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Production cross sections of various final nuclei have been determined using the in-beam gamma rays
produced during the 80, 100, 136, and 164 MeV proton bombardment of Ni, Ni, Ni, and 'Ni targets.
From the systematics of these cross sections it is concluded that (a) typically, 1-2 nucleons are emitted in
the fast pre-equilibrium phase leaving a few nuclei excited over a broad range of excitation energy, (b) the
bulk of the final nuclei are produced following nucleon evaporation from the excited nuclear residues of the
pre-equilibrium phase, (c) the fraction of the incident energy dissipated through fast emission increases from
about 1/2 to 2/3 over the above energy range, (d) the average excitation energy of the nuclear residues of
the pre-equilibrium phase is estimated to increase by only 10 MeV in going from about 40 to 50 MeV over
the above energy range, and (e) no evidence is found for significantly preferred removal of alpha particles
from the target nucleus. Detailed comparisons of the observed cross sections are made with the cascade and
hybrid models. The cascade model yields better overall agreement with the measured results. A hybrid
model which includes both multiple pre-equilibrium emission, and geometric surface effects is needed if it is
to be equally eA'ective,

NUCLEAR REACTIONS 5 ' '8 '@Ni(P, xy), E&=80, 100, 136, and 164 MeV;
measured E„,&r„, o production various final nuclei; resuLts compared with cas-

cade and hybrid exciton models including evaporation.

I. INTRODUCTION

His.torically, the mechanisms of nuclear reac-
tions have been categorized in terms of (1) the di-
rect processes, which occur on a time scale on the
order of the time it takes the projectile to pass
through the nucleus, and (2) the compound nuclear
processes, which occur on a time scale many or-
ders of magnitude greater than the direct process-
es and corresporid to complete absorption of the
projectile by the target from which a statistical. de-
cay (compound nucleus evaporation) of the system
in equilibrium is assumed to ensue. The former
is characterized, in particle emission spectra, by
peaks near the beam energy corresponding to dis-
crete and continuum states of the residual nucleus,
and the latter by a broad hump at low energy, the
shape and position of which can be described quite
wel. l by the statistical models. At the projectile
energies greater than a few times the nuclear bind-
ing energies in the nucleus a third mechanism is
recognized to play a significant role, namely that
of "precompound" or "pre-equilibrium" emission.
This is envisioned to correspond to a cascade of
quasielastic nucleon-nucleon interactions in the
nucleus and occurs on a time scale between those
for direct and compound reactions as the projectile
plus target nuclear system tends toward equilibrium.

Semiclassical models have been developed which

embody few of the details of nuclear structure but
employ more general properties of the interacting
entities such as the mean free path of nucleons in
nuclear matter derived from the free nucleon-nu-
cleon scattering cross section suitably corrected
for various effects, densities of particle-hole
states at varying excitation, effects of the nuclear
surface and emission rates of nucleons from a
highly excited nuclear system. To some degree the
existing and developing models can be categorized
as "statistical" or "cascade. '* The former extends
the statistical theory for compound nucleus emis-
sion to nonequilibrium systems and the latter con-
siders successive intranuclear nucleon-nucleon
collisions which produce a cascade of particles,
using free nucleon-nucleon scattering cross sec-
tions modified to the nuclear environment. The
calculated results obtained from each of these mod-
els are compared w'ith experimentally observed
quantities in this work to determine which, if any,
of the models give a better description of reality
and to find directions in which the models should be
extended to bring them in accord with the observa-
tions.

The measurements presented here pertain to the
determination of the production cross sections for
residual final nuclei after targets of medium mass
elements were bombarded by 80-164 MeV protons
using the inclusive in-beam y rays detected with
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high resolution. These measurements are the first
of a continuing program to decipher the broad fea-
tures of the reaction mechanisms of proton-nucleus
interactions in the 80 to 200 MeV proton energy do-
main. A preliminary report embodying the system-
atic trends of the observed cross sections and their
implications has been published. ' Complementary
measurements of the recoil ranges of the residual
nuclei of the y-ray multiplicities of the residual
nuclei3 and of the differential cross sections of the
charged particles have been completed and shall
be published elsewhere.

It is appropriate to list here some of the motiva-
tions which led to the initiation of this experiment-
al program. Earlier measurements of this type,
primarily with proton and pion beams, reported
enhanced production of residual nuclei which were
an integral number of alpha particles removed
from the target, thus focusing interest on the role
of direct multiple alpha knockout in the reaction
process. Furthermore, previously reported pro-
duction cross sections at 100 MeV' with ' Ni were
systematically lower by a factor. of 2 with respect
to those reported at 200 MeV. " This difference
was hard to understand in terms of the expected
energy dependence of the cross sections. Detailed
measurements in the 80-200 MeV energy range
have not only helped to clear some of the above
discrepancies' but also have provided systematic
data to test the applicability of the existing models
in detail.

II. EXPERIMENTAL RESULTS

This work was performed at the Indiana Univer-
sity Cyclotron Facility utilizing 80, 100, 136, and
164 MeV proton beams in the low-intensity target
area, especially designed for in-beam y-ray mea-
surements. Beam intensity on the target was typi-
cally 0.5 nA. The transmitted beam was collected
in a well shielded Faraday cup for current integra-
tion. Gamma rays produced produced by the pro-
ton bombardment of isotopically enriched Ni
targets (about 1 mgjcm in thickness) were detect-
ed by a lithium-drifted germanium Ge(Li) crystal
which had an efficiency of 10/o compared to a 7.6
cmx 7.6 cm NaI detector for the 1332 keV line of a

Co source placed at 25 cm. Most measurements
were made with the Ge(Li) at 90, 3 to 5 cm from
the target, with varying thicknesses of lucite ab-
sorber placed between the detector and target to
protect against charged particle damage to the-
crystal. Some measurements were made at 125 to
determine anisotropy corrections to the y-ray
cross sections, for which the detector was moved
back to 12 cm. For each geometry during every
run an efficiency and energy calibration of the

Ge(Li) detector was made by using a, mixed radio-
active source in. the target position. The mixed
source consisted of known amounts of ' 'Cd, "Co,
"~Ce, "3Sn, ' 'Cs, 6 Co, and Y giving calibration
points over an energy range of 88 to 1836 keV.

Overall y-ray energy resolution varied from 2.5
to 3.0 keV full width at half maximum (FWHM) dur-
ing the course of the measurements. The time of
production of y rays relative to the incident beam
burst (about 1 nsec wide) was also determined using
conventional electronics techniques. Efforts were
made to optimize the timing resolution over a large
energy range and an FWHM of 5 nsec for the prompt
peak in the time spectrum for higher energy y rays
(&800 keV} was typically obtained. Nevertheless,
the timing resolution for lower energy y rays grew
progressively worse and was comparable to the
time between the beam bursts (30 nsec} for y rays
lower than 200 keV in energy, which limited the
usefulness of the timing information.

The dead time of the electronics and the data ac-
quisition system was determined by feeding a pul-
ser, triggered by the current integrator, into the
preamplifier of the Ge(Li) detector and by compar-
ing the number of pulser triggers to the total num-
ber of counts in the pulser peak in the Ge(Li) spec-
trum. Dead times averaged about 15/o.

