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Differential cross sections for the production of proton, deuteron, triton, helium-3, and n
particles from as many as 10 targets (A =12-209) were measured using 29-, 39-, and 62-
MeV incident protons. The particles were detected, with =0.2-MeV [full width at half maxi-
.mum (FWHM)] energy resolution for protons, over a secondary energy range of =2-6 to 62
MeV in a total absorption telescope composed of three solid-state detectors. Representative
results are shown for cross sections differential in energy and angle, as well as for angle-
and energy-integrated cross sections. For incident 60-MeV protons the integral magnitude
of the nonevaporation charged-particle production, is found to be -10 A ~~ mb, Fewer protons
but more complex particles were measured for carbon and oxygen targets than exyected from
an A 3 dependence for either component alone. The continuum cross sections for z =1 par-
ticles at a given angle (mb sr MeV ) are nearly independent of incident energy when mea-
sured with incident protons in the 30- to 60- MeV energy range. Nonevaporation production
of complex particles (A~ 2) is 25-40% of that for protons. The proton spectra have been com-
pared with predictions from the intranuclear cascade model. Differential spectral predictions
compare well with the measured spectra for angles in the range -25-60', and relatively poor
predictions for small and large angles are more favorable when reflection and refraction by
the potential well are included. Evidence is given that predictions for backward angles are
greatly improved by allowing proton scattering from nucleon pairs within the model nucleus,
but the A-dependent underprediction at extreme forward angles is not understood at all. The
calculated angle-integrated spectra reproduce the measured spectral shape but consistently
predict =30% too few nonevaporation protons for targets with A ~ 27.

NUCLEAR RFACTIONS C 60 Al, 5 Fe, 5 Fe, 0¹i, Y ~ Sn 9 Au, ~Bi

(p, p'X), (p, dX), (p, tx), (p, HeX), (p, +X), E=62, 39, 29 MeV; semi; mea-
sured 0(E; EI,' E~ EBHe E ), deduced v(E). 2 Ep'~Eq~Et~ESHes En

t
MeV. Comparisons with intranuclear cascade model.

I. INTRODUCTION

In this paper we present the results of an experi-
ment designed to study the energy spectra of sec-
ondary proton, deuteron, triton, helium-3, and
n particles produced by 62-, 39-, and 29-MeV pro-
ton bombardment of targets selected to cover a
broad mass range. Spectra were obtained at many
angles with narrow energy resolution over the
secondary-particle energy range from -2-62 MeV.
The data provide differential cross sections, angle-
integrated spectra, energy-integrated angular dis-
tributions, and integral particle production cross
sections. Since most of the data were taken with
62-MeV incident protons, we emphasize the sys-
tematics of these results and use the data from
lower incident proton energies mainly for com-
parative purposes. No spectroscopic results from
these data are discussed here; however, some
have previously been published. ' '

We use the notation o~ „(E',8), for example, to
represent the doubly differential cross section for
emission of a deuteron into the indicated energy

and solid angle ranges, regardless of what other
particles or photons may be emitted in the same
reaction. Note that JJdI."dQa(E', 8) —= F~crs, where
o~ is the reaction cross section for the incident
protons and Y', is the mean yield or multiplicity
of deuterons. We use the term continuum to de-
scribe the region of the secondary-particle spectra
which lies between the peaks from excitation of low-
lying residual nucleus levels and the low-energy
"evaporation" peak or the Coulomb cutoff.

A. Earlier Measurements

Over the past several years many papers have
described inelastic scattering and pickup reactions
of medium-energy incident protons leading to bound
states of residual nuclei. For incident protons
with S &50 MeV, the bound-state region of the
secondary charged-particle spectra includes only
a small part of the total charged-particle emis-
sion cross section; yet few experiments have been
performed to study the high-excitation regions.
The few earlier continuum measurements have
generally concentrated on the outgoing proton

1045



1046 P. E. BERTRAND AND B. W. PEE LLE

spectrum and have nearly always omitted impor-
tant parts of the energy range of the emitted par-
ticles.

Studies of the proton spectra resulting from
200- to 1000-MeV proton bombardment 7 have gen-
erally shown the presence of a broad peak from
quasifree proton-nucleon scattering. These
spectra have been rather well described by calcu-
lations. "Experiments have also been performed
to study the deuteron continuum from 340-MeV"
and =1-BeV""proton bombardment.

Experimental studies of the inelastic" "and
complex-particle"" " (d, f, ..., etc.) continuum
spectra have been more numerous using 30- to
200-MeV protons. These experiments have gen-
erally covered only a small part of the range of
secondary energy, solid angle, or target mass.
The results from the earlier experiments have led
to proposed reaction mechanisms which are in-
corporated into widely used reaction models and
calculational methods. ~ "~" Our detailed results
support most of the earlier observations, although
we find some differences which have come about
mainly by the lack of complete studies.

B. Models

Proton Inelastic Continuum

A few calculational models have been proposed
which attempt to represent parts or the whole of
the inelastic continuum. Two models are at pre-
sent extenssively used to calculate the entire sec-
ondary inelastic spectra: the preequilibrium
statistical model initially proposed by Griffin" and
the intranuclear cascade (INC) model first pro-
posed by Goldberger" and computerized by
Metropolis et al.32

Recently some comparisons" "have been made
to our experimental results using the preequilibri-
um statistical model. The present preequilibrium
models are confined to angle-integrated spectra
and only the "hybrid'"'" versions provide abso-
lute cross sections. One version of the model in-
cludes an extension to account for complex-particle
emission. "

Kroll and Wall' have attempted to describe the
quasifree scattering processes in significant detail
using a distorted-wave Born-approximation (DWBA)
formalism. While their results give encouraging
a,greement with the data of W'all and Roos" at
160 MeV and of Corley et al.' at =1 BeV, their
calculation deals only with single interactions with-
in the nucleus.

In this paper we present comparisons of our pro-
ton continuum measurements with the intranuclear
cascade (INC) model. While there are presently
three widely used versions of the model, due to

Bertini, "Barashenkov, Gudima, and Toneev, "
and Chen et a/. ,

"we generally present results
from the calculations of Bertini but briefly discuss
some comparisons with the model of Chen. A com-
parison of the results from these three models has
recently been published. " We discuss below some
of the basic tenets of the model.

