) and (n, d}
lead to the same residual nucleus and therefore
cannot be separated radiochemicall. y.

There are several advantages of the present
method over radiochemical measurements: For
most target nuclides some of the charged-particle-
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FIG. 1. Detection system for charged particles pro-
duced by neutrons. A typical trajectory of a charged
particle from a neutron-induced reaction is shown. The
entire system can be moved parallel to its axis so that
charged particles emitted at different angles with res-
pect to the incident neutron direction can be observed.
Position A of the neutron source relative to the target
foi. l corresponds to a reaction angle less than 90' and
position B to an angle greater than 90'.

metric methods. "Helium accumulation measure-
ments yield energy and angle-integrated helium-
production cross sections. In contrast to the
radiochemical measurements, there is no re-
quirement that the final nucleus reached by alpha
decay be unstable, and natural isotopic mixtures
or compounds may be studied. As in the case of
radiochemical measurements, however, the direct
determination of helium production does not give
information on the energy or angular distribution
of the alpha particles. Mass spectrometric meth-
ods have not yet been used to determine hydrogen
produc tion.

The nuclides studied in the present experiments
are separated isotopes of Cr, Fe, Ni, and Cu, as
well as natural Cr, Fe, and Ni. The choice of
targets was influenced by. their use in structural
materials, especially in stainless steel. In addi-
tion, the target nuclides differ little in atomic
mass, a fact that aids in the study of the reaction
mechanism.

emission channels lead to nuclides that are stable
and hence are not accessible to radiochemical
measurements. In addition, the radiochemical
measurements do not yield cross sections as a
function of outgoing energy or angle, information
that, in addition to its usefulness in estimating
nuclear recoil energies in the lattice, is valuable
in testing nuclear models. Furthermore, some
reaction channels that cannot be separated radio-
chemically Ifor instance (n, d) and (n, nP)] can be
studied separately if the charged particles are
detected.

The present alpha-particle measurements are re-
lated also to helium accumulation measurements
in which the quantity of helium produced by neu-
tron bombardment is determined by mass spectro-

II. EXPERIMENTAL PROCEDURE

- The charged-particle-emission cross sections
were measured by detecting the protons, deuterons
and alpha particles with a magnetic quadrupole spec-
trometer (Fig. 1).' This spectrometer consisted of
a magnetic quadrupole triplet lens to transport
the charged particles, and 5E —E silicon surface
barrier detectors to identify the particle type and
to determine the particle energy.

The magnetic lenses focused the charged particles
from their point of origin in the thin target foil
onto the detectors 2.65 m away. This large dis-
tance, as well as shielding between the source
and the detectors, reduced background counts
and radiation damage in the detectors. In pre-

TABLE I. Target foils and composition.

Target
foil

Thickness
(mg/cm2)

Principal
isotopic constituents

A(%)
5-MeV
proton

5-MeV
alpha particle

Energy loss in
half thickness of foil

(MeV)

50gr
52' r

Cr
54Fe
58Fe

Fe
58¹i
60gi

Ni
83gu
85( u

3.5
2.1
2.3-

5.0
5.0
2.9
4.8
4.0
5.7
3.9
4.0

50(95.9),52 (3.8)
52(99.9)
50 (4.3), 52 (83.8), 53 (9.5), 54(2.4)
54(96.8), 56{3.0)
56(99.9)
54(5.8), 56 (91.7), 57 (2.2)
58 (99.9)
60(99.8)
58 (67.8),60{26.2),61(1.2), 62 (3.7), 64(1.1)
63(99.9)
65(99.7)

0.08
0.05
0.05
0.12
0.12
0.07
0.11
0.10
0.13
0.08
0.09

0.8
0.5
0.5
1.3
1.3
0.8
1.2
1.0
1.5
0.9
0.9
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TABLE II. Geometry and mean neutron energy.

Angle between the
incident neutron and the
emitted charged particle

(deg)

Angle between the
incident deuteron and
the emitted neutron

(deg)

Source-to-target
distance

(cm)

Mean neutron energy
and estimated half-

width at half-maximum
yeeV)

90

104

68
60
45

10.8
8.0
7.1
5;4

5.0

7.1

14.4 + 0.2
14.5 + 0.3
14.7 ~ 0.4
15 0 "2-0.4

15y2 0

15 0"'-0.4

14.7 + 0.4

vious work"' a magnetic quadrupole doublet lens
was used. The triplet employed in the present
experiment has better focusing properties.

