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Recoil ranges of nuclei produced in the interaction of 80—164 MeV protons with Ni
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Cross sections and effective recoil ranges of nuclei produced in the 80, 136, 153, and 164 MeV proton

bombardment of "Ni and "Ni targets have been measured using the conventional thick target recoil catcher

technique. The measured ranges increase monotonically with the number of nucleons removed from the target,
and only, for the lightest of the product nuclei are they comparable to values expected for compound nucleus

formation. This trend is consistent with-the picture in which the initial proton-nucleus interactions leave a few

intermediate nuclei over a broad range of excitation, from which the bulk of the final nuclei are produced by

evaporation. Detailed comparisons of the observations with predictions of the cascade model are presented and

.discussed.

NUCLEAR REACTIONS Ni@,X}, Ni(P, Q, E=80-164 Mev. Measured E„, I,
of radioactive products; deduced o(X,E), recoil ranges, mass distribution,

charge distribution, Enriched targets, Ge (Li) counting.
/

I. INTRODUCTION

We recently ' reported cross sections with1I2

which various residual nuclei were produced fol-
lowing 80-164 MeV proton bombardment of tar-
gets of even mass (58-64) isotopes of nickel. The
production cross sections were determined using
the absolute yields of characteristic r rays be-
longing to each final nucleus as seen in measured
in-beam y-ray energy spectra at various energies,
supplemented by cross sections for the production
of radioactive species reported more fully in
this paper. From the systematics of the observed
cross sections we were able to decipher a few
features of the partitioning of the incident energy
into that carried away by outgoing fast (in con-
trast to evaporation) particles, and that left as
nuclear excitation. For example, it was con-
cluded that in the above incident energy range, on
the average, from —,

' to —,
' of the incident energy is

taken away by fast outgoing particles, leaving the
remainder as nuclear excitation.

Quantitatively, the measured cross sections
were compared with the predictions of cascade
and exciton models. ' These models envision the
nucleon-nucleus interaction as a sequence of nu-
cleon-nucleon interactions, initiated by the inci-
dent nucleon, at each step of which there is a
finite probability for one, both, or neither of the
particles to escape from the nuclear environment
without further interaction. Thus, a part of the
incident energy is carried out by the escaping
particles (generally referred to as pre-equilibri-
um emission), while the rest remains in the nu-
cleus which dissipates it through statistical (equi-
librium) emissions. Both models were able to
give an adequate account of the observed cross

sections.
Energy partitioning is but one characteristic of

any interactional mechanism; others are momen-
tum and angular momentum transfers. The work
reported here relates to measurements of the re-
coil ranges of the nuclei produced with a view of
getting experimental information about the mo-
mentum transfer associated with specific final
nuclei. The aim was to seek clues about some
aspect of the interaction from the trends and mag-
nitudes of the observed ranges and also to test the
model predictions with another variable (momen-
tum transfer) characteristic of any interaction.
There exist many studies in which measurement
of recoil ranges of spallation residues with me-
dium to high energy proton bombardment have
been reported along. with comparison with the pre-
dictions of the cascade model (see, e. g. , Refs.
6-9). Whereas, in general, the earlier studies
have concentrated on measuring recoil ranges of
one or a few nuclei, we report here measurement
of the recoil ranges of nuclei essentially covering
the whole mass range of the nuclear products.
Further, we present a comparison of the measured
recoil ranges for all riuclei to the predictions of
the cascade model, including the effects of evapo-
ration. The trends in the observed ranges allow
us to draw conclusions about the interaction pro-
cesses.

II. EXPERIMENTAL METHOD AND RESULTS

Measurements reported here were made using
80-, 136-, 153-, and 164-MeV proton beams of
about 100 nA intensity obtained at the Indiana Uni-
versity Cyclotron Facility. The method used to
measure the integral ranges of recoiling nuclei
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was a conventional one and consisted of bombarding
self-supporting foils of Ni or Ni sandwiched
between aluminum or kapton catchers. The uni-
formity and thickness of the target foils were
measured using the energy loss of & particles
from a Am source and comparing it with the
values obtained from the tables of Ref. 10. Tar-
get thicknesses were found to be uniform within
10%. Target composition and thicknesses are
given in Table I. The thickness of the catchers
was chosen so that the most energetic recoils
would stop. Transmitted beam was collected in a
three section Faraday cup and measured using a
calibrated charge integrator. Irradiation times
for different bombardments were between 1 and
4 h.