The cascade model, below the meson-production
threshold energy, assumes that the interaction
with a real nucleus can be replaced by a sequence
of nucleon-nucleon interactions within a model
nucleus. The collisions between the nucleons are
treated as free-particle collisions except for an
approximate exclusion principle, and the scat-
tering kinematics are selected by Monte-Carlo
sampling. The nucleon products from each initial
INC collision are followed in the nucleus and one
or both of the products are allowed to escape di-
rectly [e.g. , (p, p'), (p, 2p)J or collide again. (The
term "quasifree", sometimes "quasielastic", is
used to describe the scattering process in which
a nucleon escapes after one intranuclear collision. )
If one of the initial products is not emitted, a
second collision may occur and the continuation of
this process can result in a "cascade" of nucleons
moving through the nucleus. The importance of
particle emission following secondary INC col-
lisions is demonstrated by the Bertini model pre-
diction that for 62-MeV incident protons only
-60% of the integral proton cascade yield comes
from protons emitted from the initial collision.
For 39-MeV protons initial collision emission ac-
counts for -65% of the integrated proton yield.
The cascade terminates when no more cascade nu-

cleons have energy above a predetermined cutoff
energy since the cascade process does not allow
the excitation energy of a hole or of two particles
to be reshared to give one outgoing particle. The
remaining excitation energy of the nucleus is ther.
assumed to be widely distributed, and the excita-
tion energy is released through an "evaporation"
process.

These cascade models approximate the nucleon
density distribution by a series of annular spherical
regions, with the well depth in each region chosen .

so that degenerate neutron and proton Fermi gases
have the proper densities in each region if the
minimum separation energy is taken for instance
as 7 MeV. In the case of the Bertini calculation,
three spherical regions are used, while the ver-
sion by Chen uses eight regions. Earlier cascade
models employed uniform density distributions
(square potential wells) and yielded markedly in-
ferior results. " Table I lists the well depths and
radii used in the calculations for 62-MeV protons
on ' C, '~Fe, and 2"Bi using the MECCA code of
Bertini.
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TABLE I. Nuclear model parameters for intranuclear cascade calculations with the Bertini
model for three of the target nuclei in this study. The concentric boundaries between the re-
gions of constant density are taken to be the same for neutrons and protons. The potentials
and Fermi-gas densities given correspond to a 7-MeV separation energy for the least bound
nucleons.

Nucleus

Outer radius
of region

(fm)

Proton ~

Density Potential
(1036 cm 3) (MeV)

Neutron ~

Density Potential
(103~ cm 3) (MeV)

12+

54Fe

209Bi

1.31
3.22
4.96

2, 85
4.80
6.55

5.16
7.11
8.86

62.4
31.3
3.60

76.0
41.3
4.63

70.4
39.1
4.36

-38
-27
-12
-43
-31
—13

-41
-30
-12

62.4
31.3
3.60

82.9
44.5
4.98

106.8
59.3
6.62

-38
-27
-12
-45
-32
-13
-52
-37
-14

Potential and density in region between radius edges (e.g. , for C in the region bounded by
0-1.31 fm, the proton potential is -38 MeV).

While the incident or exit nucleon gains or loses
kinetic energy in crossing each potential boundary
within the model, the Bertini version of the INC
provides no change in the particle's direction by
refraction or reQection. In the Chen version
(VPOT =0.5), these defiections are allowed as
computed on a classical basis. Comparisons to
spectra from -50-MeV incident nucleons, such as
that presented here, might be expected to indicate
the importance of refraction and reflection in the
model.

Since the energy resolution in this experiment
was rather narrow, strong peaks induced by in-
elastic scattering to discrete levels dominate the
highest energy portion of the observed spectra at
angles less than -60'. These strongly excited
levels are normally described as collective exci-
tations ("vibrations"), but the INC model cannot
explicitly describe such excitations. The excita-
tions in the INC model are single-particle excita-
tions although the use of a model based on a Fermi
gas prevents reproduction of any level structure.
However, in an average way in which collective
levels are imagined to be decomposed into a con-
tinuum of single-particle excitations, the cascade
model cross section can be thought to represent
the cross section averaged over energy regions
broad compared to the level spacing of the impor-
tant collective excitations. In any case the total
collective strength localized in the bound- state
region of the inelastic spectra is only a few per-
cent of the total cross section for proton emission
for the incident energies studied in this work.

The evaporation calculation used by Bertini to
allow deexcitation of the post-cascade nucleus is

based on a Monte-Carlo computer program by
Dresner" to evaluate the Weisskopf nuclear evap-
oration process" following the techniques of
Dostrovsky, Frankel, and Friedlander. " This
calculation uses inverse cross sections from the
Dostrovsky prescription, rather than those from
the optical model, arid does not recognize or con-
serve arigular momentum. The excitation energy
used in the evayoration calculation is that remain-
ing after the completion of the cascade process.
Thus, if an incorrect amount of energy emission
is predicted for the cascade products (the general
ease at 60 MeV), the evaporation program will
predict the wrong low-energy cross section.

Since it has long been proposed that the INC
model i.s primarily applicable for incident nucleon
energies above =150 MeV, "it seemed of interest
to test the model at energi. es well below its nomi-
nal i ange. . Such a test may be particularly timely
in that the cascadh model is norv being used to cal-
culate the charged- particle and neutron spectra
from pion capture in complex nuclei, and these
calculations directly involve the use of the cascade
model for effective incident nucleon energies
~ 70 MeV. 4'

Complex -Particle Continuum

WhBe the INC model predicts a wide variety of
quantities for incident and exit nucleons and me-
sons, the model at present cannot account for in-
cident or exit complex particles. (Complex par-
ticles are produced in the evaporation portion of
the combined model). It will be shown that even
at 60 MeV, nonevaporation complex-particle pro-
duction is a aignificant fraction of the proton pro-
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digital converters for each event, processed and
written onto magnetic tape by an on-line PDP-8
computer, and later analyzed on the laboratory's
IBM-360 computer and on the PDP-&.

We have published a series of Oak Ridge National
Laboratory reports4"2 which give the (binned) ex-
perimental data and uncertainties in tabulated form
and describe any special corrections required for
data from each of the ten targets. The systematic
uncertainty on the results ranges from 5-10%%uq,

'

this uncertainty should be combined with the sta-
tistical uncertainties shown in most of the plots.
Table II lists the targets studied, the incident
proton energies, the number of angles of obser-
vation, and the report number in which the tabu-
lated data are available.