The solid state counters were two silicon sur-
face barrier detectors, 15 p. m and 1500 p, m

thick, spaced 19 mm apart. These detectors had
areas of 50 mm'. Tantalum diaphragms decreased
the effective areas to 38 mm' to reduce edge ef-
fects. The transmission detector could stop 0.9-
MeV protons or 3.5-MeV alpha particles. The mea-
sured energy loss in the transmission detector
served to identify the particles.

Neutrons from the d+'H reaction were generated
by bombarding a rotating titanium tritide target'
with 400-keV deuterons. The generator was usual-
ly operated at a source strength of 3 x 10"n/s.
Although neutrons emitted at 90 with respect to
the incident deuterons have the energy of greatest
interest to the fusion reactor application (14.1
MeV), the geometry Of the rotating target preclu-
ded the use of these neutrons. Instead, the neutron
production angle varied from 0' to 75 .

The neutrons produce the observed charged
particles in thin, circular, self-supporting target
foils. The foils used in the present measurements
are listed in Table I. They were 2.5 cm in diame-
ter. A diaphragm reduced the effective diameter
to 2 cm to avoid contaminants from the foil holders.

One would ordinarily measure the angular dis-
tribution of the emitted charged particles by moving
the detector around the foil. The size of the mag-
netic transport system and the neutron source con-
figuration made such a procedure difficult. Dif-
ferent reaction angles were obtained instead by
moving the transport system along its axis as
shown in Fig. 1. This procedure has the disad-
vantage that the neutron energy varies with reaction
angle. Table II gives the center of source to cen-
ter of foil distances and the mean neutron energy
for the reaction angles studied.

The central reaction angle was known to +1.5'

E (MeV)
10

I

15

FIG. 2. Measured transmissions of protons for nine
magnet current settings. The transmissions are ex-
pressed as effective solid angles for accepting protons
emitted from the target foil.

at the most forward angle and to +3' at the 90'
reaction angle. The angular range sampled at each
position is a complicated function of the particle
energy and the magnetic lens settings. The target
foil subtended+3' to +5' about the central angle.
The angular acceptance of the spectrometer in-
creased the angular range sampled to an estimated
~v'.

The mean neutron energy varied as a function of
angle from 14.4 to 15.1 MeV. This variation in-
troduced some uncertainty in the interpretation of
the data in cases where the cross section varies
rapidly with neutron energy, such as in the reac-
tion "Ni(n, p)58Co. In general, the proton-emission
cross section, which includes (n, p) +(n, nP) + ~ ~ . ,
would be expected to change less rapidly with
energy than the individual (n, p) cross section for
a particular nuclide.

The magnetic lens transport system permits
charged particles within a band of momenta to
reach the detector. Nine different settings of the
currents through the magnet coils were required
to cover the entire spectru'm of emitted charged



particles. The transmission band of the system
was measured for protons by observing the con-
tinuous spectrum of protons emitted from a thick
polyethylene radiator. For each current setting
the energy distribution of the protons was observed
at the detector. This distribution was divided by
the known energy distribution of the protons from
the radiator. The measured transmission takes
into account the efficiency of the detector system
which is less than one for the most energetic
protons, because these protons produce such a
small signal in the transmission detector that they
may be missed. For deuterons and alpha particles,
however, the detector efficiency is nearly 100%.
Figure 2 shows examples of such measurements.
The transmissions are expressed as effective
solid angles for the acceptance of protons from the
radiator. The transmission bands for deuterons
and alpha particles were determined with a thick
CD, radiator. At a given magnet setting the system
transports protons and alpha particles of the same
energy and deuterons of half this energy. Thus,
the transmission function for deuterons was shifted
by a factor of 2 in energy for use in evaluating alpha-
particle cross sections. -This procedure for deter-
mining the transmission functions experimentally
normalizes. the cross sections to the pg-p and g-d
elastic-scattering cross sections and eliminates
the need for an absolute flux determination.

The data shown in Fig. 3 were taken with the
transmission band centered at 4.2 MeV, and were
accumulated in 16 min. In addition, Fig. 3 shows
the background measured without the foil. A typi-
cal charged-particle spectrum is shown in Fig. 4. -

75—

C

~ 50—

Q.

