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Differential ranges at five angles to the beam have been measured for 23 fragments, ranging from
4ICa to '*3Ce, produced in the interaction of 2**U with 400 GeV protons. Energy spectra obtained
from the data show evidence for the presence of two components, which can be attributed to deep
spallation and to fragmentation or fission. The spectra have been compared with a thermal model,
used to test the two-step model of high-energy reactions, subjected to an invariant cross section
analysis, and compared with the predictions of the Hiifner fast breakup model.

I. INTRODUCTION

The measurement of recoil properties of radioactive
products is one of the techniques that has been used for
the elucidation of nuclear reaction mechanisms. Depend-
ing on the type of target-catcher configuration used,
recoil experiments can yield the mean kinetic energies of
reaction products, the mean longitudinal momentum
transferred in the interaction, the angular distribution of
the products, and the double-differential cross sections
for the formation of specific products. This last type of
experiment, which involves differential range measure-
ments covering a set of narrow angular intervals, yields
the most detailed information obtainable from recoil
measurements. The experiment is equivalent to an in-
clusive measurement of the energy spectra of charge- and
mass-identified products performed over a broad angular
range. It has the additional advantage of permitting mea-
surements to be extended to energies well below the low-
energy cutoff of counter experiments. Thus the energy
regime below the peak in the spectra can be explored in
detail.

The first measurement of differential ranges of high-
energy proton reaction products emitted at specific angles
to the beam was performed by Cumming et al.! These
workers measured the differential ranges of **Na frag-
ments emitted at three angles to the beam in the interac-
tion of bismuth with 2.9 GeV protons. The data were
used to examine the symmetry of the angular distribution
in a system moving with a velocity determined from the
kinematic shift in the spectra. A number of additional
studies of this type have been reported.>~> Poskanzer and
collaborators®’ have performed similar studies by direct
measurement of energy spectra. The results of these vari-
ous experiments indicate that, depending on the identity
of target and product as well as on the incident proton
energy, the angular distributions in the moving system
can be either forward peaked, backward peaked, or sym-
metric about 90°. These experiments show that the two-
step model of high-energy reactions applies to some reac-
tions in certain proton energy regimes but not to others.

In addition to using their data to test the two-step
model, Fortney and Porile’ examined the angular distri-
bution of scandium fragments produced in the interaction
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of uranium with 400 GeV protons as a function of their
kinetic energy. They found that the highest-energy frag-
ments were preferentially emitted at forward angles in
the laboratory system while the lowest-energy fragments
were. preferentially emitted at backward angles. These
angular distributions were based on measurements at
only three angles and therefore were of limited
significance. Nonetheless, Hiifner and Sommermann®
were able to give a qualitative explanation of the results
in terms of a fast breakup model.

The present work involves a more detailed study of the
type performed by Fortney and Porile,’ involving, in ad-
dition, a much wider range of products. We report the
differential ranges at five angles to the beam for 23 prod-
ucts of the interaction of 2**U with 400 GeV protons. In
addition to permitting a test of the two-step model, the
results can be recast in the form of angular distributions
as a function of product energy. Furthermore, the data
have been obtained at sufficient angles to permit an in-
variant cross section analysis. Such an analysis provides
information concerning the source of the observed prod-
ucts.

In a previous paper’ we have reported the results of
differential range measurements on products from the in-
teraction of 2**U with 400 GeV protons performed at 90°
to the beam. This paper should be consulted concerning
the general experimental procedure as well as back-
ground information about the mechanisms believed to be
of importance in the formation of specific products.

II. EXPERIMENTAL

The irradiations were performed with 400 GeV protons
in an evacuated chamber located in an external beam line
at Fermilab. The targets consisted of thin (0.2-0.3
mg/cm?) UF, deposits evaporated over a 1 X1 cm? area
onto 25 um thick, 99.999% pure aluminum foil.

Two types of experiments were performed. The
differential ranges were measured at five angles covering
the intervals of 10°-30°, 45°-65°, 80°-100°, 115°-135°,
and 150°-170°. Fragments emitted at these angles were
stopped in a stack of thin (~0.3 mg/cm?) Mylar foils.
These foils were mounted in cylindrical geometry at a
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distance of 9.2 cm from the target. The solid angles sub-
tended by the catchers were nearly constant, ranging
from 0.37 sr at the most forward or backward angles to
0.33 sr at 90°. The targets were oriented at 90° to the
beam in experiments designed to measure the differential
ranges at 20° or 160°, and at 45° or 135° to the beam in
those designed for measurements at the other angles.