The data have been corrected to remove in first
order the effects of energy loss of scattered par-
ticles in the target and in the nickel window "dead"
layer covering the germanium detector, penetra-
tion of the edges of the detector collimator, mul-
tiple scattering of secondary protons by the &E
detectors, and nuclear reactions of hydrogen par-
ticles in the germanium detector. The correction
techniques are described in detail in Refs. 4V and
49.

III. RESULTS AND COMPARISONS WITH THE INC MODEL

n particles is found to be systematic in the calcu-
lation used. Since we wish to discuss mainly the
high-energy spectra, these low-energy discrepan-
cies will not be much discussed in this paper.

A. Secondary Protons

Diffeven tial Spectva

Figures 2-6 show the measured and calculated
(p, gp) spectra at several angles from 62-MeV
bombardment of C Al, 54Fe xaoSn, and 2Bj. .

The low-energy region of the spectra from "C,
'~A1, and '4Fe is dominated by the apparent
evaporation peak which is observed to have a near-
ly isotropic intensity. Earlier papers" "reported
that the evaporation contribution to the proton total
inelastic cross section would be small; however,
while this prediction is correct for heavy targets,
Figs. 2-4 demonstrate the importance of evapora-
tion for medium and light targets. For all the
nuclides studied, the high-energy continuum de-
creases rapidly in magnitude with increasing angle;
however, even at the largest angles there is a

ZC

6I.9 MeV PROTON INCIDENT

PROTON SPECTRA

Figure 1 shows the 'H, 'H, 'H, 'He, and 'He
spectra from ~Fe at 60 for 62-MeV incident pro-
tons. These results are examples of the types of
data obtained for each target at each angle of ob-
servation. Due to the small cross sections and
limited data collection time, 'H, 'He, and 'He
spectra generally showed little high-energy struc-
ture.

At energies below the marked high-energy peaks
the spectra become rather smooth and structure-
less except for angles smaller than =35, and
merge for the case of protons and n particles into
a low-energy peak. The d, t, and 'He spectra show
relatively much less low-energy cross section than
the proton and a-particle spectra show.

The calculated proton spectrum in Fig. 1 repro-
duces the measured spectral shape and magnitude
quite well in the continuum region except that the
predicted evaporation cross section is much too
large. The INC model cannot at present provide
complex cascade particles and the predicted com-
plex-particle evaporation spectra fail to match the
observed spectral shape for deuterons, tritons,
and helium-3's. The comparisons shown in Fig.
1 indicate that nuclear evaporation is not the pre-
dominate mechanism in the production of these
complex particles by 60-MeV incident protons.
The predicted low evaporation magnitude for the

10.0

7.50

5.00

E

2.50
75

45

l5 deg

60

FIG. 2. C(p, xp) spectra for incident protons of 61.9
MeV. The measured spectra are shown in bins for en-
ergies below the obvious discrete peaks. The Bertini
intranuclear cascade plus evaporation model calculation
is shown as a histogram with steps broader than those
used for the data. Note that the high-energy peaks at
small angles are often off scale. The uncertainties
shown on the experimental data represent mainly statis-
tical uncertainties and exclude 5-10% systematic uncer-
tainties.
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measurable cross section extending to the maxi-
mum kinematically allowed energy.

At angles less than =35', a broad peak is con-
sistently observed in the continuum with an exci-
tation energy between 19 and 12 MeV for A. =27-209.
Although such a peak is reminiscent of the quasi-
free peak well established for incident energies
above 300 MeV, its excitation energy behavior
rules out such a description. The peak, also
observed with 185-MeV protons" and in recent
(e, e') experiments, "has been interpreted as col-
lective excitation of a giant quadrupole'" or pos-
sibly monopole" resonance. The absence of a
quasifree peak in our data is in agreement with
other measurements with incident protons of less
than 100 MeV ""There is conflicting experi-
mental evidence for quasifree peak observation
in the 160-MeV &7-2o region X

2 tests show that
within the available statistical accuracy and res-
olution, no fine structure is observed in our
continuum data except for the (p, nP) peak in the

54F,
61.7 MeV PROTON INCIDENT
PROTON SPECTRA

20,0

15.0

rn 10.0

E

5.00

15 dgg

27A
I

61.9 MeV PROTON INCIDENT

PROTON SPECTRA

50
+ep 60)

FIG. 4. 54Fe(P, xP) spectra. See Fig. 2 caption. The
calculated low-energy cross section is off scale with
maximum value =29.

10.0-

70 5

15 deg

40-Mev "'Bi data. (See '"Bi report of Ref. 52.)
The accuracy of the INC model in representing

experimental results is found to be strongly de-
pendent on the angle of observation. Comparison
of the calculation to observed differential spectra

120S„
61.9 MeV PROTON INCIDENT

PROTON SPECTRA

2.5 t

0
0 20

60

FIG. 3. 2~A1(p, xp) spectra. See Fig. 2 caption. The
calculated evaporation cross section is off scale with

aximum value =11. For the 15 and 45 spectra the sol-maximum v
id broad-stepped histogram is the cascade calculation o
Bertini and the dashed histogram is the cascade calcula-
tion of Chen et a/. Note that the Chen calculation (using
VPOT =0.5) does not predict the strong quasifree peak
predicted by Bertini but unobserved in the measurement.
The calculated results of Chen et al. do not include any
contribution from evaporation; thus comparisons with
the data should be made only above =15 MeV. The broad
peak in the data at =40 MeV is produced by collective
excitation of the giant quadrupole resonance (see Refs.
3, 53, =nd 54).

" 20 deg

50
~kdI) 60

FIG. 5. Sn(P, xp) spectra. See Fig. 2 caption.
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209 g)
61.7 MeV PROTON INCIDENT
PROTON SPECTRA I

20.0

15.0

10.0

E

5.00
45

'15 deg

~We
I ) 60

50

FIG. 6. ~Bi(P,xP) spectra. See Fig. 2 caption.

represents a stringent test of the model in that
the calculation must properly account for reaction
mechanisms which have strongly different angular
distributions. Model deficiencies often go un-
detected by use of only integral comparisons. In
the angular range from -20-60; in which -75/g of
the calculated integral cross section is located,
relatively good agreement between the measure-
ment and calculation is obtained. However, the
agreement is poor at larger and smaller angles.