The linear energy and timing signals were digit-
ized and routed to a computer for sorting and stor-
age. Using software conditions three 4096 channel
arrays for the prompt, delayed, and singles spec-
tra and a 256 channel time spectrum were prepar-
ed. Each energy spectrum contained more than one
hundred identifiable peaks which were fitted to
Gaussian shapes by a computer program to extract
peak areas. The latter were used to determine the
production cross sections for each gamma ray aft-
er normalizing for the incident number of protons,
the target thickness, the detection efficiency, and
the dead time. Typically, adequate statistics were
obtained to observe gamma rays produced with
cross sections as low as 2 mb with an accuracy of
about 10/&&. However, major uncertainty in the
measured cross section was introduced by the un-
stripping of two or more overlapping peaks, es-
pecially when it involved one or more weak peaks.
Whenever possible, contribution to the peaks in the
prompt spectrum due to the decay process was de-
termined using the corresponding delayed spec-
trum. However, as mentioned above, the i.n-beam
timing information was often not adequate to allow
an accurate determination of the delayed component
for lower energy y rays. For these recourse had
to be made to off-line activation measurements
which will be described elsewhere.

Systematic uncertainties associated with the ab-
solute cross sections due to charge integration,
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TABLE I. Assignments, energies, and production cross section (and the associated per-
cent errors) of the gamma rays observed in 164 MeV proton bombardment of Ni.

Nucleus
p ray

assigned

Gamma energy
(fitted)

keV

Production
cross sections

mb

Error in
cross sections

Mn
BKD ("F}
58CQ

"Fe
55Mn

"Fe
54 Fe
54Mn
56Cp 60Cp

BKG (i F)
54Mn 48V '6Mn
50V

60Cp

+Mn
60Cp
55Fe 56Mn

"Co

BKD?
48V, "M
5~Cr, 56Mn

"v
58C

"Co
"Ni
BKD ("Ne)
57 Fe
58Cp

53Mn

"Fe
60Cp
54 Fe 55Fe

BKD ("Al)
48V

Cp, Mn
60Co

BKO ("Na)
60Cp 52Mn

57Cp 5 Ni
"Ni
BED (24Ne)

"Fe, "Fe
60CO

0Cu, 6 Ni

annihilation
60Cp

"Fe
"Co, "Co
BKD (22Na)
"Fe
5fVq
48V

50M&?
6~Bi

"Cr, BKD
'4Mn

104.0
110.1
112.1
122.0
125.8
136.5
146.0
156.1
158.4
198.0
211.8
226.6
229.7
238.3
252.8
254.3
273.6
277.1
282.9
295.6
309.1
315.6
320.1
320.8
333.5
339.4
350.7
352.3
365.6
376.8
384.8
389.8
411.7
416.9
427.8
432.9
436.5
439.9
448.0
466.1
467.0
472.2
477.3
482.3
493.4
511.0
555.8
571.1
575.7
584.2
605.0
609.4
627.4
648.9.
656.0
661.8
704.7

1.5
7.3
4,5

35.8
11.1
5.8
0.8

13.3
8.9

39.9
10.3
2.6
4.2
3.6
2.3
0.6
5.7
2.6
4 0
3.3

, 0.6
2.4

. 5.1
7.9
4.9

18.5
10.8
5.1
5.0
3.5
1.5
4.5
6.5

15.7
1.0
4
2.4

17.7
0.6
5.3
4.1
9.1

10.0
3.9
1.3

318.5
1.0
0.5
3.6

20.3
11.6
14.5
0.8
0.5
1.1

22.0
3.8

68
13
20

3
8

15
107

7
10

3
6

24
16
19
36

124
12
27
.16
24

141
33
17
12
20

5
9

16
14
22
50
15
12

62
16
30

121

25
13
13
33
76

1
88

173

6
9
8

144
170

92
5

27



TABLE I. (Continued. )

Nucleus
p ray

assigned

Gamma energy
(fitted)

keV

Production
cross sections

mb

Error in
corss sections

( Al)

52cr
n

'4Fe

Go Co
52Mn

52Cr

"Cr
Gr

60Co
55Fe
"Gr
"Fe
56co

56Co, BKD
"Cr
54M 50'
BKD (2~A1)
56Fe 55Fe
54Mn'?, 57M

Mn
58pe
52Mn

50Mn 4'Ti
"Fe

58Mn

"Fe
52cr
54Go 49C

6~Ni

6~CU

4'Sc &

54Mn, 5 Mn'?
"Ni
58Ni

53cr
"Co
BKD ( 7A])

Ni Co
"Fe
"Co
58co
"Mnr
"Co, "C
58cu q

"Co
62Ni

'4Fe
Ni

5iCr
2N. 60Nl

Ni, Co
"Co
"Fe
"Co
MFe 58( o
58Fe

727.6
731.0
744.3
749.7
782.6
785.S
803.9
808.1
811.3
811.4
826.4
83.0.1
834.9
839.6
843.9
846.9
851.6
858.4
864.3
869.3
879.0
890.7
898.4
909.5
913.2
931.3
935.2
937.0
947.8
970.7
974.7
983.8
991.5
998.5

1004.2
1006.6
1010.5
1014.5
1027.5
1038.1
1044.4
1051.1
1062.1
1099.4
1106.9
1114.4
1129.9
1130.2
1162.4,
1165.6
1173.3
1185.7
1190.4
1205.3
1223.2
1223 7
1238.4
1265.7

1.6
0.6

13.1
4.8
2.6
3.2
0.8
0.8
6.7
8.7

12.8
10.7
20.3
8.0

44.6
146.5

2.7
2.7
0.9

10.6
1.7
3.8
0.6
5.3
3.6
8,2

12.4
9.3
8.0
0.6
7.0

13.3
4.6
2.4
7.4
5.1
6.7

69.6
1.0

14.6
2.0
6.4
5.9
9.6
3.2
2.6
6.4
7.4
3.9
9.2

30.9
2.2
9.3
3.3

10.4
7.2

84.5
2.4

177
8

22
44
35

140
120
16
12
10
11

6
16
3
1

39
42

121
12
70
28

174
25
36
14

9
13
17

206
18
10
34
61
21
27
20

3
130
10
72
24
26
17
38
51
24
20
27
13

4
54
15
54
21
30

2
57
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TABLE I. (Continued. )

Nucleus
p ray

assigned

Gamma energy
(fitted)

keV

Production
cross sections

mb

Error in
cross sections

BKD ( Na)
"Co
60N.

56F
56F 48T.

"Fe
60N 52Cr
59N.

BKD ( Mg)
"Co
54F 55F
59N.

52Cr

Mn
'4Co ~
58Ni

BKD ( K)
"Co
~Cr

59C

"Mn
gi

50T

'4Co

BKD, 52Cr 7
BKD
57C 60N

59N

BKD ( Mg)
57C

1274.7
1291.7
1293.8
1303.8
1312.2
1316.6
1332.8
1337.9
1368.8
1378.2
1408.5
1428.7
1434.3
1441.1
1446.8
1454.3
1460.7
1462.3
1481.0
1481.4
1529.0
1543.0
1553.2
1610.5
1614.1
1633.5
1731.3
1756.9
1778.9
1800.5
1801.4
1808.7
1898.1

33.2
1.1
3.5
6.0

13.7
8.4

50.0
1.5

101.5
6.0

11.2
7.4

27.4
9.2
0.7

13.8
32.2
1.9
2.1
3.2
6.6
0.6
1.4
8.6
1.4

28.7
4.8
0.7

12.2
9.1
0.7

84.6
3.8

4
154
41
23
12
18
4

99
2

31
12
19

15
163
11
4

83
71
51
26

270
123

20
95

8
30

175
13
24

344
4

67

dead time corrections, target thickness, and de-
tection efficiency are estimated to be about 15%.
The corresponding uncertainty for the 80 MeV mea-
surements for 5 Ni and Ni and 100 MeV measure-
ments with a 64Ni target is estimated to be 30/o be-
cause of a bias in charge integration due to an al-
ternating current pick up in the Faraday cup for the
first case and because of poor integration at low
currents (&0.1 nA) employed in the second case.
Relative uncertainties in the cross sections vary
widely and depend not only on the statistics but of-
ten on the accuracy with which overlapping peaks
could be separated and, in a number of cases, on
the precision with which the delayed components
could be subtracted.