Gamma-ray energy spectra from the irradiated
Ni targets and their associated forward and back-
ward catchers were recorded, using a Ge(Li) de-
tector, beginning about 10 min after the end of the
bombardment and continuing over a period extend-
ing up to 3 months thereafter. Details of these
measurements and attribution of the observed y
rays to a particular final. nucleus were the same
as described elsewhere.

If R~ is the average forward (backward) recoil
range in Ni, and e'(83) is the average forward
(backward) recoiling angle of a particular final
nuclei, then only those nuclei which are produced
in the last (first) segment of the target, R~cos8~
(R~ cosa'), will be able to escape into the for
ward (backward) catchers. Assuming nuclei ar' e
produced uniformly throughout the target, the
ratio of the activity measured in the forward (back-
ward) catchers to the total activity (of that in the
target and the catcher) times the target thickness
T is a measure of the projected effective forward
(backward) recoil ranges '.

A~R=~
A. +A,

where AF and Ar is the activity of a given reac-
tion product observed in the catcher and target
foils, respectively. The activity measured on the
backward catcher A~ was used to determine the
backward to forward ratios defined as B/~=Ae/
A.~.

From the observed total activities and the known

half-lives, the production cross sections of vari-
ous final nuclei were also deduced. In Tables H

and III the measured production cross sections,
effective forward ranges R, and B/~ ratios for
the radioactive products are listed for Ni and

Ni targets. The recoil ranges as a function of
the number of nucleons removed, ~, (~,~«q
minus A~,".,) are also presented in the following
section in Figs. 4-7 and the B/E ratios are pre-
sented in Fig. 11.

The "true" average projected ranges can differ
from the effective ranges defined above. I et x be
the fraction of a given product recoiling forward,
(1-x) the corresponding fraction recoiling back-
ward, N the number of nuclei produced in a unit
length of target thickness, and R~ and Re the true
forward and backward projected ranges. The
following relations may be written. '

A~ —xNRp,

Ae = (1 —x)NRe,

A~ =NT-A~ -A~ .
From the above it follows that

R Ap xRp
7 A„+Ar T —Re(1-x) '

If x is close to unity one can neglect the last term

TABLE I. Target composition and thicknesses.

Bombarding
energy
(Me~

Target
thickness '
(mg/cm2)

Target composition (%)
6 Ni 6~Ni Ni 6 Ni5NiTarget

&0.01 3.27
4.88
3.38

&0.01 80
153
164

&0.010 ~ 1199.89

62Ni 3.39
8.5
3.57
3.42
3 ~ 57

80
136
153

&0.0598 ~ 750.220.560.47

164

Target thicknesses were homogeneous within +10%.
Target employed for isotopes with T&y2 ~3 h.' Target employed for isotopes with Tg)2 &3 h.

JAS TRZEBSKI, KARWOWSKI, SAD LER, AND SINGH
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in the denominator, small in comparison with the
target thickness, and one obtains

1
R = —R=R.

x

The above approximation is generally implied in
the literature where thick targets are used. Un-
fortunately there is no way to determine x unless
one uses targets of thickness considerably smal-
ler than projected ranges. However, one can
estimate the effect of the above approximation in
terms of a model calculation (see Sec. III). It
was found that the projected average ranges are
from 20% (M ~ 3) to 10% (M & 3) higher than the
effective ranges listed in Tables H and HI.