For each target the calculated 15' spectrum is
dominated by a strong quasifree peak which is not
observed in the data. As discussed in Sec. I, the
INC model of Bertini does not consider deflection
of the incident or exit particle trajectory, even
though it has been well established that distortion
effects are important in nuclear reactions below
150 MeV. We have tested the importance of this
effect in the INC model by comparing"-our data
with the calculations of Chen et al." The 15 data
from 62-MeV protons on "Al are compared to the
Bertini INC and the Chen INC calculations on Fig.
3. The importance of reflection and/or refraction
in the INC model is demonstrated by the observa-

2.0 I I I I

]
I I I I

f

I I I I

/

I I,l I

]
I I I I
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S I t I
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I I l I
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I I I I

f
I t I I

(

I I I r

]
I I I I

f

I I I I

1.8

1.6

1.4

1 2
Eh

197
AU (p, ~p)

E&= 61.5 MeV

6lab 124 deg

CASCADE CALCULATION
------ CASCADE ( PAIR MODEL )

1.0

Cy

~ 0.8—
b

CU

0.6

0.4

0.2

0 I

0
I I I I I I i I i I I k I l—t-~ ! I I '::'

I I

I
I r I

~ L i. r---
I I I

20 25 50 55 40 45 50 55 60 65
ENERGY (MeV)

FIG. 7. 97Au(p, xp) spectrum at 124 for E& =61.5 MeV. The experimental data are shown as a histogram with 1-MeV-
wide bins, the standard Bertini INC calculations as a wider solid histogram, and the modified nucleon "pair model" as
a dashed histrogram. The calculations did not include evaporation. The calculations did not include transport, "decay, "
or escape of the struck nucleon pair.
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tion that the Chen calculation does not predict a
quasifree peak when reflection and refraction are
included, presumably because of the angle mixing.
A similar comparison is shown for 45' and in this
case the two calculations agree well. For targets
heavier than Al, the Chen calculation with reflec-
tion and refraction badly underestimates the mea-
sured over-all spectral intensity.

Brun et al."using 96- and 156-MeV protons on
heavy targets found poor agreement with their data
using reflection and refraction in the Chen (STEP)
calculation. This observation was based only on
magnitude comparisons since the poor energy
resolution of their measurements prevented de-
tailed high-energy spectral shape comparisons.
While we too find poor agreement in magnitude for
heavy targets, the small-angle spectral shape is
consistently more reliably reproduced using re-
flection and refraction. However, both calcula-
tions badly underestimate the small-angle cross
sections in the 15-40-MeV region of secondary
energy.

For the largest angles of observation the Bertini
calculation predicts that no cascade events occur
(-10~ of reactions for 8~ 125; see Fig. 12), and
the calculated results are entirely from the evap-
oration part of the calculation. The Chen version
with reflection and refraction provides more back-
ward-angle cross section, although still an order

of magnitude too little. This backward-angle pre-
diction is increasingly inconsistent with the mea-
sured spectra for heavier targets. Brun et al. ,"
Dubost et al. ,

'4 and Peelle et al."observed simi-
lar high-energy "tails" at backward angles using
-156-MeV protons. Recent (p, xn) data" at -65
MeV show measurable high-energy neutron cross
section at backward angles, again inconsistent
with the INC prediction.

The INC model assumes that all interactions take
place between "free" nucleons. Since the existence
of strongly correlated pairs of nucleons within the
nucleus has been inferred experimentally" by the
observation of knockout of quasifree deuterons
from complex nuclei, the use of different scatter-
ing kinematics within the INC model could repre-
sent scattering of nucleons by nucleon pairs. With
Bertini, "we have compared in Fig. 7 a prelimi-
nary nucleon-pair calculation with our results for
"'Au(p, xp) at 62 MeV for 124 . The good agree-
ment shown is fortuitous since the assumption that
all collisions occur with nucleon pairs is unreal-
istic. Further, the same calculation does not give
as good agreement at smaller angles as does the
standard version. In order to account for the back-
ward neutrons by collisions with nucleon pairs, it
would be necessary to appeal to charge-exchange
interactions.

Figures 8 and 9 show the differential spectra at

54F,
38.7 MeV I'ROTON INCIDENT

PROTON SPECTRA

(,

54F

28.8 MeV PROTON INCIDENT

PROTON SPECTRA

20
20

15

15

10

E,

20 deg
15 deg

5

0
0

'&eI,) 20
"(y

eV) 30

FIG. 8. 54Fe(p, xp) spectra for incident proton energy
of 38.7 MeV. See Fig. 2 caption. Note that the calculat-
ed evaporation peak is off scale with a maximum value
of =30.

FIG. 9. 54Fe(p, xp) spectra for E&
——28.8 MeV. See

Fig. 2 caption. Note that the calculated evaporation peak
is off scale with a maximum value of =30.
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several angles for secondary protons from ~Fe
bombarded by 38.7- and 28.8-MeV protons, re-
spectively. The trends of the data at lower bom-
barding energies are found to be similar to those
at 62 MeV. The cross section in the continuum
for ~Fe at a given angle for the three incident
energies remains approximately constant over this
energy range. The same is true for comparisons
for other targets and secondary particles. The
conclusion that the inelastic continuum cross sec-
tion is a very slowly varying function of projectile
energy is supported by the observation that for
160-MeV incident protons, ""thy average con-
tinuum cross section per MeV in the 20-40' angle
range decreases only 20-30% from our 60-MeV
cross sections. Since the reaction cross section
does not change greatly between 60 and 160 MeV,
the yield of cascade protons must increase for
higher energies to account for the larger integral
proton cross section.

The angular behavior and quality of comparisons
with the calculated cascade spectra for the lower

incident energies is found to be similar to that
noted at 62 MeV, except that the predicted cross
section at small angles is now almost completely
dominated by the quasifree peak.

Figures 10 and 11 show the experimental angle-
integrated spectra compared with the intranuclear
cascade plus evaporation model for 62- and 39-MeV
incident protons, respectively. Our comments re-
fer to that part of the spectra above 20 MeV. The
calculation in all cases reproduces the measured
integral spectra reasonably well with the largest
disagreement for Sn and Bi. There is at most
1-2 MeV difference between measured and calcu-
lated average spectral ener gies. The calculated
intensity is low for heavy and medium mass tar-
gets while in good agreement with the results for
light targets.