Observed gamma rays were assigned to a partic-
ular final nucleus on the basis of the measured en-
ergies and the consistency of relative intensity
patterns with those expected for y-ray transitions
belonging to one or more cascades for that nucleus.

For this purpose a list of gamma rays assigned on
the basis of in-beam measurements to nuclei with
44 &A & 65 and their relative location in their de-
cay schemes was prepared from the recently pub-
lished literature. In Table I are listed the ener-
gies, the production cross sections (including the
percent uncertainties), and the assignment to pos-
sible final nucleus (or nuclei) for each gamma ray
observed in the 164 MeV proton bombardment of

Ni. The contribution of a given gamma ray to
each of the many final nuclei, wherever applicable,
was determined using the observed intensities of
other gamma rays belonging to the same cascade
and the branching ratios published in the litera-
ture. The details and reservations pertaining to
individual assignments can be found elsewhere. '

Cross sections for the production of individual
final nuclei were obtained by summing observed
cross sections for gamma rays assigned to transi-
tion to the ground state and to the known isomeric
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TABLE II. Production cross sections for various final
nuclei from in-beam p-ray measurements with 80, 100,
136, and 164 MeV proton bombardment of 58Ni target.

TABLE III. Production cross section for various fi-
nal nuclei from in-beam y-ray measurements with 100
and 136 MeV proton bombardment of ~Ni.

Final Production cross sections (mb)
nucleus 80 MeV 100 MeV 136 MeV 164 MeV

Final
nucleus

Production cross section (mb)
100 MeV 136 MeV

58~i
57Ni

57( o
56( 0
"Co
~co
56 Fe
"Fe
54Fe
53F

"Fe
"Mn
~Mn
53Mn

"Mn
5~Mn

54cr
53Cr
52( r
5fcr
50Cr
49Cr
48Cr
50V

49V

48V

47V

50Ti
49Ti
48Ti
4'Ti

31+ 3
33+ 3
38 ~10
70 ~15
4~ 2

&2

28* 5
77 ~14
53+ 5

2+ 2
2+ 2

19~ 4
27+ 5
9+ 4

12 + 2
1+ 1
2k 2

12+ 2
16+ 3
9+ 2
2k 1
1+ 1
2
6+ 4
4+ 2
1 + 1

2+ 1
1+ 1

29+ 3
34+ 5
35+ 10
74 +15
2k 2

&2

27+ 5
70+ 13
60+ 6
10~ 3
2+ 2
3 + 2

13+ 3
38~ 6
10~ 4
11~ 2
2k 2

14~ 2
14+ 3
21+ 2
3+ 2
1+ 1
3+ 2

10+ 4
4+ 2
2+ 2

&2

&2

3+ 2
3+ 2

17+ 2
31+ 5
32+ 10
53~ 8
2+ 2

&2

25+ 5
53+10
47+ 5
8+ 3
2k 2
2+ 2

14+ 3
34+ 6
14~ 4
10+ 2
4+ 2
7+ 3

19+ 4
13+ 3
23+ 2
5+ 2
1+ 1

17~ 5
7k 3
3+ 2

6+ 2
5+ 2

9+ 2
23+ 9
21~ 8
43+ 7
2+ 2

&2

20+ 8
42~ 8
30~ 4
6+ 2

3+ 2
9+

30~ 6
11~ 4
8~ 2
5+ 3
3+ 3

20+ 6
11+ 3
18+ 4
6~ 2
1+ 1
3+ 2

17+ 5
7k 3
4* 2

&2

6+ 4
8+ 2

60Ni

"Co
"Co
"Co
56Co

55Co
58Fe
"Fe
"Fe
55Fe
54Fe
"Fe
56Mn

"Mn
54Mn

53Mn

5'Mn
"Mn
54Cr
53Cr
52Cr
51Cr
50Cr
49Cr
50V

49V

48V

50T

4'Ti
48T-

46T

42+ 4
89+10
39+ 4
8+ 5

16+ 6
49+ 7
63+ 10
27+ 6
2k 2
4+ 2

12+ 3
62~ 8
60~ 8
17+ 4
lk 1
4y

16+ 3
21+ 3
15+ 3
8~ 6
3+ 2
6+ 4

10+ 8
11+ 3
4+ 2
3+ 2
2k 2
3+ 2
4~ 3
4+ 3

&2

&2

1+ 1
1+ 1

25~ 3
63+ 8
28* 3
7+ 5

12+ 6
47* 7
43~ 8
18+ 5

2 + 2
1+ 1

18* 4
53+ 7
45+ 8
22+ 4
5+ 2
3k 3

12+ 3
26+ 4
19+ 3
8+ 6
3+ 2
8+ 4

14+ 10
12+ 3
11+ 3
9+ 2
3+ 2
4+ 2
8+ 3
5~ 3

&2

&2

5+ 2
1+ 1

states of the respective nucleus. The measured in-
beam cross sections for the ' Ni, 6 Ni, and Ni
targets for different proton energies are given in
Tables II to V, respectively. It should be noted
that the in-beam measurements yield only a lower
limit for the production cross sections for a given
nucleus since weak transitions to and direct pro-
duction of the ground state are not observed. This
effect is expected to be particularly large for odd
A and odd-odd nuclei and indeed the activation
measurements often yield considerably greater
cross sections for these cases than the in-beam
studies. For even-even nuclei this should be a
small correction since the decay is mostly funneled
through the first 2' state.

III. MODEL CALCULATIONS

Comparisons were made between measured cross
sections and those predicted by hybrid' and cas-
cade models. 6 Both models calculate nucleon

emission from the nonequilibrated nuclear system
of the incident proton plus the target nucleus, the
so-called pre-equilibrium phase. Once equilibrium
is attained, statistical techniques are employed to
determine the evaporation of nucleons and clusters
such as deuterons and alpha particles. Cross sec-
tions for the production of final nuclei as the end
product of both kinds of emissions are calculated
and correspond to the cross sections of specific
nuclei measured in this study.

The hybrid model operates in phase space and
describes the change of state of the nucleus, as it
proceeds toward equilibrium, by a change in the
number of excitons (excited particles and holes).
The cascade model follows the trajectories of the
incident and struck particles in real, or geomet-
ric, space. The hybrid model follows the evolve-
ment of the reaction until the number of excitons
reaches its equilibrium value. The cascade model
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TABLE IV. Production cross section for various fi-
nal nuclei from in-beam p-ray measurements with 80,
100, 136, and 164 MeV proton bombardment of 6 Ni.

TABLE V. Production cross sections for various fi-
nal nuclei from in-beam y-ray measurements with 100
and 136 MeV proton bombardment of 64Ni.