III. DISCUSSION

A. Cross sections of the radioactive reaction products

Ioo-

C

O
~~
CP
tD
0)
"5O-
H
O
L
O

58 Ni+ p

Ep = l64 MeV

Additional cr detected
by radioactivity

Gamma-ray activity measurements have proven
to be a very effective way to determine (a) the
production of nuclei which are formed with small
cross section (=1 mb), and (b) a greater fraction
of the total cross section for production of various
final nuclei than is possible with in-beam measure-
ments alone. In particular, in-beam measure-
ments miss not only direct production of a nucleus
in its ground state, during the particle emission
phase, but also products formed by direct feeding
of the ground state via p decay from high lying
states. The importance of the contribution of the
off-beam measurements to the total production
cross sections is depicted in Fig. 1, from which
it is obvious that in some cases as much as 50%
additional cross section was found, and on the
whole the observed reaction cross section was
augmented by 20-30%. Without these additional
cross sections a quantitative comparison of the
production cross sections for various mass, A,
and charge, Z, numbers with those predicted by
various models, such as those performed in Ref.
2, would have not been as meaningful. Since the
off-beam results were included in Ref. 2, readers
are referred to that source for extensive discus-
sion connected with the production cross sections.
Only one aspect of the cross section not discussed
in Ref. 2 is presented below.

In a number of radiochemical studies it has been
shown (see, e. g. , Ref. 13) that the spallation
yield of various final nuclei following bombard-
ment with high energy (GeV range) protons and
heavier ions can be represented by

where o(A, Z) is the observed yield of a nucleus of
mass & and charge Z, and the three functions Z',

&, and ~~ define, respectively, the mass yield

58 56 54 52 50 48 46
MASS NUMBER A

FIG. 1. Mass distribution for proton interaction with
58Ni at 164 MeV incident energy. The open areas indi-
cate the in-beam observed cross sections from Ref. 2.
The dashed areas are supplementary cross sections ob-
served through the radioactivity measurements in this
work. The total observed cross section amounts to 512
mb.

curve e, the charge dispersion curve, arid the
position of the maximum yield for a given A. . In
such a representation the distribution of a given
A-chain yield among various members of the chain
is plotted against Z~ —Z, as is shown in Fig. 2 for
the case of 164 MeV protons on Ni target. Here
both the in-beam and off-line production cross
sections have been used. Nuclei whose mass A is
equal to or greater than 58 were not included,
since a significant fraction of their production may
come from fast emission alone. The solid curve
is a parabola with the parameters adjusted to best
fit the data.

A comparison between Ni data gathered at rela-
tively low bombarding energy and natural copper
data at 3.6 GeV (Ref. 13) and 28 GeV (Ref. 14) is
possible due to the fact that these targets have an
almost identical position with respect to the sta-
bility line; the N/Z ratio is 1.21 for Ni and 1.19
for abundance weighted Cu, respectively. The
parameters of the charge dispersion curve fitted
to the experimental data of Ni target are, within
errors, identical to those ' obtained for 3.9-
and 28-GeV protons on natural copper. The pa-
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FIG. 3. The ratios of the observed forward recoil
ranges R in terms of the recoil range of the compound
nucleus RzN for 5 Ni and 6 Ni targets. Specific final nu-
clei corresponding to each point in the plot can be identi-
fied using Tables II and III.

- I.5 -l.o -0.5
Z -Z

0.5 I.O l.5

FIG. 2. Charge dispersion curve for the reaction pro-
ducts of 164 MeV protons interacting with Ni. The in-
dividual cross sections are determined in this work from
the radioactivity measurements and in Ref. 2 from the
in-beam data. The continuous line is fitted to the data
points assuming a Gaussian shape for the charge dis-
persion curve. The fitting procedure is described in
Ref. 13. The continuous line shown in this figure fits
also the 80 MeV data for Ni target.

rameters describing the charge dispersion curve
are defined and discussed in Ref. 13. The data
of Fig. 2 are fitted with following values of these
parameters. ' &~ —23.41 + 0.05, X2 —0.455+ 0.008,
Xz —-1.77+ 0.04, &6 —0.73 + 0.04. It is interesting
to note, not only that a large variety of final nu-
clei fall on a common dispersion curve, but also
that over a very wide bombarding energy range
the characteristics of the product cross sections
are remarkably similar.