The angular distributions were measured in a separate
set of experiments. High-purity (99.999%) aluminum
catcher foils, 15 mg/cm? in thickness, i.e., sufficiently
thick to stop all recoils, were used to collect fragments
emitted at the same angular intervals as in the differential
range experiments. Two targets were placed back to
back at 45° and 135° to the beam so that the entire angu-
lar distribution could be determined in a single experi-
ment. The aluminum foils separating the two targets
were sufficiently thick to prevent any cross contamination
of recoils. The angular interval of 80°-100° was mea-
sured for both targets, thereby permitting a normaliza-
tion of the forward and backward halves of the angular
distribution. In turn, the angular distributions were used
to normalize to each other the differential ranges of a
given product emitted at the various angles.

The angular distribution and each differential range
were measured three times. The irradiations had a dura-
tion of approximately one week. Following irradiation,
the various foils were transported to Purdue University
and assayed with calibrated Ge(Li) detectors. Owing to
the large number of samples and to their relatively low
activities, each foil could be assayed only once or twice.
The results obtained from the y-ray spectra are therefore
limited to y rays with either a clean one-component de-
cay curve or with a two-component decay curve in which
the longer-lived component contributed less than 5% of
the activity throughout the entire assay time of approxi-
mately four days. The decay curves of these y rays as
well as the nuclidic assignments were determined in a
separate experiment.’

The y-ray spectra were analyzed with the code
SAMPO, !0 and the differential ranges and angular distribu-
tions were obtained from the data as described else-
where.>!!~13 The differential ranges were corrected for
the obliqueness of the paths followed by the recoils
traversing the catchers, for the finite thickness of the
catcher foils and the resulting loss in resolution, and for
energy loss and broadening in the UF, targets. The
corrections have been described in detail in another publi-
cation.” The average magnitudes of these corrections
were approximately 5%, 7%, and 8%, respectively.

The corrected differential ranges were transformed to
energy spectra by means of a code!* that used the range-
energy tables of Northcliffe and Schilling!® as input. A
3-10 % correction was applied to account for the
difference between the tabulated'> path lengths and the
experimentally determined projected ranges. The magni-
tude of this correction was based on the work of Lin-
dhard er al.'® as developed by Cumming.!” Since the
range-energy relation depends on product Z, the actual Z
values were corrected for isobaric feedin as described else-
where.” The energy spectra were converted to absolute
differential cross sections on the basis of measured'8—%’

or estimated?® production cross sections for the nuclides
of interest.

III. RESULTS

The energy spectra of some typical products, *!Sc,
2As, and %°Nb, are displayed in Figs. 1-3, respectively.
The average uncertainty in the data points is 11%, and is
chiefly comprised of the uncertainties in the y-ray inten-
sity measurements (7%), the corrections to the
differential ranges (4%), and the range-energy relation
(7%).

As discussed in our previous report,’ *3Sc is typical of
fragments with A4 <50 in displaying a spectrum with a
single broad peak at moderately low energies. The spec-
trum of "?As is typical of both intermediate mass frag-
ments ( A ~60-80) and of neutron-deficient products in
the fission product mass region. The spectra of these
products are characterized by the presence of two com-
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FIG. 1. Laboratory energy spectra of **Sc produced in the in-
teraction of 2**U with 400 GeV protons. The solid curves give
the results of a thermal model fit to all the data points
represented by the large symbols. The low-energy data (small
symbols) were not included in this fit.



820 D. L. KLINGENSMITH AND N. T. PORILE 38

o T T
E 3
[ |
10° —g oo o ° o© _
3 5 0% E
" ]
Mo, i
o' g o R 4
E < 3
= : o]
» :
3 Fea o o oF 1
= 102}
< 10 3
a E
1 C
=
[e] o]
,:,:B [ ? X, LI
S
03k
I8
o <
2 %y 0
o
103 | P U UR SRR SR SR SR
o 20 40 60 80 100 120 140

E (MeV)

FIG. 2. Laboratory energy spectra of ">As produced in the
interaction of 2**U with 400 GeV protons. See Fig. 1 for details.
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FIG. 3. Laboratory energy spectra of **Nb produced in the
interaction of 2**U with 400 GeV protons. See Fig. 1 for details.

ponents present in nearly comparable amounts. The
high-energy component has a Maxwellian-like shape,
similar to that of fission products, while the low-energy
component increases in yield with decreasing energy, as
expected for deep spallation. Finally, **Nb has a spec-
trum characteristic of a fission product, with a single
dominant component peaking at relatively high energies.