Angular Distribution

The E &20-MeV proton angular distributions
from five targets are compared with the prediction
of the Bertini INC model on Fig. 12. We assume

20 -'''
I

.
I

. I. . I I I I I I I' I I 0 r~rwi ~ ~ ~ ~ ~ ~ ~rr~wwTr nqrrrrg~n rI r r rg reer Ir r r Irr rrI r~ re

24

12
I

I

6 .—

I

120s

+..—.,

0
40

~ b2

E

~~ 24

Iz 16

0 ' I

.'u iL rLu L ' ~ ~ ~ ~ I ~ ~ ~ J D~J.~LuiLrr r I~~L'~
20 ~l'''Tl ~ I

I''''I''''I T I I ~ T

II j
16:—

12:—

8I- +

r

4 "-
r j I'''

0 '~ rJrrlrrrlrll LrlrlruaL XIII r.rl r.ll I I . rII rrrl IB
0 10 20 50 40 50 60

PROTON ENERGY (MeV)

18 .X

12

ANGLE INTEGRATED PROTON SPECTRA

62- MeV PROTONS INCIDENT

—DATA
---CASCADE + EVAPORATION

: J';',
0 J ' ' ' I ' ' ' ' ll r rrLuJ~r ~ ~ ~ I ~ I ~ ~ I I xu I ruxL x JALu

$0 -''''I''''$''''I'~™1 ''I''''I''''I'~~ ''I' T—"I'"q
I:

8~ '.-

27
Al

'I

t

+ H

0 I'r u air u JauuLu JrurLu rlrxuLr r r rL~alr rr~ Lri ~ I r» r I i Luj

0 10 20 30 40 50 60
PROTON ENERGY (MeV)

FIG. 10. Mea, sured and calculated (Bertini INC model) angle-integrated laboratory proton spectra from 62-MeV pro-
tons on C, YA1, 4Fe, Sn, and 9Bi. The spectra exclude elastic scattering. Note that the calculated low-energy
spectra for 4Fe, ~A1, and C are off scale with maximums at =365, =138, and =65, respectively. The measured low-
energy spectra for Fe and YA1 have been plotted on reduced scale as shown. The calculations for Bi and Sn reflect the
choice of Coulomb thresholds applied in the cascade calculation.
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that the Dostrovsky evaporation theory describes
the shape of the low-energy spectrum; therefore,
the 20-MeV cutoff ensures that no evaporation
contribution to the data or calculation is included.
The angular distributions follow the trends ob-
served in the differential spectra, showing strong
forward peaking with a more constant cross sec-
tion at backward angles. Note that the measured
small-angle increase in cross section becomes
greater as the target mass increases, a trend
not followed by the INC calculation. Similarly
shaped angular distributions have been obtained
at other incident energies"'"' utilizing more
limited ranges of secondary energy and angle of
observation.

These results show that a "smearing out" of the
predicted quasifree peak would not provide enough
cross section at small angles to agree with experi-
ment. The rapid rise in the measured small-angle
continuum cross section, which is increasingly
important for large A, is a primary qualitative
result which begs theoretical description. Very

considerable experimental efforts were expended
to assure that the small-angle spectra are not
compromised by spurious events. This behavior
has proved quite important in the correction of
experimental reaction cross-section data. "

B. Production of Complex Secondary Particles

Figures 13-17 show several examples of the com-
plex-particle differential spectra. For each par-
ticle type the cross sections exhibit a strongly
forward-peaked high-energy continuum region.
The spectra in the case of the "Fe(p, xu) results,
while showing a distinct high-energy cross sec-
tion, are dominated by a nearly isotropic low-
energy peak from evaporation and/or higher-order
preequilibrium emission (see Ref. 35). Except
possibly for the (p, xn) spectra from light and
medium mass targets, the whole of our data for
production of d, t, 'He, and 4He shows that the
evaporation mechanism is unimportant at this
incident energy. Gadioli et al."in a recent
analysis of the '09Bi(p, n) reaction at 30, 35, 40,
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FIG. 11. Measured and calculated (Bertini INC model) angle-integrated laboratory proton spectra from 39-MeV pro-
tons on C, 4Fe, and 9Bi. The spectra exclude elastic scattering. The calculated low-energy spectra for C and ' Fe
are off scale with maximum at 94 and 380, respectively. The measured 54Fe low-energy spectrum has been plotted on a
reduced scale as shown. The prominence of the high-energy peak structure is caused to some extent by the availability
of data from only 5-6 angles to estimate the angle-integrated spectra.
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and 44.5 MeV also find that only =10% of the inte-
grated u-particle cross section is accounted for
by "statistical" processes. On the other hand, the
major cascade models presently in use allow
emission of complex particles only through the
evaporation process which yields spectral shapes,
angular distributions, and integral cross sections
completely inconsistent with our measured results.
Thus, in this energy region the cascade plus
evaporation model does not at all represent the
spectral shape or magnitude of the observed
emission of complex particles.

The '~Bi(p, xd) spectra presented on Fig. 13
show the presence of a broad peak at -50 MeV,
-6 MeV of excitation. The peak is observed for
angles smaller than -35 and increases in magni-
tude with decreasing angle of observation more
rapidly than the continuum at higher excitation
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FIG. 17. Measured 9Bi{p,xn) spectra for E& =61.7
MeV. The apparent structure near 37 MeV is introduced
by imperfections in the correction of the data for the 3-
mg/cm2 nickel window which covers the Ge detector.

served enhancement is provided by inner shell
(50-82 shell) neutron pickup. We observed simi-
lar structure in the "OSn(p, xd) spectra. Detailed
analysis of these (p, xd) results will be presented
elsewhere. 4'
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FIG. 18. Angular distributions of charged particles
emitted by 4Fe bombarded by 61.7-MeV protons. The
cross sections at each angle are from the sum of the
spectral intensity over the energy range shown for each
particle type. The proton results exclude elastic scatter-
ing, while the complex-particle results are summed
over the entire measured spectrum.
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The Ag(p, xt) reaction by Dubost et at ."at high-
er incident energies showed a low-energy peak
characterized by a double maximum. Such a dis-
tribution was not observed in any of our triton
data which is typified by the "'Sn(p, xt) spectra in
Fig. 14.