Final Production cross sections (mb)
nucleus 80 MeV 100 MeV 136 MeV 164 MeV

Final
nuclei

Production cross sections (mb)
100 MeV 136 MeV

62Ni

Ni

¹i
"Co
60go
"Co
58go
57go
56( o
58Fe
57 Fe
56Fe
"Fe
54Fe
'6Mn
55Mn

54Mn

53Mn

5~Mn

.~Cr
53Cr
52Cr
51'r
50gr
50V

49V

48V

50Ti
48Ti
46Ti

30 +10
76+ 20
77+ 7
52+ 6
23+ 3
3+ 2

10+ 4
17+ 6
41+ 7
21~ 5
3+ 2
6+ 2
9+ 2

26+ 5
21+ 5
4+ 2
1+ 1
7k 2
8+ 2
1 + 1
1+ 1
7~ 4
2k 2
4+ 2
2k 2
1+ 1
1+ 1

&2

&2

&2

1+ 1
1+ 1

30 +10
54 +20
74+ 7
47+ 6
18+ 2
2+ 2

13+ 5
17+ 6
37+ 7
27~ 6
6+ 3
6~ 2

13+ 3
36+ 5
21+ 5
7+ 2
2k 2

11+ 3
18~ 3
4+ 2
2+ 2
8+ 2
2+ 2
5+ 2
2k 2
1 +
1% 1

&2

&2

&2
3+ 2
2k 2

18+ 10
49+ 15
64+ 7
41+ 6
19+ 2
6+ 3

14+ 5
17+ 6
39+ 7
24+ 5
7+ 3
9~ 2

17+ 3-
44+ 5
25+ 5
9+ 2
4~ 3

13+ 3
20+ 4
9+ 4
2+ 2

11+ 2
2k 2

11+ 3
4y
2+ 2
2+ 2
2 + 2
2+ 2
2k 2
4+ 2
1+ 1

11+ 7
48+ 15
52~ 5
31+ 5
14+ 2
4~ 3

13+ 5
17+ 6
35+ 8
19+ 6
8~ 4
9+ 4

17+ 6
52+ 12
24+ 4
8~ 2
5+ 3

18+ 4
21+ 4
13+ 4
4~ 2

12+ 8
5+ 3

13+ 8
12+ 6
3+ 2
3k 2
2k 2
2k 2
2k 2
6~ 4
4+ 2

Ni
Ni

62N.

Ni
60N

59N

58Ni

63go
62co
"Co
60go
"Co
58co
"Co
"Co
58Fe
57 Fe
"Fe
"Fe
"Fe
"Mn
55Mn

54Mn

53Mn

54Cr
"Cr
52gr
51cr

29+ 4
59 +10
90 +12
62 +20
53+ 6
32+ 5
17+ 2
10
22 a

11+ 4
35,+ 10
13+ 6
29+ 7
11+ 5
3+ 3

10+ 2
17+ 6
31+ 5
13+ 4
&2

2k 2
14+ 4
9+ 6
3+ 2

10+ 3
&2

5~ 2
&4

14+ 2
50 ~10
69+ 10
45+ 15
41+ 5
27+ 5
17~ 2
10
22 a

10~ 4
22+ 8
16+ 6
41+ 8
15+ 5
3+ 3

13+ 2
29+ 7
38+ 5
10+ 3
&2

7+ 3
19+ 4
17+ 10
10~ 4
11+ 3
&2

5+ 2
&4

These cross sections are estimated from systema-
tics of activity measurements for other Ni targets.

assumes the nucleus to be at equilibrium when all
the cascade particles that are not emitted fall be-
low an arbitrary cutoff energy. The hybrid model
calculates the emission probability of nucleons in
a statistical manner and converges to the evapora-
tion formalism for large numbers of excitons. For
the cascade model, a nucleon reaching the nuclear
surface is assumed to be emitted, although pro-
vision for reflection or refraction by the changing
nuclear potential is sometimes included.

In spite of these different calculational philoso-
phies, the models incorporate many of the same
ideas on the reaction mechanism. Both divide the
reaction into fast (pre-equilibrium} and slow (equi-
librium) components. Both use free nucleon-nu-
cleon scattering cross sections, corrected to ac-
count for the Pauli principle, to determine the
transition rates (hybrid model) or collision rates
(cascade model}. The hybrid model has an option
to determine this information using optical model
parameters which fit elastic nucleon-nucleus scat-

tering, but this option has not been used in the pre-
sent analyses since knowledge of the optical poten-
tial in this energy range is only now being obtain-
ed,

The computer codes used for the hybrid model
calculations are ALICE (Refs. 17, 18) and EvAHYB

(Ref. 19}which were developed at the University of
Rochester. Only the geometry- dependent-hybrid
(GDH) option was used in AL&CE. With this option
(GDH) the code calculates the reaction for each
partial wave separately, increasing the mean free
paths for the larger partial waves which see more
of the diffuse nuclear surface, and also modifies
the particle-hole level densities. EVAHYB in-
cludes a provision for multiple pre-equilibrium
emission but does not include the geometric ef-
fects.

The computer cgde used for the cascade calcula-
tions is VEGAs (Ref. 15) which incorporates a non-
constant nuclear density distribution and potential
and provides an option to treat reflection or re-
fraction at the potential boundaries. The subse-
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quent evaporation computations were performed
using two separate computer codes: (I) DFFMH
(Ref. 20) which utilizes the Monte Carlo technique
to calculate evaporation of particles using the
Weisskopf evaporation formula, and (2) a modi-
fied" ALICE calculation which sorts the VEGAS
results to determine the distribution of excitation
energy after the cascade for each residual nucleus
and calculates the %eisskopf evaporation in the
same way that was done for the hybrid model. The
DFFMH code is the one generally used with VEQAS,
and the modified ALICE calculation allows direct
comparison of the different pre-equilibrium calcu-
lations since the same evaporation calculation
could be utilized. Also, since the two evaporation
codes can be used with the same pre-equilibrium
calculation (VEGAs), the effect due to different
treatment of the evaporation in the two codes on
the final results could be directly compared.

All computer codes were adapted to the Indiana
University Cyclotron Facility's Harris 6024 com-
puters, utilizing the virtual memory VULCAN

operating system. There are several possible
combinations of input parameters that can be used
for ALICE, EVAHYB, VEGAS, and DFFMH. The
ones used in this work are listed in the Appendix.

IV. DISCUSSION OF RESULTS

A. Absolute cross section

The total observed cross section obtained by
summing the production cross sections of all final
nuclei (see Tables II to V) for a given target and
proton energy are listed in Table VI for various
cases along with those including the radioactivity
results2 for a few cases. There appears to be

some tendency for the summed cross sections to
decrease with increasing bombarding energy, al-
though this effect is barely discernable and may,
at any rate, merely be the result of unassigned
cross section due to increasing complexity of the
gamma spectra as the bombarding energy is in-
creased. The magnitudes of the cross section re-
ported here for Ni target are consistent with
those reported in Ref. 11 but disagree by a large
factor with those reported in Ref. 10.

For comparison total reaction cross sections
predicted by the optical model calculation using the
code ALICE and those given by the cascade model
are also listed in Table VI. The cascade model
computes the reaction cross section by multiplying
the geometric cross section by the ratio of the
number of incident protons which interact in the
nucleus to the total number of trials. The observed
in-beam cross sections are typically 50-70% of
the optical model reaction cross sections and 60-
80% of the cascade model values. With activation
results the observed values become 65-75% and
80-90% of the two predicted values, respectively.

B. Cross section distributions

In Tables VII through IX are listed the predic. ted
cross sections for individual final nuclei for the
cases of 80 and 164 MeV protons on a 62Ni target
and for 164 MeV protons on a 5 Ni target, respec-
tively, along with the corresponding observed val-
ues (including the activation results). For an over-
all graphic view, the experimental cross sections
are plotted in Fig. 1 for a 62Ni target at two ener-
gies and the values predicted byEVAHYB and
VEGAS are plotted in Fig. 2 for the case of 164
MeV protons on 62Ni. Features of the observed

TABLZ VI. Total observed and calculated reaction cross sections.