C

Q
|'-') 25—

0 ~i
'l5 20

I

40

Channel

FIG. 3. Pulse height distributions (taken at 30 ) with
the quadrupole triplet set to focus 4.2-MeV protons.
Dots represent data taken with the 3.0 mg/cm natural
iron foil, crosses data taken without the foil. The solid
line is the transmission function. The error bars repre-
sent the statistical uncertainties only.
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FIG. 4. Proton-emission cross sections at 90' for
the 5.7 mg/cm natural nickel foil. This distribution
was obtained from data taken at nine different magnet
settings. The error bars represent the statistical un-
certainties only.

These data represent the results of nine separate
gradient settings.

III. RESULTS

The differential energy spectra were summed in
500-keg bins and integrated over angle. Differen-
tial cross sections resulting from this integration
are shown in Figs. 5-7. Further summation over
outgoing energy yielded the total emission cross
sections for protons, deuterons, and alpha particles;
these values, as well as the average energies of
the emitted charged particles, are listed. in Table
III.

Calculation of absolute cross sections requires
knowledge of the neutron flux, target foil thick-
ness, and the solid angle of the spectrometer. In
our experimental technique the product of the
spectrometer solid angle and the absolute neutron
flux was determined by measuring a spectrum
from a stopping sample of CH, or CD, . Uncer-
tainties in this product are due to errors in the
stopping power of polyethylene (estimated to be
less than 8%), errors in the cross sections for
elastic scattering of neutrons from hydrogen and
deuterium (10% for n-d including the angular un-
certainty and less than 1% for n-p), and errors
in the ratio of the solid angle of the target rela-
tive to the neutron source for the CH, or CD,
compared to that for the metal foils. This latter
uncertainty is estimated to be 8% and is due to
the uncertainty in the distance between the neu-
tron source and the radiator. Additional contri-
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FIG. 5. Angle-integrated proton-emission cross sections for reactions induced by 14.8-MeV neutrons on targets of
Cr, 5 Cr, Fe, Fe, 5 Ni, Ni, 6 Cu, and 6 Cu. The horizontal bars denote the experimental values averaged in

500-keV bins. Typical errors in the cross sections are shown. The multistage Hauser-Feshbach calculation is repre-
sented by a solid line. A dashed line indicates the calculated contribution from protons emitted by the first compound
nucleus in the region where (n, np) and (n, 2p) are also energetically allowed. .

butions to the cross section uncertainty come from
target foil thickness errors (2.5%) and the com-
bined effect of statistics and the uncertainty in ob-
taining a total cross section from a LegenHre-
polynomial fit to the cross section at a limited
number of angles. The combined contribution of
the latter two factors is typically 7% for proton
and alpha-particle cross sections and 15%for deu-
teron cross sections. These errors were combined
in quadrature. An additional 4% error was included
for the alpha-particle cross sections because of the
possibility that multiple scattering in the EE de-
tector might not be exactly equal for alphas of
energy F. and deuterons of energy F.!2, thus in-
creasing the uncertainty in the use of deuteron

transmission functions for alpha particles. .The com-
bined errors were 11-15%for protons, 15-20%
for alpha particles, and 20-30% for deuterons.

Energy spectra were corrected for energy loss
in the target foil by assuming that all reactions
took place in the central plane of the target foil.
This assumption causes no difficulty for high
charged-particle energies where the correction is
small. At the lowest charged-particle energies,
however, the spectrum is somewhat distorted.
The energy-integrated cross section would not be
affected by this uncertainty.

Cross sections presented in Figs. 5-7 are all
in the laboratory system. Because the target
nuclei have large masses, the angle-integrated
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Flo. 6. Same as Fig. 5 for alpha-particle emission. The dashed line denotes the contribution from alpha particles
emitted from the Qrst compound nucleus.

differential energy spectrum in the center-of-mass
system should be quite similar to the laboratory-
system results presented here. Conversion of
these results to the center of mass is complicated
by the contributions from reactions that result in
a three-particle final state.

Although cross sections were measured only at
a few angles, they show systematic variations
with angle as illustrated for "Cr in Pig. . a. This
figure shows the variation of the ratios of the
cross sections for proton, deuteron, and alpha-
particle emission, to that at 30' for 1-MeV energy
bands of the emitted particles. The distributions

for 3-MeV protons and 8-MeV alpha particles ar e iso-
tropic within the uncertainty of the measurement,
while the distributions for 10-MeV protons and
12-MeV alpha particles, as well as for deuterons,
are strongj. y forward peaked. This suggests that
the most energetic protons an& alpha particles and
the deuterons are produced in direct or pre-equi-
librium processes.