B. Recoil ranges

For various final nuclei the ratios of measured
forward recoil ranges R, in terms of the recoil
range of the appropriate compound nucleus R&N,
are presented in Fig. 3. In Figs. 4-7 the observed
recoil ranges vs ~ are presented. An inspec-
tion of the trend of observed ranges leads to a
number of interesting qualitative conclusions: (a)
The fact that ranges of most nuclei are consider-

800-

I I r I

SO MeV p+ Ni

E
V

g 600-

gJI
C
O
K 400-
a
CP
4l
K

I

4/
/

/
/

I

200-

2 4 6 8 Io I2 I4 I6 I8

target product

FIG. 4. The effective recoil ranges (thick target) of
radioactive products determined for proton interaction
with Ni at 80 MeV bombarding energy. The indicated
errors on experimental points do not include a possible
10% systematic error resulting from target thickness
nonuniformity. The continuous line is drawn through the
calculated values of projected recoil ranges (see text)
without correction for evaporation. The dashed line in-
cludes the contribution of the evaporation momenta to
the projected ranges.

ably less than Rc„ indicates that none of these nu-

clei, except perhaps the lightest, were formed
from the decay of projectile-plus-target compound
nuclei. (b) The extremely small recoil ranges
(-0.1 Rc„) of products near the target mass imply
that these nuclei were produced in processes in
which most of the incident momentum is taken
away by the emitted particles. (c) Increasing
values of the recoil ranges with ~ imply that
the corresponding nuclei are produced through
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FIG. 5. The recoil ranges of radioactive products
determined for proton interaction with Ni at 153 MeV
bombarding energy. (See also caption to Fig. 4.) The
dashed uncertainty Gags represent the statistical error
caused by finite number of histories employed in the
Monte Carlo calculations.

processes in which a progressively smaller frac-
tion of the incident energy and momentum is car-
ried out by the emitted particle.

These features are consistent with a picture of
proton-induced reactions in which, as a result of
interactions of the incident nucleon with the target
nucleus, a few products (following the emission of
some of the nucleons involved in the interactions)
are left with a broad range of excitation energy.

l I I I

62
800- 80 MeV p+ Ni

E 600-

~~ 400-
D
K

I
I
I
I
I
I"I

I" xl
/

/

O
07 200-

lK

I I ~ I I I I I I

2 4 6 8 10 12 14 16 18

A target A product

FEG. 6. The recoil ranges of radioactive products de-
termined for proton interaction with Ni at 80 MeV
bombarding energy. (See also caption to Figs. 4 and 5.)

0 I I I I I I I 1

2 4 6 8 IO I2 14 I6 18

QA A target A product

FlG. 7. The recoil ranges of radioactive products de-
termined for proton interaction with Ni at 153 MeV
bombarding energy. (See also caption to Figs. 4 and 5.)

Most of the observed final products are produced
following nucleon evaporation from these highly
excited parent nuclei. Since it takes, on an aver-
age, 10 MeV of excitation energy to evaporate one
nucleon, lighter final products are produced from
successively higher excitations of the parent nuc-
lei. The final nuclei, the daughters, will recoil
as do their parents of appropriate excitation en-
ergy, ' that is, the lighter final nuclei are expected
to have progressively larger recoil ranges, as is
observed to be the case.

The recoil ranges of specific final nuclei were
calculated in terms of the cascade model, which
describes the pre-equilibrium chain of nucleon-
nucleon interactions initiated by the incident nu-
cleon, with and without incorporating the effect of
evaporation on the recoil properties of the final
products. The computer code used for the cas-
cade calculations was VEGAS and the evaporation
comp'utations were performed using the code DFF."
Both codes employ Monte Carlo techniques. Two
other codes exist which are also based upon the
intranuclear cascade model. One was developed
by Barashenkov et al. at the Joint Institute of
Nuclear Research [V. S. Barashenkov, K. K.
Gudima, and V. D. Toneev, Acta Phys. Pol. 36,
415 (1969)].and the second by Bertini at Oak Ridge
National Laboratory [H. W. Bertini, Phys. Rev.
131, 1801 (1963); 138, 1711 (1969)]. A Compara-
tive study of the results of the three codes [V. S.
Barashenkov, H. %. Bertini, K. Chen, G. Fried-
lander, G. D. Harp, A. S. Qjinov, J. M. Miller,
and V. D. Toneev, Nucl. Phys. A187, 531 (1972)].
indicates that they yield similar results in most
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0

respects. A number of subroutines were added to
the code DFF which, among other things, calcu-
late in three dimensional space the momentum
vectors of the recoiling nucleus, using the indivi-
dual histories of the cascade calculation with and
without the recoil momenta produced by the evap-
oration processes. Emission of evaporation
particles (neutrons, protons, deuterons, tritons,
He, and He) was assumed to be isotropic in the