Reaction cross sections (mb)

Target
nucleus

Proton
energy
ale U) in-beam

Observed
in-beam

plus
activity

Optical
model VEGAS Geometric

58'.

64N.

80
100
136
164
100
136
80

100
136
164
100
136

463
495
452
361
597
534
629
465
481
477
736
522

637

531

772

611
606

845
804
786
763
822
801
884
840
816
800
858
830

678
674
659
647
696
657
717
710
691
683
717
711

1281
1302
1324
1334
1321
1343
1318
1340
1362
1373
1358
1381

These cross sections are relatively more uncertain owing to reasons stated in the text.
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TABLE VII. Comparison of the observed production cross sections for final nuclei with
those predicted by various models for the case of 80 MeV proton bombardment of Ni.

Final
nuclei Observed

Production cross sections (mb)
GDH EVAYHB VEGAS +

(MFp x].) ggFp x 2) DFFMH

VEGAS +

ALICE

"Cu
"Cu
60C

Ni

Ni

58N

Ni

"Co
60Co
59(
58GO

57C

56C

"Co
"Fe
58Fe
"Fe
56Fe
55Fe
54F

"Fe
52Fe
56Mn

"Mn
54Mn

Mn
M

5~Mn

54Cr
53Cr
52Cr

"Cr
50cr
49Cr
48C

50@

48V

48T
4ZT.

20
12.4
5.2

30
76
77
52
23
2.3
0.8

23
32
17
82 +
52

6
1.5
2.3
6
9

26
21

&] cL

0.02 +
2.5
7

13.0
-1
1.5
1
7
2
4
2.5
1

&0.04
&0.005

1
0.1
1
1

8

0.6 ~

] R

10
20

7
6
3
0.1
03
2
3a
6

R

3'
1'
0.1
04
2
2
5
5
2

0.005
0.2
2
1

R

1
0.2
1
4
2
2
03
1

1
0.04
1
1

14
12
4

23
53
74
54
27

6
0.1
2

10
31
86
69
15

5
1
7

22
29
70
21
0.03
0
2

15
36

5
8
0.3
0,3
2

10
4
0.01
0
0
0.2
0.03
0.02
0

4
3
1
9

69
102
83
45

8
0.07
4

16
48

100
77
12
3
1
6

13
21
36
25
0.04
0
1
5

11
6
1
0.05
0.2
0.4
6

0.01
c
c

0.06
c

0.02
c

18
26
20
29
91
66
67
69
10
0.1

14
22
29
46
59
23

2
6
9

26
40

7
0.3

&0.1
1
9

10
2
2
0.1
0.2
1
2
1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

18
14

4
22
89
77
48
20

6
0.08

17
23
37
75
64
18

3
2
7

23
23
34
22
0.3
0
2
8

34
9
3
0.6
0.6
0.9
5
7
0.1
0
0
0.2
0.1
0.001
0.001

Deduced from activation measurements, Hef. 2.
Does not include isomeric state production.

'Outside dimensioned limits of program,

cross section, which the models are able to re-
produce quite well, are: (a) nuclei farther from
the target nucleus are produced with progressively
smaller cross sections at a given bombarding en-
ergy, (b) at higher bombarding energies nuclei
farther from the target are produced with relative-
ly larger cross sections at the expense of those
near the target mass, and (c) the production cross
sections of nuclei of a given Z show a peaked dis-

tribution with centroids lying near the line of stab-
ility. The cascade model on the whole not only
gives a rather satisfactory account of the absolute
magnitude of the observed cross sections, but also
of trends among isotopes of various nuclear spec-
ies. EVAHYB systematically predicts more cross
sections for Mn, Cr, and V isotopes than those
either observed or predicted by the cascade model.
This discrepancy along with the necessity to in-
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TABLE VIII. Comparison of the observed production cross sections for final nuclei with

those predicted by various models for the case of 164 MeV proton bombardment of 6 Ni.

Final
nuclei Observed

Production cross sections (mb)
EUAHYB VEGAS +

Q/f FP x 2) DFFMH

VEGAS+

ALICE

62Cu

"Cu
60C

¹i
60Ni

Ni
Ni

56N.

61C

"Co
"Co
"Co
"Co
"Co
"Co
"Fe
58Fe
57Fe
"Fe
"Fe
54Fe
"Fe
52F
56M

"Mn
Mn
Mn

5 Mn
5~Mn

54Cr
53Cr
52( r
51Cr
"Cr
48Cr
48C
50T.
48T.

Tl
4'Sc
46S

44Sc
43K

12
5.4
1.7

11
48
52
31
14
1.3

&0.4
26
35
17
58
42
11
1.5
3.1
9

17
52
24

8
1.0
0.09
3.6

18
25
13
6.1

12
5

13
14
3
0.6
0.05
2
6
4
0.13
1.0
0.19
0.042

6
0.2
0.2'
7

+ 15
5

2
0.3

R

5 R

6
2'

R

1'
0.2
0.3

6
+ 12

4
2

~ 0.4'
0.02
0.2'
4
2

0.7
2
8
3
81'
2

0.1
0.01 '
2
4
2
0.02
03

~ 0.03""
0.007

2
2
0.4

44
65
51
20

5
0.5
4

12
30
51
57
30

8
0.9

15
32
47
31

2
0.08
2
8

17
38
10
1
0.6
3

30
20
4
c
c
0.3
1
3
c
c
c
c

11
15
10
15
78
46
36
29

7
0.4

19
18
26
29
41
28

6
3
5

11
30
42
19
9
0.7
2

11
28
19
18
4
2
8
9

13
6
2
0.06
0.4
1
0.6
0.07
0.2
0.06
0.03

9
9
3

12
78
52
29
11

3
0.2

18
19
30
44
33
20

5
2

15
25
36
19
4
0.3
2
7

26
34
19
4
0.9
5

14
22
12

3
0.2
0.3
3
3
0.1
0.8
c
c

Deduced from activation measurements.
Does not include isomeric state production.

'Outside dimensional limits of program.

crease the mean free path (MFP) by a factor of 2

to get, reasonable comparison with the observations
is expected to be corrected when the geometry-
dependent effects arising from the diffuseness of
the nuclear surface are incorporated, as appears

to be the case for QDH predictions at 80 MeV
(Table VII). As is obvious from a brief perusal of
Tables VII through IX, there are a number of large
quantitative discrepancies between the observed
and predicted values. Some of these arise because
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TABLE IX. Comparison of the observed produ'ction
cross sections for final nuclei with those predicted by
various models for the case of 164 MeV proton bombard-
ment of 58Ni

Final
nuclei

Production cross sections (mb)
EVAHYB VEGAS +

(MFP x 2) DFFMHObserved
VEGAS +

ALICE

58¹
5 Ni

"Co
"Co
55Co

'4Co
"Fe
"Fe
'4Fe
53Fe
"Fe
"Mn
5 Mn

Mn
5 Mn
"Mn
54( r
53Cr
52( r
51(

50Cr
49Cr
48C

50V

49V
48V
47V

"Ti
4'Ti
48Ti
4'Ti
48Ti
46S

44SC

9 ~2
46 ~3'
5.0 + 0.7

56 +6
60 ~ 8'
21 +2a
&2

20 ~8
42 +8
30 +4

6 ~2
2.6 + 0.3
3 k2

18 *2'
30 +6
17 +4 '

8 +2
5 +3
3 +3

20 +6
47 + 7'
18 +4

8 +2'
1.2 + 0.2~
3 + 2

17 +5
12 k2'
4 +2

&2

y4

8 ~2
1.2 + 0.3 ~

1.5 + 0.3

4
36

8
15
63
38

2
5

40
75
14

2
0.3
6

76
39

8
0.01
0.4

41
52
23
4
0.4

24
22
10

2
0.2
2
8
9

c
c

19
70
11
40
67
27
15

8
4]
39
33

8
1

13
16
42
22
0.1
2
3

22
25
19

3
5
7

17
6
0.04
0.7
2
6
5
0.5
2

10
57

8
43
64
28

8
38
47
17
3

' 0.6
16
40
38
16
0.04
1
9

28
31
14

2
9

17
22

8
0.08
0.8
3

12
13
1
5

Obtained from activation measurements.
"Does not include the cross section with which isomer-

ic state is populated.
'There is no prediction for these cases due to limited

dimensions of the mass removal variables in the pro-
gram.