Figure 18 shows the energy-integrated angular
distributions of p, d, t, 'He, and n particles from
"Fe at 62 MeV. The energy cutoffs (shown on the
figure) include nearly all nonelastic particle emis-
sion except for 3He. These results are typical of
those from all targets except that the evaporation
contribution to the cross section for heavy targets
is small. The figure illustrates the smooth be-
havior of the cross section with angle and the
general similarity between the angular distribution
shapes for the various particle types. At angles
less than -90 the angular distributions for all
particle types are similar with strong forward
peaking. When the evaporation process is ob-
served to provide an obvious contribution to the

spectra (e.g. , secondary proton spectra from '4Fe),
the process is reflected in the nearly isotropic
character of the angular distributions for angles
greater than %0'.

The similarity between spectral shapes for the
proton, deuteron, and triton secondaries is demon-
strated OIl Fig. 19 which shows the angle-integrated
spectra for 60-MeV protons on "C, "Fe, and "'Sn
and 39-MeV protons on "Fe. This shape simi-
larity has been previously noted at higher bom-
barding energies. ' '2"' The ratio of intensities
between the 'H, 2H, and 'H spectra is A. -dependent
as discussed in the following section. However,
while some of the data are less comprehensive
than that presented here, the p/d ratio is =10/1
over a very wide energy range (40-850 MeV), """
suggesting a common production mechanism which
begs more thorough theoretical description.

In a recent publication Kalbach-Cline" has
utilized the preequilibrium statistical model to
calculate integral complex-particle spectra and
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has compared the predictions with our measured
spectra. The calculation always provided signifi-
cant high-energy cross sections and often produced
excellent spectral shape agreement with the high-
energy region of the integral spectra. These cal-
culations tend to confirm that a preequilibrium
mechanism is dominant in complex particle
emission for energies studied here.

C. Mass Dependence

The nonevaporation continuum region can be
taken as predominantly representing average nu-
clear properties rather than detailed nuclear
structure if cross sections behave smoothly over
a broad range of mass numbers and are indepen-
dent of small mass number change. Figure 20
shows the -40 (p, xp) spectrum from ~Fe, "Fe,
and "Ni bombarded by 62-MeV protons. While
the high-energy peaks representing level struc-
tures and the low-energy evaporation cross sec-
tions are different for these three cases, the
continuum shapes and magnitudes are the same
within experimental uncertainty.

Figure 21 shows the mass dependence of the

integrated cross section for each particle type
studied. We have plotted cross sections for a
given reaction type [i.e., Q, xd), etc.] over the
same range of excitation energy for each target.
In all cases the cutoff energy was set high enough
to ensure that no evaporation contribution was
made to the integral.

As can be determined from Fig. 21, the sum of
a/A' ' for all particle types for each target studied
yields a rather constant value. Since the pro-
duction of energetic particles is proportional to
the nuclear circumference, these particles are
interpreted as being produced predominantly in
peripheral collisions.

The observed cross sections for protons are
proportional within error to A' ' for A~ 27, while
for the lighter targets there is a decrease in the
number of high-energy protons from what would

be expected from the data trend. The proton re-
sults of Roos and Wall" for the forward hemi-
sphere at 160 MeV show the same mass depen-
dence as shown by our data. The INC calculation
predicts lower proton cross sections and a slightly
different trend with mass for A& 27, but predicts
essentially correct integrated cross sections for
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For A& 27 the deuterons and tritons generally

show an integral cross section proportional to
A'~'. The ratio g/A'~' for n particles integrated
over the indicated excitation energy region is founo
to be a strong function of target mass.

The 'He cross section decreases strongly over

the entire mass region studied. This decrease,
which is independent of presentation method, is
also evident in terms of the relative helium-3 to
triton strength. For light targets we find more
nonevaporation helium-3's than tritons, while for' 'Bi the helium-3 cross section is an order of
magnitude less than that for the tritons. The de-
crease in the 'He cross section as opposed to the
constant triton cross section may represent the
relative difficulty for removal of two protons from
a very neutron-rich nucleus. Another interesting
comparison of the 'He and 'H production is found
in the "Fe and "Fe integrated cross sections
shown on Fig. 21. The triton cross section from
'4Fe is nearly 50% larger than that from "Fe,
while the inverse is the case for 'He production.

Thus, while the proton and deuteron production
from targets with A& 27 varies smoothly as a
function of mass, the production of triton, helium-
3, and, at least for one case, n particles seems to
be affected by nuclear structure.
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FIG. 21. Dependence of nonevaporation particle cross
section on mass. The ordinate shows the measured
cross sections divided by A while the abscissa is plot-
ted in units of A~~3 for convenience. In order to compare
cross sections for a given particle type over an equiva-
lent energy range for each target, the measured cross
sections were summed over the same excitation energy
range for a given reaction on each target. The integral
was obtained for the center-of-mass system and does
not include elastic proton scattering. The excitation
energy ranges used extend from 0 MeV to: p, 41 MeV;
d, 25 MeV; t, 20 MeV; 3He, 20 MeV; n particle 30 MeV.
The cascade integrals shown are from the Bertini INC
model.

D. Integral Results and Comparisons

Total Integrals

Listed on Table III are the measured yields of
'H, 'H, 'H, 'He, and 'He particles for the three in-
cident proton energies used. The yield is calcu-
lated as the measured particle cross section (in-
tegrated in this case over the entire nonelastic
measured energy range) divided by the total re-
action cross section for the incident channel (o'„).
To provide consistency for all the targets and
energies used, we have chosen to use the v~ val-
ues calculated by the Bertini INC model. " The
integrated cross sections for protons from C, Al,
Ni, and Bi measured with 57-MeV protons by
Nonaka et al ."agree within =10%%uq with our results.
The results of Nonaka are given for exit energies
above =15 MeV.

Since the results in Table III represent the en-
tire energy spectra, in many cases the yields re-
flect the strong isotropic contribution from evap-
oration. For example, we have found that the
angle- integrated nonevaporation spectra of the
neighboring nuclei ' ' Fe are identical in magni-
tude; however the integral yields are 2.0 and 1.3,
respectively.

While the total charged-particle yield per inelas-
tic event is nearly 2 for light and medium mass
targets, the yields drop sharply for heavy targets
as the Coulomb barrier rises. The same decrease
in the importance of charged-particle emission
from heavy nuclei is evident in Table IV where we

show the energy per reaction carried off by 'H, 'H,
'H, 'He, and 'He particles. While the charged par-
ticles from light targets account for 60-V0% of the
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TABLE III. Measured yields of charged particles above the cutoff energies shown. For all cases, except 3H and He,
the cutoff energies are low enough to include essentially all particles emitted by the target. Elastic proton scattering is
excluded. The 0& values shown are those used to compute the yield and were obtained from the intranuclear cascade
calculation (see Ref. 61). Unless otherwise noted, the uncertainty in the yield is 5—10% depending on the target.