Numerical values of the charged-particle-emis-
sion cross sections and spectra for the different
emission angles are available from the National
Nuclear Data Center, Brookhaven National Labor-
atory, Upton, N. Y. 11973.
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FIG. 7. Angle-integrated deuteron-emission cross sections for reactions induced by 14.8-Mev neutrons on targets
of Cr, Cr, Fe, Fe, ¹ Ni, Cu, and Cu.

IV. COMPARISON VfITH PREVIOUS MEASUREMENTS

Cross sections obtained in the present measure-
ments may be compared with previous spectral
measurements, direct helium-production deter-
minations, and radiochemical data.

Table III lists the cross sections determined in
the present experiment. Also shown for compari-
son are measurements by I'arrar et aL' of the
helium-production cross sections for 15-MeV

neutrons incident on natural iron, nickel, and
copper. These measurements should be compar-
able to ours, since in both. measurements the
emission of alpha particles. is observed regardless of
the emission of other particles. A similar mea-
surement for Cu by Holt et al. ' is also given in
Table III. The present data and those in Refs. 3
and 4 agree within errors, although the cross
sections of Ref. 3 are slightly larger.

Measurements of proton- or deuteron-emission
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TA]3LE III. Proton, deuteron, and alpha-particle-emission cross sections and average charged-particle energy.

Particle
emitted

Present
data

Cross section (mb)
Gther

measurements Ref.

Spectrum-averaged
charged-particle energy

(MeV)

50( r
50cr
50Cr
52Cr
52Cr
52Cr

Cr
Cr
Cr

54Fe
54Fe
54pe
56pe
56pe
56pe

pe
pe
Fe

58Ni
58N.

58Ni¹i
60Ni
60'.¹i¹i¹i
63Cu

63Cu
'3Cu
65Cu

"Cu
65Cu

Cu
Cu
Cu

p
d

p
d

p
d

p
d

p

p
d

p

p
d

p

p

p

p
d

830 + 100
12+ 4
94+ 15

180 + 25
.8~ 3

36+ 6
180 + 25
10+ 3
38+ 6

900 + 110
10+ 4
79+ 13

190 + 22
8+ 3

41+ 7
230 + 30

43+ 7
1000 + 120

14+ 6
106~ 17
325 + 40
11+ 4
76+ 12

79Q + 100
13~ 5
97 + 16

320 + 45
9+ 4

56~ 30
44+ 5
10+ 4
13+ 3

237+ 28'
10~ 4'
42+ 7

600

121

48 +3
773,830, 422

25

185

98 ~6
257

51y3, 54g5

3
8, 9,10

9

3,4

4,5 + 0.2-

5.6+ 0.6
8.4 + 0.3
4.7 + 0.2
4.9 ~ 0.7
8.4 ~ 0.4
4.7 ~ 0.2
5.7 + 0.7
8.6 + 0.4
4.8 + 0.2
5.6 + 0.6
8.7+ 0.4
5.1 + 0.2
5.5+ 0.7
8.8 + 0.6
5.0 + 0.2
5.4 + 0.8
8.8 + 0.4
5.1 + 0.2
6.5 + 0.7
9.5 + 0.3
5.0 + 0.2
6.0 + 0.8
9.0 ~0.3
4.9+ 0.2
6.3 + 0,6
9.2 ~ 0.4
4.4+ 0.2
6.4+ 0.7
8.9 + 0.3
6.2 + 0.3
6.6 + 0.8
9,5 ~ 0.7
5.0 + 0.3
6.5+ 0.8'
9.1 + 0.4~

Inferred from isotopic data.

cross sections through differential energy spectra
have been reported for some of these nuclei by
Allan, ' Glover and Purser, ' and Alvar. " The
cross section measured in Bet'. 9 for the "Ni(n, d)
reaction is larger than the present value, while
the proton-emission cross section for "Ni is
slightly smaller. All of the values of Ref. 8 are
smaller than the present results. This disagree-
ment is probably due to Allan's assumption that
the angular distributions were isotropic (cf. Fig. 8
for a typical angular distribution) and to the ex-
trapolation for protons emitted with energies be-
low 2 MeV. The proton-emission data for "Ni of
Ref. 10 are below the present value, both because
of the 2-MeV cutoff and the omission of angles
beyond 120'.