Figures 4 and 5 show some typical angular distribu-
tions. The error bars on the data points are based pri-
marily on the uncertainties in the SAMPO fits. The points
are plotted at the mean angle corresponding to each in-
terval. The differential cross sections were normalized to
unity at 90°. The solid curves represent least-squares fits
to the data of the function

F(6,,)=1+ A cosO,,,+ A,cos%0,,, . (1)

Table I summarizes the values of 4, and A4, for all the
products of interest. The various products have been di-
vided into the same two groups as in our previous work’
on the basis of whether their energy spectra show the
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FIG. 4. Angular distribution of ?As. The solid curve
represents a fit of Eq. (1) to the data. The points labeled X and
O represent the relative contribution of the high- and low-
energy mechanisms, respectively, to the experimental data (O).
The dashed curves represent scaled fits of Eq. (1) to the data.
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presence of one or two components. The angular distri-
butions shown in Figs. 4 and 5, which are for nuclides
with two components, have been decomposed into curves
for the individual components as discussed in the follow-
ing section.

The angular distributions resemble closely those re-
ported in a previous study of the interaction of 23U with
400 GeV protons.?’ All the curves show a distinct peak
at sideward angles. In some instances the differential
cross sections at the most forward angles are larger than
those at the corresponding backward angles ( 4, >0) and
in others the opposite holds true (4, <0).

IV. DISCUSSION

A. Thermal breakup model fit

The presence of a peak in the spectra at Coulomb-like
energies suggests that the high-energy component can be
fit with a model which assumes that a moving remnant
with temperature T breaks up into two or more frag-
ments. The mechanisms responsible for this component
are presurnably fragmentation in the case of the light
products (A4 <70) and fission.” Numerous fits of this
general type have been reported.>”*!"28 Qur particular
parametrization incorporates a Gaussian distribution of
Coulomb energies B, with a most probable energy B, and
a standard deviation o, and two-body kinematics to
correct for recoil:

FIG. 5. Angular distribution of '2°Sb™. See Fig. 4 for details.

TABLE L. Angular distribution and velocity parameters of products from the interaction of 23¥U with 400 GeV protons.

Product A, A, 10°B () ()
One-component spectra
4ICa —0.028+0.043 —0.389+0.081 1.57+0.16 0.034+0.002 0.009+0.020
43S¢ —0.087+0.017 —0.314£0.030 1.5340.07 0.032+0.001 —0.021£0.008
8By 0.028+0.026 —0.25140.056 1.2740.03 0.030+0.001 0.016+0.012
SZr —0.076+0.033 —0.144+0.067 0.67+0.06 0.015+0.001 —0.044£0.016
%Nb —0.008+0.024 —0.048+0.041 1.22+0.03 0.029+0.001 —0.008+0.012
Zr —0.01110.015 —0.154+0.028 0.7310.02 0.016£0.000 —0.005%0.008
“Mo 0.056+0.013 —0.203+0.024 0.7040.03 0.01740.000 0.024+0.006
15Rh 0.003+0.019 —0.117+0.036 0.63+0.04 0.01640.000 0.005+0.010
15¢d —0.016+0.019 —0.082+0.037 0.7240.03 0.019+0.000 —0.008+0.010
127gp —0.068+0.021 —0.37740.042 0.57+0.03 0.016+0.000 —0.024+0.011
132¢s 0.01140.017 —0.310£0.032 0.69+0.00 0.019+0.000 0.001+0.009
140, —0.034+0.022 —0.268+0.041 0.33+0.02 0.010+0.000 —0.001£0.010
43Ce 0.021+0.029 —0.19740.057 0.38+0.03 0.012+0.000 0.016+0.014
Two-component spectra
¢Cu 0.032+0.020 —0.194£0.042 1.57+0.08 0.038+0.001 0.025+0.010
97Zn" —0.036+0.033 —0.167+0.051 1.64+0.10 0.039+0.001 —0.001+0.016
2Ga —0.079+0.016 —0.258+0.031 1.24+0.07 0.030%0.001 —0.041+0.008
2As —0.078+0.016 —0.274+0.031 1.25+0.08 0.029+0.001 —0.040+0.008
T6As —0.014+0.023 —0.29410.046 1.46+0.04 0.037+0.001 0.000+0.012
9%Tc —0.064+0.013 —0.345+0.024 1.20+0.05 0.036+0.001 —0.04410.007
10IR ™ —0.019£0.015 —0.247+0.030 0.72+0.07 0.024+0.001 —0.01140.008
103pg —0.003+0.020 —0.15140.037 0.71+0.04 0.019+0.001 0.002+0.010
120gp™ 0.124£0.022 —0.15310.041 1.2140.02 0.041+0.001 0.068+0.011
1241 0.02410.024 —0.141£0.045 0.86+0.04 0.028+0.001 —0.017+0.012
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The energy of a fragment in the moving system E_  is
related to the laboratory energy E,, by the expression