Nucleus
Proton

V & COEb
Deuteron

COE b
Triton

V& COE b
Helium-3

y~ COE
o. particle

COE b
~z

(mb)

62 MeV

12c
i8o
27Al

'4Fe
58Fe
89'

"'Sn
"'Au
209B

1.1
1,1
1,3
2.0
1.3
0.89
0.60
0,36
0.37

1.5
2.2
2.4
1.7
3.8
1.9
2.0
3.6
6.0

0.22
0.20
0.17
0.11
0.10
0.079
0.070
0.048
0.051

1.5
2.3
2.4
2.4
4.8
3.0
4.6
4.8
4.7

0.029
0.020
0.017
0.008
0.015
0.012
0.017
0.012
0.015

5.6
5.9
6.2
6.3
5.9
6.4
5.6
6.4
5.8

0.057
0.034
0.021
0.012

0.004
0.002
0.001
0.001

6.2
7.5
6.7
7.3

7.4
13
13
13

0.48
0.25
0.31
0.18

3.2
5.6
2.9
4.9

0.09 7.0
0.047 11
0.018 13
0.017 14

322
386
537
822
846

1125
1349
1799
1876

39 MeV

12(
54Fe

209Bi c

0.79
1.68
0.20

2, 8

1.6
6.0

0.17
0.059
0.041

3.0
3.0
4.7

0.009
0.003
0.010

5.7
6.3
5.7

0.048 13
0,008 12
0.0004 13

0.39 5.5
0.13 4.4
0.008 14

382
918

2022

54Fe 1.4 1.7 0.036 2.5

29 MeV

0.001 0.0004 13 0.099 973

~ Y denotes yield which is particle production cross section (mb)/reaction cross section (mb).
COE denotes cutoff energy (MeV).
Uncertainty =20% for p, d, t, of; 50% for He.

Nucleus MeV/reaction

12c
18O

2~Al

54Fe
"'Sn
"'Au
209B

12(

"Fe
209Bi

'4Fe

62 MeV

40 MeV

28 MeV

42.5
34.9
34.3
35.7
20.8
14.2
14.8

24.6
18.9
6.3

13.3

TABLE IV. Energy emitted per reaction in connection
with charged-particle emission. The entire H, 2H, and
4He spectra are included. For the light targets, the H

and 3He yields are affected by =7-MeV cutoff energy.
The reaction Q values have been included in the energy
shown, but residual nucleus recoil energies have not
been. Reaction probability was determined with the aid
of Oz values given by the Bertini INC calculation (see
Ref. 61).

available kinetic energy, the same particles emit-
ted from '"Bi account for only =25% of the energy.

A thin target (p, xn) experiment is currently
under final analysis by Wachter et al." Shown in
Table V, along with our charged-particle data,
are preliminary results for the kinetic energy per
reaction carried off by the neutrons from the
27Al(p, kg) reaction at 62 MeV. The low-energy
cutoff for the neutron spectra is 9 MeV, thus ex-
cluding most of the evaporation contribution. It
is seen that altogether -52 MeV out of the avail-
able 62 MeV is accounted for, leaving 10+4 MeV
for low-energy neutrons and residual nucleus ex-
citation and recoil. Also shown is an INC pre-
diction for protons and neutrons. For both par-
ticle types the INC model underestimates the
yield by =25%.

Table VI shows the importance of high-energy
(E&20 MeV) complex particle emission. The pro-
ton yields are normalized to 100 for ease of com-
parison; however, comparisons between targets
should not be made except for cases of neighbor-
ing nuclei. For all cases studied at 60 MeV, the
total complex-particle emission is at least 20% of
that for protons, and for the lightest targets there
are nearly 40% as many high-energy (nonevapora-
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TABLE V. Energy balance for nonelastic reactions of 62-MeV protons on Al. The results
listed under total spectrum include all charged particles above the low-energy cutoffs in
Table III, and the neutrons (see Ref. 57) were measured above a 9-MeV cutoff. The 20-MeV
cutoff energy is sufficiently high to ensure that no evaporation contribution is made to the
measurement or calculation. The reaction Q values have been included in the computations,
but recoil and excitation of the residual nuclei have been excluded. Reaction cross sections
were taken from the Bertini INC calculaiions (see Ref. 61).

Particle

Total spectrum
Measured

(MeV/reaction)

E&20 MeV
Measured

Yield {MeV/reaction)

E&20 MeV
Calculated

Yield (MeV/reaction)

Protons
Deuter ons
Tritons
Helium-3
e particles
Neutrons

25.0
5.7
0.6
0.7
2.3

17.9 (E„&9 MeV)
52.2

0.49
0.08
0.007
0.008
0.02
0.34
0.95

18.4
1.3
0.10
0.16
0.61

13.8
34.4

0.40
0
0
0
0
0.26
0.66

15.2
0
0
0
0

11.2
26.4

tion) complex particles as protons. The high yield
for the case of light targets may relate to the long
discussed possible cluster character of these
nuclei.

Proton Integral Results and INC Predictions

A comparison is made in Table VII between mea-
sured and INC calculated proton yields, average
spectral energies, and energy yields per reaction.
In addition, we show from Wachter" the same
quantities for neutrons from "Al at 64 MeV. The
calculated and measured average energies agree
well. However, as shown by the percent difference

TABLE VI, , Relative yields of H, H, 3H, 3He, and
4He particles for E& 20 MeV. The proton yields are
normalized to 100 to facilitate fractional production
comparisons.

Nucleus 2H 3H 3He

62 MeV

4He 2H+3H+3He+4He

12g

18p
27Al &

'4Fe
"Fe
89@

120S
"'Au
209Bi

12g

54Fe
209Bi

100 23 2.1 3.8
100 22 1.6 2.7
100 16 1 4 1 6
100 12 0.8 1.2
100 13 1.5 (0.7)
100 13 1.6 0.8
100 13 2.3 0.6
100 14 2.7 0.4
100 15 3.5 0.5

40 MeV

100 15 b b
100 10 0.2 0.9
100 25 4 3 0 2

7.7
6.3
4.1
3.8

4.2
3.8
4.8
5.8

10.8
2.6
6.5

36.6
32.6
23 ~ 1
17.8

19.6
19.7
21.9
24.8

25.8
13.7
36

~ The data of Wachter. et al, . (Ref. 57) imply a yield of
67 neutrons (E & 20 MeV) per 100 emitted protons.