Does not include the cross section with which ground
state is populated.

the observed cross sections are only part of the
total production cross sections, but in other cases,
especially where activation results are available
and the predicted values are smaller than the ob-
served, these differences must be real.

C. Mass and charge removal

The average number of nucleons removed from
the initially formed target plus proton system is

80-
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46

FIG. 1. Production cross sections of various final nu-
clei as a function of the product mass for the cases of
80 and 164 MeV proton bombardment of 82¹i. Values of
cross sections which are plotted with a rectangle sur-
rounding the various symbols correspond to results
obtained with activation technique.

defined to be

(b A ) =Q (6 Aq)cr(/ Qo'q,
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~ 20-o j
CA j

/Cu
O 0

N

60- t

~ 40-
O /

20- '
Cu

NI

Co Fe

EVAHYB MODEL
(MFP x2)

Mn
AII

I
Y ' Cr

pi

Mn
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I
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PRODUCT MASS-A

46

FIG. 2. Production cross sections of final nuclei as
predicted by EvAHYs model using twice the mean free path
given by the nucleon-nucleon cross sections (top section)
and by the cascade model for the case of 164 MeV proton
bombardment of 62¹i (bottom section).

where 4A& is the difference in mass number of the
ith final nucleus from that of the initial system and

o, is the production cross section of the ith nu-
cleus. Values of (bA) based upon the observed
cross sections are plotted (solid symbols) in the
top portion of Fig. 3 and listed in Table X. A
straight line trend of the observed values has a
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dicted by different models for 164 MeV proton bombard-
ment of Ni.

over the entire energy range for all targets, al-
though it disagrees with the measurements for a
number of product nuclei. Model predictions per-
taining to the charge distributions are found to be
more strongly dependent on the parameter values
used in the evaporation phase of the calculation
than do the mass distributions. To investigate this
effect, evaporation calculations in conjuction with
the output of VEGAS were performed using both
DFFMH and the evaporation part of ALICE. A
compliation of the average charge and mass re-
moval for the two cases is given in Table X along
with experimental values. ALICE systematically
predicts about 0.6 more nucleon removed, although
it reproduces the charge removed to within 0.1 unit
(see Table X). On the other hand DFFMH tends to
underprediet the charge removal by about 0.3 units
and overpredicts the neutron removal by about the
same amount, thus giving the average number of
nucleons removed closer to those actually observed
(see Fig. 3 and Table X). Since both codes are
based upon the Weisskopf formulation2' this differ-
ence ostensibly arises from details of how the in-
verse cross sections and level densities are calcu-
lated in the two codes. Since the same amount of
excitation energy is dissipated through nucleon
evaporation in both calculations, it implies that
the average emission energies are less in ALICE
than in DFFMH. Indeed for the case of 136 MeV
protons on 5 Ni the average evaporation energies
are 5.0, 8.9, 11.3, and 16.1 MeV in DFFMH for
neutrons, protons, deuterons, and alpha particles,

respectively, whereas the corresponding values in
ALICE are 3.5, 7.0, 9.6, and 13.9 MeV. It is ob-
vious that there is still much to be learned about
evaporation from highly excited nuclei and that ex-
isting uncertainties significantly affect the conclu-
sions that can be drawn from the observations.

E. Energy and angular distribution of emitted protons

1000— 100 MeV p+ Ni
58

ributions
from l2 to 98 MeV)

IOO .—

I I I I I I r r- ~

0 20 40 60 80 IOO l20 I40 160 I80

Angle (deg)

FIG. 10. Energy integrated angular distribution of
protons emitted following 100 MeV proton bombardment
of Ni; solid curve is drawn through experimental points
and dotted curve represents the predictions of the cas-
cade model.

In Fig. 9 the observed angle integrated energy
spectrum of protons following bombardment by 100
MeV protons on 58Ni reported by Wu et al. ' is re-
produced along with corresponding predictions of
ZvAHYB (MFP &&2) and VEGAS plus DFFMH. Be-
tween 20 to 100 MeV there seems to be a discrep-
ancy between the observed and the predicted cross
sections, the latter being systematically lower than
the former. VEGAS reproduces the shape of the
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spectrum at higher energy noticeably better (not
including the elastic peak) thanEVAHYB. The dis-
crepancies in shape and magnitude of the cross
section for the lower (&20 MeV) end of the spec-
trum not being well determined because of experi-
mental cutoffs or to inadequacies of the calculation
in the equilibrium (or near-equilibrium} phase. In
Fig. 10 the observed energy integrated (from 12 to
98 MeV) angular distribution of the emitted protons
is compared with the predictions of VzG&s. Ex-
cept at very forward angles where VEGAs predicts
a peak and the observed distributions continue to
rise, the calculations agree rather well with the
observations in shape but are systematically lower
in magnitude.

V. SUMMARY AND CONCLUSIONS

The measurements reported in this study pertain
to the determination of the cross sections with
which various final nuclei are produced following
the bombardment of nickel isotopes by 80-164 MeV
protons. The motivation was to provide a system-
atic set of experimental results to (a) gain insight
about the characteristics of nucleon-nucleus inter-
actions at intermediate energies, (b} test various
existing models, and (c) compare results from pro-
ton-induced reactions with those for other projec-
tiles. In particular, the earlier measurements
had highlighted the following results: (a) Nuclei
which are an integral number of alpha particles re-
moved from the target nucleus were produced with
relatively larger cross section, and (b) the average
number of nucleons removed from the target by
pions did not vary over an incident pion energy
range of 0 to 200 MeV. The first result had strong
implications concerning the extent to which corre-
lated clusters of nucleons either exist in nuclei or
are dynamically formed in the course of an inter-
action. The second result begged for similar pro-
ton data at intermediate energy, with the hope that
comparison of the results would point out similar-
ities and differences in the reaction mechanism of
these two types of projectiles. Other relevant
questions regarding the reaction mechanism of
medium energy nucleons with nuclei are: (a} In the
pre-equilibrium phase, what are the relative roles
of direct knockout, inelastic scattering, charge
exchange and intranuclear cascade processes? (b)
How many interactions or emissions take place in
the pre-equilibrium (or fast) phase prior to attain-
ment of equilibrium'? (c) How is the incident en-
ergy shared between the fast emissions and the
residual energy of the equilibrated system'? (d}
%hat are the relative roles of emission of different
types of particles (P, n, d, f, 3He, n, etc. ) in the
pre-equilibrium and evaporation phases? (e) How

does the interaction vary with bombarding energy?
(f) How are the measured quantities affected by
the characteristics of the target nucleus, e.g. , its
neutron excess (N-Z)? (g) In what respects do the
current models need to be extended to better ac-
count for the experimental results? (h) Are any
physical quantities determined as a result of the
comparisons with models?