E.m =Epp+E)—2EEy) *cosby,, , @)

where Eq=14 rv%, and Ap is the fragment mass. The
factor v= Ay /( Ag — Ap) provides for recoil correction,
where the assumed mass of the remnant of the initial
proton-nucleus interaction is Aj =220. The quantity
BTS is the usual tangent-spheres barrier, and N provides
the overall normalization.

The velocity v of the moving system can be decom-
posed into components directed along and perpendicular
to the beam direction, designated U and v, respectively.
The results of the fit are insensitive to the magnitude of
v,. A relatively large value of v, i.e., v, R UIB leads to a
broader spectrum at 90° than at forward or backward an-
gles. In addition, the mean energy in the moving system
should be larger at 90° than at the other angles.""? Since
these effects were not observed, we conclude that v, < v,
and approximate v by v,.

Equation (2) was used to perform a simultaneous least-
squares fit to all the spectra of a given product using the
code MINUIT.? This procedure assumes that the angular
distribution is isotropic in the moving system. The solid
curves in Figs. 1-3 are the results of this fit. The agree-
ment between the curves and the data is typical of all the
observed products. While small discrepancies are not
readily apparent because of the compressed scale, some of
the curves visibly tend to underfit the 90° spectra, as
would be expected from the sideward peaking of the an-
gular distributions.

The values of B=v /c are listed in Table I and plotted
versus product mass in Fig. 6. The underfitting of the 90°
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FIG. 6. Mass dependence of B values obtained from thermal
model fit. X, neutron-excessive fission products; O, other prod-
ucts.
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spectra does not affect the values of 8. The B values ex-
hibit an approximate inverse dependence on mass num-
ber and range from about 3X10™* to 2x1073. The
scatter in the B values indicates that the uncertainties
may be larger than those given by MINUIT. There does
not appear to be a significant difference between the one-
and two-component products.

A previous study’ of the energy spectra of F-Ar frag-
ments formed in the interaction of 23¥U with 4.9 GeV
protons gave B=6Xx 1072, i.e., three to four times larger
than the B derived from the lightest fragments observed
in the present study. A decrease in 8 with increasing pro-
ton energy above ~3 GeV has been inferred previously
from the change in angular distributions from forward
peaked to sideward peaked!? as well as from the decrease
with energy of the forward-backward ratios obtained in
thick-target recoil studies.’”’® However, these con-
clusions depend on the applicability of the two-step mod-
el whereas the results derived from the kinematic shift in
the spectra are independent of the validity of this model.

The very low values of B obtained at high energies,
even in interactions in which substantial excitation ener-
gy must be transferred to the remnant, can be understood
in terms of the results of Nakai et al.’' These workers
observed that a central high-energy proton-nucleus col-
lision involves the forward emission of a moving source
consisting of nucleons and mesons. This moving source
carries off most of the energy and virtually all of the
momentum of the incident proton. Consequently the ex-
cited remnant is formed with practically no longitudinal
momentum.