Comparison of our results with radiochemical
determinations is difficult because, in the radio-
chemical measurements, specific residual nuclides
are observed rather than the light charged parti-
cles. Table IV lists some activation measurements
on targets for which some comparisons can be
made as well as the recommended values listed in
Hefs. 11, 12, and 13. In no case are enough acti-
vation cross sections available to compare all of
the charged-particle cross sections for a specific
target. If the cross sections for (n, 2o.) and (n, o.P)
are assumed to be small, the total alpha-particle-
emission cross section should be approximately
equal to the sum of the (n, o. ) and the (n, no) cross
sections; the values of Ref. 18 for "Cu agree with
our result. For some other targets, data on the
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I I I
TABLE IV. Radiochemical determinations of cross

sections.

Reaction Cross section (mb) Ref.

0.5—

C)
P)

0

1.0—

0.5—

0 I

0 30

Protons

~ 3 MeV

8 8MeV
+10 MeV

Deuterons

II
Alpha particles

~ 8 MeV

+12 MeV

I

60 SO 120 150

Ol, b(deg»

52Cr (n p)52V

54Fe(n, p)54Mn

54Fe(n, e)5~Cr
"Fe(n,P)"Mn

58Nj(n p)58Co

58Ãi(n, np + d)5~Co

58Ni(n o, )55Pe
"Ni(n, o.)5YFe

63Cu(n, p)63Nj
63Cu(n o, )60Co

"Cu(n, P)"Ni

"Cu(n, ~)62Co

"Cu(n, n~)"Co

96
80

290
315

96
99.4

103
98

109
316
330
248
593
750
580
125
110
109
100
118
31
33
29.3
23
16
11
2.9

+ 25
+ 10

6
7
9

+30

+60

8
9

+ 20
2.2

3.2

+ 10
+

8

12
13
11
13
13
11
12
13
14
11
12
15
15
13
16
13
11
12
13
12
17
9

18
12
18
1,2
18

FIG. 8. Variation with angle of the cross sections for
the emission of protons, deuterons, and alpha particles
from the bombardment of Cr with 14.8-MeV neutrons.
The cross sections are normalized to unity at 30 . The
charged particles are measured in 1-MeV bins centered
around the indicated energy.

(n, n) cross sections are available and give a lower
limit for the total alpha-particle-emission cross
section. For "Fe and "Ni, our values are slightly
lower than this limit, but agree with it within the
errors. The "Cu(n, n) cross section listed in
Table IV is less than our measured alpha-particle-
emission cross section, hence the "Cu(n, nn)
cross section is probably appreciable. The shape
of the alpha-particle spectrum near 5 MeV (Fig. 6)
also suggests a (n, nn) contribution.

Similarly, radiochemical determinations of
(n, P) cross sections can give lower limits for the
total proton-emission cross section. For "Cr,
"Fe, "Fe, "Ni, "Ni, and "Cu the radiochemical
values are significantly less than the correspond-
ing proton-emission cross section. This does not
repre sent an inconsistency but r ather serves as
another indication of the importance of the (n, nP)
reaction. Since the (n, np+d) cross section is
available for "Ni, a lower limit of from 828 to
1080 mb [depending on which values are used for

(n, p) and (n, np)] may be deduced for the sum of
proton and deuteron emission from "Ni. Calcula-
tions based on Hauser-Feshbach theory with the
parameters given in the next section predict an

(n, 2p) cross section of 36 mb, so that the total
proton-emission cross section ought to exceed the
lower limit by about 70 mb. Thus, radiochemical
values for the "Ni target agree with the present
measurements within the quoted errors.

In summary, in the eases where comparisons
can be made, the present data are consistent with
data from other types of measurements, such as
radiochemical or helium accumulation experiments.