The nucleon-nucleus interaction is envisaged as
first proceeding through a pre- equilibrium phase
in which the incident nucleon scatters off the tar-
get nucleons with the struck nucleon and the inci-
dent nucleon undergoing further scatterings or es-
caping from the nucleus. At the end of this phase
the residual nucleus deexcites through the evapora-
tion process. From the present data an estimate
of the number of nucleons emitted in the pre-equi-
librium phase can be made. The situation is most
transparent in the case of Ni as here a large
fraction of the observed cross section, -48%at100
MeV and 50% at 136 MeV, goes into producing
lighter nickel isotopes. Therefore, about half of
the time only one proton is able to escape from the
' Ni plus incident proton system during the pre-
equilibrium phase. Noting that neutrons and pro-
tons should behave similarly in the pre-equilibrium
phase, emission of one fast neutron is also quite
likely. Thus, for "¹ in -50% of the cases only
one or two fast nucleons appear to be emitted,
leaving the residual nuclei of Cu, Ni, and 3Ni

in a broad range of excitation from which the evap-
oration subsequently drives the production towards
the lighter nickel isotopes lying near the line of
stability. The rapid convergence toward. the line
of stability observed for all cases indicates that
the number of pre-equilibrium nucleons emitted is
of the same order for all targets. This constitutes
the first time' that such a conclusion has been ex-
plicitly drawn from experimentally determined
quantities and is one of the major results of this
study.

The increase in (&A) of 1 to 1.4 mass units from
80 to 164 MeV bombarding energy (see Fig. 4)
shows that almost all the additional energy above
80 MeV is dissipated in the pre-equilibrium phase
of the reaction. In the evaporation phase only
about 10 MeV is needed for the emission of an add-
itional nucleon. If all of the increase in (AA) in

going from 80 to 164 MeV were due to extra nu-
cleons emitted in the evaporation phase, one would
conclude that the average excitation energy of the
residual equilibrated nuclei increased by 10-15
MeV. This number is an upper limit in the ab-
sence, as yet, of a direct measurement of the in-
crease in the average energy of the particles in the
fast phase. However, in terms of model calcula-
tions it appears that the pre-equilibrium emissions
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are responsible for about half of this increase,
i.e., the average number of pre-equilibrium par-
ticles emitted at 164 MeV is about 0.7 more than
those at 80 MeV. Thus, it is likely that the aver-
age excitation energy of the equilibrated nuclei in-
creases less than 10 MeV for the above mentioned
range of incident energies. Given the fact that at
164 MeV the total (&A) is about 5.5 and of this
about two nucleons are emitted in the fast phase;
then about 3.5 nucleons are emitted in the evapora-
tion phase. This number corresponds to an aver-
age excitation of the system in equilibrium of about
45 MeV (the residual nucleus after evaporation may
have about 10 MeV excitation energy). Thus, on an
average about 3 of the incident energy is taken
away by pre-equilibrium emissions at 164 MeV.
Similar arguments lead to the result that this frac-
tion decreases to about ~ at 80 MeV, which, in
turn, confirms that (a} the average excitation en-

ergy following the pre-equilibrium phase does not
increase rapidly with bombarding energy, and (b)
its magnitude is about 40-45 MeV for the proton
energy range of 80-164 MeV. However, the fact
that one observes production of nuclei as much as
14 (10}mass units removed from the target mass
with proton bombarding energy of 164 (80) MeV im-
plies that the range of nuclear excitation over
which nuclei are left after the pre-equilibrium
emissions is rather broad, extending to within 10
MeV of the bombarding energy.

Relatively large cross sections with which "1n"
(2n, 2p} removed nuclei are produced with '"Ni and
60'Ni targets (12/0 and 11/o of the total observed
cross section, respectively) are believed to be a
consequence of the fact that for these targets the
1n nuclei lie close to the line of stability where
the cross sections for nuclei of a given Z are ob-
served to peak, in general. In contrast, for 'Ni
and 64Ni the 1n removed nuclei lie relatively far
from the line of stability and therefore the pro-
duction cross sections for these nuclei are small.
Since the nucleon removal through evaporation
tends to drive the system toward the line of stabil-
ity, the above. results are not surprising and there
is no reason, as yet, to postulate enhanced alpha
removal for these reactions.

Extensive comparisons of experimental results
with the cascade and hybrid models have been made
in this work. Overall, the cascade model (VEGAs)
exhibits better agreement with the observed re-
sults. Inclusion of surface effects in the multiple
pre-equilibrium emission version of the hybrid
model (EVAHYB) is shown to be necessary in order
to obtain an equivalent accounting of the experi-
mental cross sections. While there are significant
differences between calculated and observed pro-
duction cross sections, the overall capability of
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the models to predict the observed cross sections
for the different targets and energy range covered
here is convincing evidence that the dominant fea-
tures of the mechanism for these reactions are in-
corporated in the calculations. In particular, the
fact that calculated range in mass of products nu-
clei and the associated cross sections agree with
those observed (see Figs. 4-6) implies that the
models, especially VEGAs, are predicting the
range of nuclear excitations (and the corresponding
cross sections) left after the pre-equilibrium emis-
sions essentially correctly. A sizeable discrep-
ancy in this respect would have led to either under-
or overprediction in the range of masses of the
product nuclei.

Emission of high energy clusters (e.g. , d, t,
He, and n) in the pre-equilibrium phase is not in-

cluded in the hybrid and cascade models but is ob-
served ' with proton bombardment. Also, inter-
actions which excite collective modes of various
multipoles in the target nucleus through inelastic
scattering are not included. However, there are
indications that contributions from such processes
may be significant; for example, the sharp rise in
the angular distribution of the emitted protons in
the forward direction in contrast to the predictions
of the cascade model which predicts a peak at
about 20 (Fig. 10).

A study of the model calculations (see Ref, 12 for
details) revea. l a few interesting results worthy of
brief notice here. (1) Of a total of about five nu-
cleons that are emitted on an average from various
nickel targets, e.g. , at 136 MeV, the models pre-
dict (see Fig. 11) that about two are emitted in the
pre-equilibrium phase and the remaining three are
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emitted in the equilibrium phase; of the latter, two
are emitted as nucleons and the third is emitted in
the form of clusters such as d, t, 3He, and 4He.

(2) All of the models predict that beyond 100 MeV
bombarding energy the fraction of the initial inter-
actions which leads to emission of at least one fast
nucleon is essentially 100%. At 50 MeV this frac-
tion is still large, 60-80%, although actual values
vary with the type of model calculation. (3} The
energy dependence of the average number of nu-
cleons emitted in the pre-equilibrium phase as
predicted by the cascade model, shown in Fig. 12,
has a slope of 0.007 nucleons per MeV. Whencom-
pared to the observed value of 0.015 nucleons per
MeV one can conclude that there is a small in-
crease in the number of nucleons emitted in the
evaporation phase with energy or, in other words,
the average excitation energy of the equilibrium
phase slightly (-5 MeV) increases over 80- 160
MeV incident proton energy. (4} Calculations re-
veal that the range of excitation energy that a nu-

cleus is left in after pre-equilibrium emission is
very broad, with noticeably greater probability
for lower excitations; for example, for the case
(see Fig. 13) of 136 MeV protons on ~8Ni, A =58
nuclei are left excited over a range of 0-130 MeV,
A =57 nuclei are left with 0-120 MeV excitation,
and so on. An experimental study of this phenome-
non through particle-gamma coincidence studies
may provide a stringent test of the models and may
reveal their limitation a little more explicitly. (5)
The average energy of nucleons emitted in the pre-
equilibrium phase is calculated to decrease pre-
cipitously after the first emission, e.g. , at 136
MeV the first nucleon is emitted with an average
energy of about 50 MeV, but with two or more en-
counters this value drops to between 10-20 MeV.
A particle multiplicity measurement may provide
a good test for this aspect of the model dynamics.