"Due to the large negative Q values for these reactions,
no particles of these types were observed with E «20
MeV.

in the last column, the Bertini INC model con-
sistently predicts =30% too few high-energy pro-
tons (and neutrons for the one case analyzed) ex-
cept for the lightest targets. Since the calculated
yields are low, the calculated average energy per
reaction carried off by high-energy protons is
also low. This dearth of cascade energy release
partially explains the excess computed proton
evaporation cross section.

IV. CONCLUSIONS

Nonelastic reactions of 62-MeV protons produce
charged secondary hydrogen and helium particles
of over 20-MeV kinetic energy with a cross sec-
tion of about 105M' ' mb. The production is pro-
portional to the nuclear circumference, so the
particle yield per nonelastic reaction diminishes
with increasing atomic weight. Only a small frac-
tion of the reactions lead to excitation of bound
states through reactions which emit a single par-
ticle. The variation of production cross sections
and energy spectra of protons and deuterons of
these energies is quite smooth with mass number.
For targets heavier than aluminum, energetic
deuterons and tritons have, respectively, about
10 and 1'fq of the secondary proton intensity and
have similar spectra except for the "evaporation"
region; for carbon and oxygen targets the complex-
particle secondaries over 20 MeV amount to 40 and
34/q of the corresponding inelastic proton intensity.
The production of energetic helium particles falls
with A and is not so smooth; thus, the relative
behavior of tritium and 'He particle production
could be interesting for further study.

An equilibrium deexcitation or evaporation pro-
cess seems important for secondary protons and

perhaps n particles from some targets, but gen-
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TABLE VII. Measured and calculated proton yields, average spectral energies, and energy
per reaction for E& 20 MeV. The yields were calculated using the 0& values shown in Table
III. In the last column it is seen that for all but the lightest targets the intranuclear cascade
calculation is deficient in high-energy proton and, at least for the 'Al case, neutron predic-
tion by 25-30%.

Experiment ~ Cascade calculation ~

Yield E MeV/reac Yield E Me V/reac
(Y,„p-Yi~~/Y „p)

(%)

62-MeU protons incident
12C

16O

2zAl

"Al(p, n) d

'4Fe
56Fe
89Y

"'s
9zAu

209Bi

0.47 37.1
0.44 35.8
0.49 37.8
0.34 36.2
0.45 35.9
0.43 37,4
0.35 36.8
0.37 38.5
0.27 38.5
0.23 38.0

17,3
16.0
18.4
13~ 8
16.4
16.2
12.9
14.1
10.5
9.9

0.49
0.47
0.40
0.26
0.33
0.32
0.27
0.23
0.19
0.19

39.2
39.1
38.1
37.3
37.8
38.0
38.1
38.3
38.0
37,4

21.7
18.1
15.2
11.2
12,4
12.1
9.7
8.7
6.8
6.7

—4
—7
18
24
27
26
23
35
30
27

39-MeV protons incident

f2C

'4Fe
209B;

0.23 28.4
0.22 28.9
0.11- 28.2

6.5
6.3
32

0.25 28.0
0.16 28.3
0.096 28.7

7.0
4.5

12.7

9
27
13

E & 20 MeV. The Bertini INC model was used.
E = average proton energy.
The reaction Q values have been included in the energy shown, but residual nucleus re-

coil energies have not been.
Neutron yields as observed by Wachter et ul. (Ref. 57).

erally the observed charged-particle spectra and
angular distributions are quite unrelated to any
prediction which could be derived from an equilib-
rium decay model. The differential cross sec-
tions for all particles are strongly anisotropic.
While the average emerging energy diminishes
greatly with increasing angle, intensity is ob-
served to the highest kinematically allowed energy
for a given nuclear reaction, even at a polar angle
of 160' to the beam. A preequilibrium statistical
model with a few free parameters can deal with
the angle-integrated spectra and the relative in-
tensities of the various secondaries, but no pre-
sent model is known to describe quantitatively the
angular distributions of the secondary complex
particles in the continuum.

For secondary protons the iritranuclear cascade
model does provide detailed predictions of the
observable differential cross sections and is known
to yield the correct reaction cross sections in the
energy region studied. Although the quasifree
scattering peak predicted at small angles by some
forms of the model is not observed, it is assumed
that the underlying process is present but that the
peak is smeared out over energy at a given angle
by distorted wave and other effects in real nuclei.

Even though the de Broglie wavelength criterion
usually given for the validity of the INC model is

poorly met for the work described here, compari-
son with available experiments at higher energies
is not complete enough to assure that agreement of
the model with experimental data is more favorable
than that demonstrated in this paper. The ob-
served nonevaporation secondary proton intensity
from the targets studied with 60-MeV incident
protons is about 30% larger than that predicted by
Bertini except for carbon and oxygen; how'ever,
the prediction is close to observation in the 25 to
50' range. We assume that the decrement of pre-
dicted cascade intensity, which necessarily leads
to excess predicted intensity of evaporation pro-
tons, reflects an intrinsic difficulty of the cas-
cade model, such as the assumption that hole
exeitations always lead to equilibrium decay. The
cascade model always underestimates the intensity
at very large and at very small angles. The for-
mer is taken to be the result of the model's ne-
glect of short-range correlations or clustering
among the bound nucleons. The latter, which
shows a marked A dependence, deserves further
study

The results show that as the incident proton
energy drops from 60 MeV, the observed differ-
ential cross sections smoothly merge toward the
characteristics frequently observed at incident
energies in the 20-MeV range. The chance of
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emission of two fast secondaries becomes small
and there is relatively little secondary energy
range in which to observe continuum behavior
markedly different from that suggested by the
evaporation model. Description of the reactions
in conventional D%'BA or coupled-channel language
becomes increasingly appropriate as the incident
energy is lowered.

The appearance of some broad structure in the
unbound excitation region suggests possible suc-
cess for a fresh description of reactions in this
energy region by representing the first stage of
the reaction process by a combination of collective
interactions of various multipoles.
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