center of mass of the recoiling nucleus. For each
option about 5 000 histories were sorted according
to recoil energy, 'recoil angle, recoil range, and
projected forward range of product nuclei. From
the distributions so obtained, average values of
the above quantities were calculated. The recoil
ranges were obtained for the calculated recoil
energies using the table of Northcliff e and Schil-
ling. Between zero and the lowest recoil energy
for which tabulated values of recoil range are
available, it was assumed that recoil ranges are
proportional to recoil energy. Ranges in Ni
were obtained from those tabulated for ' Ni using
an appropriate mass ratio correction. The input
parameters used for calculations in VEGAS and
DFF codes were chosen to be the same as those
which appear to give a relatively good account of
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FIG. 9. Calculated nonprojected recoil ranges for 80
MeV (A) and 153 MeV (B) protons interacting with Ni.

the inclusive production cross section as reported
in Ref. 2. Some features of the results, namely
angular distributions of the recoiling nuclei, non-
projected recoil ranges, and average angle of re-
coil with and without evaporation kick, are pre-
sented in Figs. 8-10.

The results of the calculation, for options with
and without the contribution of the evaporation
particle momenta, are shown in Figs. 4-7 for the
cases of 80 and 153 MeV protons with ' Ni and

Ni. targets. An inspection of these figures clear-
ly demonstrates that the calculations are able to
give a good qualitative account of the values of the
observed ranges and their trend with M. Quan-
titatively, it appears that for the Ni target the
observed ranges are slightly higher than those
calculated including the evaporation kick for nuclei
within 5 nucleons from the target, but are closer
to those calculated without the evaporation kick
for lighter product nuclei. A similar trend is
indicated for the Ni target except that, beside
relatively larger uncertainties in the measured
values at 80 MeV for heavier product nuclei (~
& 4), the measured ranges are conspicuously lar-
ger than those predicted by the calculations, even
with the evaporation kick. Though the difference
in this respect is larger for the Ni target, it is
in the same direction as seen for ' Ni.

The backward to forward ratios are shown in
Fig. 11. For heavier product nuclei the observed
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FIG. 8. Calculated (smoothed) angular distributions of
recoils without (continuous lines) and with (dashed lines)
the evaporation kick, for 153 MeV protons interacting
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FIG. 10. Calculated average angle of recoils for 80
MeV (A) and 153 MeV (B) protons interacting with 62Ni.
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l53 MeV p+ Ni

I I I I
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B/I" ratios are consistent, though somewhat lower
in magnitude, with the predictions including the
evaporation kick. For lighter product nuclei,
however, the calculation with evaporation kick
gives results consistently larger than the observed
values. Without the evaporation kick only the
heaviest product nuclei are predicted to show re-
coil in the backward direction.

The above differences notwithstanding, the key
result is that the observed recoil ranges indicate
an important pre-evaporation component in the
interaction between the incident nucleon and the
target nucleus.

The difference between the observed and the
calculated ranges depicted in Figs. 4-'7 can be
understood to arise from a number of sources.
First, the fact that the observed ranges for light
products (M~ 6) are consistently lower than those
calculated with evaporation kick implies that this
kick is overestimated in the DFF calculation.
One can change values of a number of parameters
in OFF to obtain a better fit to the observed ranges.
Among these is the level density parameter a.
The suggested value of a is A/20 whereas A/10
is thought to be more reasonable. " The effect of
the change to A/10 on the recoil ranges is to de-
crease their values by about 10/~.

Some variations of other parameters, including
those used in VEGAS could be made to bring the
calculated values closer to the observed ones.

2 4 6 8 IO I2 I4 I6

target product

FIG. 11. The backward to forward ratio of radioactive
products determined for proton interaction with Ni and

Ni targets at 153 MeV bombarding energy. (See also
caption to Figs. 4 and 5.)

However, the game of varying parameters to get
quantitative agreement with the observed ranges
was not considered justifiable unless it is accom-
panied by detailed comparison between the cal-
culated and observed energies of emitted particles.