CI
4l
0 LLI

Lal ~
cn .

LLI
0~Jgv al
g J
U ~OO QJ

o&Z~
LLI 4.
C9 ~

0K I I I I I I

0' 40 60 80 100 I20 l40 l60 l80 200
PROTON ENERGY-NleV

FIG. 12. Average number of nucleons emitted in the
pre-equilibrium phase predicted by the cascade model
as a function of the incident proton energy for ~ Ni.

IO.O
I56 MeV p+ Ni

58

Ni (p, 2n) Cu +58 57

58N' ( ) 57N

Nl (p, 2p) Co
Se . 57

I.O-
0

E

LLI
U

b
U

O.l—

0.0!
0

I

L.
IL.

I t I 1
f t r---4- —.~.

I I
I I I I

I I r—-" I I
I L I !

I I

!
I

I

I

I

L. .
„

I

I

I

I

I

I

I I I I I

20 40 60 80 l00 l20 l40
Residual Excitotion {MeV)

FIG. 13. The excitation energy range ofnuclei which
are one nucleon removed from the +¹i target nucleus
predicted by the cascade model for incident proton ener-
gy of 136 MeV.

Some recent arguments in the literature per-
taining to mean free paths (X} of nucleons in nuclear
matter are also worthy of some attention. In
searching for answers to phenomena pertaining to
the equilibrium pr'ocess, Gadioli et a/. ' present-
ed arguments that a mean free path for 20 to 100
MeV nucleons in nuclear matter of the order of
16.7 fm, instead of the value of about 4.2 fm ob-
tained from using the free nucleon interaction cross
sections in a Fermi gas model calculation, gives
a better account of the energy spectra of emitted
protons. Qn the other hand, Blann 5 claimed that
an error in the formulation of Gadioli's exciton
model necessitates an increase in the assumed
mean free path.

The qualitatively good agreement of the calcula-
tions in terms of the hybrid model with the present
results indicates that large modification of the cal-
culated mean free path is not necessary, at least
not by a factor of 4. The factor of 2 used in most
EVAHYB calculations was found to be necessary to
simulate the effects of the nuclear surface on the
emission process. Even this factor of 2 was not
found to be necessary at 80 MeV when the results
of the geometry-dependent-hybrid (GDH) model,
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which incorporates surface effects, were compared
with experiment. It is significant, though, that a
drastic (factor of 2) increase in the assumed mean
free path is required to change (&A) by approxi-
mately the same amount that GDH changes this
quantity in comparison to the simple hybrid model
at 80 MeV. Jt is plausible that much of the increase
in the mean free path in Refs. 24 and 25 is necess-
itated by the non-inclusion of these surface effects.

As noted above, similar studies of nuclide pro-
duction have been made for medium energy pions,
E, ~ 200 MeV, interacting with nickel isotopes. One
of the important differences between the proton-
induced and pion-induced reactions is that whereas
with pions, e.g. , on a Ni target, the product mass
spectrum peaks26 at A =54—56, with protons after
the initial increase the production cross sections
fall off more or less smoothly as the number of
nucleons removed increases. In particular VEGAS

plus evaporation calculations show 6 important
qualitative deviations from the observed pion-in-
duced mass spectra. The fact that this model sat-
isfactorily reproduces the proton-induced spectra
indicates that there is some extra physics in the
pion-nucleus reaction that is not embodied in the
VEGAS code.

In closing it is sufficient to say that systematic
data of other kinds such as energy spectra of emit-
ted particles; the particle multiplicities, and par-
ticle-gamma coincidence are needed in order to
answer some of the questions that are raised here.
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APPENDIX: INPUT PARAMETERS FOR MODEL
CALCULATIONS

There are several possible combinations of in-
put parameters that can be used for ALICE,
EVAHYB, VEGAS, and DFFMH. The ones used in
this work are given below.

l. hybrid model calculations

For s ingle pre- equilibrium model calculations
the GDH model in ALICE was used. All default in-
put parameters were used, except the following:

(a) Experimental masses were used to determine
the binding energies instead of the mass formula.
Pairing was removed from the calculated binding

energies in the same way that would be done if the
option for shell corrected masses, zero pairing
were used (default option).

(b) Inverse cross sections for "Co were used.
These were calculated from the optical model by
ALICE subroutines using the parameters given by
Percy and Percy. "

(c) Reaction cross sections from VKGAS (see Ta,
ble VI) were used so that all calculations would be
normalized to the same total cross section.

(d) Weisskopf evaporation was used.

(e) Initial exciton number =3.0. Initial excited
neutron number = 0.8. Initial excited proton num-
ber = 1.2.

(f) Nucleon-nucleon mean free paths were used.
The mean free path multiplier. was 1.0.

For multiple pre-equilibrium calculations the
computer code EVAHYB was used. Some modifi-
cations were introduced into the code. These in-
cluded extension of the dimensions to obtain cross
sections for nuclei farther away from the target,
separate accumulati. ons of the pre-equilibrium and
evaporation particle spectra, plotting routines,
and output options. All default parameters were
used, with the exception of:

(a) Reaction cross sections from VEGAs were
used (Table VI).

(b) lnitia]. exciton number =3.0. Initial excited
neutron number = 0.8. Initial excited proton num-
ber = 1.2.

(c) Mean free paths derived from free nucleon-
nucleon scattering were gsed. A mean free path
multiplier of 1.0 or 2.0 was used and is so denoted
when an EVAHYB calculation is referenced.

(d) The same inverse cross sections as de-
scribed above with GDH were used. These were
also used in the VEGAS plus ALICE calculations de-
scribed below.

2. Cascade model calculatsons

The computer code VEGAS was used for the pre-
equilibrium cascade model calculations. The num-
ber of cascades run was 8000-10000 for each
case. Relevant input parameters for the calcula-
tions presented in this work are:

(a) The cutoff energies for neutrons and protons,
respectively, were the binding energy of the last
neutron in the target and the binding energy of the
last proton plus the Coulomb energy. Nucleons
with energies below these values are considered
to be captured. The actual values of these cutoffs
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were in (MeV):

Target

Neutron

58Ni

12.2

"Ni

11.4

62Ni

10.6

64Ni

9.7

The input parameters for DFFMH followed the
suggested options. The maximum of six particles
n, p, d, t, 'He, and n were allowed in the evap-
oration phase. 'The parameter a in the level den-
sity expression p(U)ne~~ was taken to be A/20

Proton, 14.2 15.6 17.4 19.0 .
(b) No reflection or refraction was included at

the potential boundaries. This option was chosen
since in previous work inclusion of reflection and
refraction resulted in poorer comparisons with
the data, indicating that this effect is overestimat-
ed in the calculation.

(c) No restriction on the distance between suc-
cessive collision sites was used.

where A is the mass number of the evaporating
system. Inverse cross sections are calculated
internally using "continuum theory" by DFFMH
with no available input parameters for modifica-
tion.

ALICE calculations used inverse cross sections
from a ' Co evaporating system for all targets.
A Co nucleus was thought to be more typical of the
evaporating nuclei than a Cu nucleus. The differ-
ences between the cross sections for formation of
different Co nuclei are mostly geometrical, an ef-
fect that changes the emission probabilities of all
particles in the same direction and roughly pre-
serves the relative probability of evaporating a
particle of a given type. Thus, the "Co system
was chosen and used for all ALICE calculations
even though the nucleus cannot be formed with a
"Ni target. The optical model parameters were
the same as given above.
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