V. COMPARISON WITH CALCULATIONS

Previous studies" of neutron-induced charged-
particle-producing reactions at 15 MeV in this
mass region have shown that proton and alpha-par-
ticle emission proceeds largely through compound-
nuclear reactions, while (n, d) reactions are
primarily direct. The present measurements are
consistent with this pattern in that the proton and
alpha-particle emission is nearly isotropic and is
quite sensitive to neutron binding energies. Deuter-
on emission, in contrast, is strongly forward
peaked as shown in Fig. 8, and shows much
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FIG. 9. High-energy portions of the proton-emission cross sections shown in Fig. 5 are compared with hybrid-model
calculations (dot-dashed line), multistep Hauser-Feshbach calculations |'dashed line}, and the sum of these two contri-
butions (solid line).

smaller variation from isotope to isotope.
To investigate the question of reaction mechan-

ism in more detail, Hauser-Feshbach calculations
were performed for the separated isotope targets.
Details of the computer code used and the pro-
cedure for determining level-density parameters
have already been published. " Transmission co-
efficients for neutrons, protons, and alpha parti-
cles were obtained from optical model parameters
proposed by Wilmore and Hodgson, "Becchetti
and Qreenlees, "and Huizenga and Igo,"respec-
tively. y-ray transmission coefficients were
taken from the work of Woosley et a/. " As has
been pointed out previously, ' it is important to
use known level schemes for the lowest few MeV
of excitation of the residual nuclide. When they
were known, the lowest fifteen to twenty levels
were used for each residual nuclide and a continu-
um was employed at higher energies.

The spectra calculated under these assumptions
are shown in Figs. 5 and 6. Agreement with the .

data is generally good. The statistical calculations
reproduce all but the highest-energy portions of
the proton and alpha-particle spectra. Multistage
statistical calculations have been found' to des-
cribe the sub-Coulomb-barrier peak observed in
proton-emission spectra if the y-ray channel is
included at the second stage of the reaction. This
conclusion is supported by the present compari-
sons. For the targets "Cr, "Fe, and "Ni, the
low-energy peaks contain about 40% of the total
proton production cross section. The substantial
cross section in this energy region underscores the
need for measuring charged particles of low energy

to determine the total charged-particle-emission
cross sections.

In addition, the even-A targets show larger con-
tributions from (n, nP) reactions than the odd-A
targets, even when the binding energy differences
between protons and neutrons are similar; this
conclusion is consistent with the results reported
in Ref. 2 and is due primarily to the paucity of
low-lying states in the even-even final nuclides
reached by the (n, nP) reaction on odd-Z-odd-A
targets.

The number of alpha particles tend to be somewhat
larger at low energies than the predictions. Some
of this difference may be due to the treatment of
the experimental data: The low-energy portion of
the experimental alpha-particle spectrum is smeared
out because the measurements are corrected for
energy loss in the target in a simplified fashion
and because the data are in the laboratory system
while the calculations are in the center-of-mass
system. The fact that the summed measured
cross sections in this region are larger than the
calculated cross sections, however, may imply
that the use of a global prescription for the y-ray
transmission coefficients is not correct for some
nuclides in calculating (n, nn) cross sections. The
proton data have a similar tendency to be larger
than the calculations for small emission energies,
but in this case the differences are smaller and
may again be due to the energy loss and center-
of-mass-to-laboratory corrections. Further in-
vestigations will be necessary to determine whether
these differences are significant and whether
changes in the multistep Hauser-Feshbach calcula-
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tions are required.
The proton-emission spectra were also compared

with the predictions of the hybrid model'4 for pre-
equilibrium reactions. Addition of this component
significantly improves the agreement of the calcu-
lated with the experimental spectrum in the region
of highest proton energy (Fig. 9j. In each case the
predicted pre-equilibrium decay is about 12% of
the total reaction cross section. Roughly 40% of
this pre-equilibrium decay takes place by proton
emission, with the remainder by neutron emission.

The cross section for proton emission from pre-
equilibrium states varies less rapidly with the
relative neutron and proton binding energies than
does the corresponding cross section for equilibri-
um processes. This difference is due to the fact
that the total width of an equilibrium state is due
to particle and y decay, while the largest part of

the width of a pre-equilibrium state is due to decay
to more complicated states. Thus, changes in the
number of final states in the residual nucleus
reached by neutron emission affect the pre-equil-
ibrium cross section less than the equilibrium
cross section. Because the branching ratio for
proton decay from equilibriuin states in neutron-
rich targets is small, the pre-equilibria'm com-
ponent in the proton-emission cross section is
more' important than the small pre-equilibrium de-
cay fraction would suggest. For all targets in-
cluded in the present study, however, equilibrium
reactions still produce more than half of the pro-
tons observed.
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