A second effect which has not been taken into
account in the calculations and which can modify
the recoil ranges in a significant manner is the
emission of fast complex particles, such as d,
t, He, and &, in the initial fast phase of the reac-
tions. It is known (see, e. g. , Ref. 18) that about
20% of the total charged particle yield is in deu-
teron and & particle emission. These emissions
are known to make a relatively larger contribution
in the production of nuclei with large M. Since
the anguiar distribution of these particles is for-
ward peaked, their emission would give a signifi-
cant backward recoil kick which, besides reducing
the average recoil momentum, would tend to in-
crease the recoil angle. Both of these effects will
tend to decrease the projected recoil ranges and
enhance the number of backward recoils. Whereas
this will make the comparison for forward recoils
better (see Figs. 4-7) for large bA, it will make
the comparison worse for backward recoils.

A third effect not included in the calculations
and certainly affecting the measured recoil ranges
is due to a change in the angle of the recoiling nu-
cleus due to multiple atomic collision in the target
prior to its escape into the catcher foil. The re-
coiling nucleus loses energy while passing through
matter by two mechanisms, namely those involving
electronic and nuclear collisions. The former
is the dominant process at higher recoil velocities
and leads to relatively little change in the direc-
tion of the recoiling nucleus. At lower recoil
velocities, as encountered here, energy loss due
to both processes is contributing to the total stop-
ping power, and since the masses of the recoiling
nuclei and of the stopping atoms are comparable,
at each collision significant deflection from the
original direction of recoil can occur. As is obvi-
ous from Figs. 9 and 10, the average nonproj ected
recoil range and average recoil angle increase
and decrease, respectively, as a function of M
for the options including and excluding the evapora-
tion kick. For ~ & 5, evaporation does not change
these values for both quantities significantly, and
the lower values of observed projected range is
due to the combined effect of lower recoil energy
and larger recoil angle, i. e. , a smaller value of
cos~„„„. Nuclear collisons will tend to spread
the angular distribution to a wider angular range
than is indicated in Fig. 8. The effect of this
spreading on the projected recoil ranges is to
either increase or decrease the observed values
depending upon the initial recoil direction.
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In cases where the initial direction is close to
90' to the beam (as is the case for nuclei with~ & 3, see Fig. 10) multiple scattering will throw
about half of the recoils in the backward, direction
(thus increasing the number of backward recoils)
and the other half in the forward direction. The
average recoil angle of the second group will be
less than the original 90' angle, effectively in-
creasing the projected recoil ranges for the for-
ward going segment. For nuclei with ~ & 3, the
average recoil direction (see Fig. 10) is approxi-
mately 45'. The spreading around this angle due

to multiple scattering tends not to change the
average recoil angle, but the average (population
weighted) value of cos8 does decrease, thus de-
creasing the values of projected ranges for these
cases.

IV. SUMMARY AND CONCLUSIONS

The cross sections for producing radioactive
nuclei in the bombardment of Ni and Ni with
80-164 MeV protons, and their recoil ranges,
have been measured. These radioactivity cross
sections are found to add to the in-beam cross
sections for specific nuclei to a significant degree.
The properties of the charge dispersion curves
are found to be remarkably similar to those ob-
served for 3.9 and 28 GeV proton bombardment
of natural copper, implying that evaporation char-
acteristics in high and low energy bombardments
are similar.

From the trend of the observed projected ranges
with mass of the final nuclei, one can clearly de-
cipher the mechanism of nucleon-nucleus reac-
tions. It is argued that as a result of interactions
of the incident nucleons with a few target nucleons,

a few nuclei of mass close to that of the target
are produced with a broad range of excitation.
Subsequent evaporation leads to the production of
most of the observed nuclei. Quantitative com-
parison of the observed ranges with those cal-
culated in terms of the cascade plus evaporation
models confirms that the trend and magnitude of
the observed recoil ranges with ~ are predomi-
nantly reflecting the characteristics of the pre-
evaporation stage of the nucleon-nucleus interac-
tion. Differences between the observed and cal-
culated ranges may be understood as arising from
(a) the choice of parameters made in the evapora-
tion calculations; (b) neglect of the role of com-
plex particles, such as deuteron and & emission,
in the preevaporation phase of nucleon-nucleus
interaction; and (c) neglect of multiple scattering
of recoiling nuclei in the target material due to
nuclear collisions.
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