The values of the other parameters determined from
the fit of Eq. (2) are close to those derived previously
from the fits to the 90° spectra.” As discussed in this ear-
lier work, the values of B, expressed as a fraction of the
tangent spheres value, are approximately 0.8 for
neutron-excessive fission products, 0.6 for neutron-
deficient fission products and intermediate mass frag-
ments, and 0.3 for the lightest fragments. The standard
deviations of the barrier distribution as well as the tem-
peratures are significantly smaller for the neutron-
excessive fission products than for the other products.
These results are consistent with the fact that the forma-
tion of neutron-excessive fission products requires much
lower excitation energies than that of the other products.

The low-energy component in the spectra of neutron-
deficient fission products and intermediate mass frag-
ments has been attributed to deep spallation.” The rela-
tive contributions of this component were obtained by
subtraction of the Maxwellian fits from the measured
spectra. Figure 7 shows the variation with angle of the
percent contribution of the deep spallation component
for typical products. In all instances, the contribution in-
creases with angle by some 10-25 % over the angular
range of interest. The angular distributions of the deep
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FIG. 7. Angular dependence of the fractional contribution of
deep spallation to the energy spectra of various fragments.

spallation component consequently are enhanced at back-
ward angles relative to the overall angular distributions,
as illustrated in Figs. 4 and 5.

B. Two-step model analysis

The energy spectra and angular distributions may be
used to test the applicability of the two-step vector model
to the reactions of interest. According to this commonly
used model of high-energy reactions, the laboratory ve-
locity v, of a particular product is expressed as the vec-
tor sum of two velocities, v; =v+V. The velocity v is
that acquired by the remnant as a result of the initial
proton-nucleus interaction and, in the simplest version of
the model, is assumed to be directed along the beam. The
velocity V is that acquired by the fragment in the break-
up step. Since the two-step model assumes a temporal
separation between the impact and breakup steps, the an-
gular distribution of V in the moving system must, on
average, be symmetric about the beam direction, but can
be anisotropic.

The angular distributions

yield values of

(n)e=Cv/V). This velocity ratio determines the trans-
formation of the angular distribution from the laboratory
system to the moving system and can be determined from
a standard two-parameter fit to the angular distribu-
tion.!> The second parameter in this fit is the anisotropy
coefficient, which is numerically equal to 4, in Eq. (1).
The energy spectra yield the values of (7)) =(v)/(V).
The values of (v ), i.e., B, were derived from the kinemat-
ic shift in the spectra by means of Eq. (2), as discussed in
the preceding section. The values of { V') were obtained
by means of the relation

(V)2=(v )+ (v )?*=2{v. ){v )coshy, 4)

which follows directly from Eq. (3). In turn, the values of
(v, ) were obtained by transforming the differential
ranges to velocity spectra and averaging over all the spec-
tra obtained for a given product.

The values of {(71),and {7n) are tabulated in Table 1.
Provided that the slight difference in averaging as well as
the effect of correlations between v and V are neglected,
the two-step model demands that these two ratios have
the same value for a given product, i.e., that the angular
distribution in a system moving with a velocity obtained
from the kinematic shift in the spectra by symmetric
about 90°. Figure 8 shows the mass dependence of (1),
and (7). Itis seen that for most products the values of
() are significantly larger than those of (%), which
are actually negative for many nuclides. While this
discrepancy could already be inferred from a careful ex-
amination of the fit of Eq. (2) to the spectra of a given
product, the comparison of the two sets of (%) values
makes the disagreement more readily apparent. While a
positive correlation between v and V will lead to
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FIG. 8. Mass dependence of (1) and (7n), Large symbols
(1) &; small symbols (1)e. X, neutron-excessive fission prod-
ucts; O, other products. The lines show the trends in the data.
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(7)< {m)g,"? correlations cannot lead to (7)4 and

(m) g of opposite signs. We therefore conclude that the
formation of most products is inconsistent with the two-
step model. As shown in Fig. 8, this conclusion applies
to intermediate mass fragments as well as to some of the
neutron-deficient and neutron-excessive fission products.
A similar analysis has been performed for just the high-
energy component in the spectra. Qualitatively similar
results are obtained, albeit with larger uncertainties.

C. Invariant cross-section analysis

An informative presentation of inclusive data is in
terms of a contour plot of the invariant cross sections,?
(1/p)d*c /dEdQ). The abscissa in this plot is the rapi-
dity and the ordinate is p, /mc. For the nonrelativistic
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FIG. 9. Constant invariant cross sections for light fragments
(*3Sc), intermediate-mass fragments (°’Cu), neutron-deficient
fission products ('°’'Rh™), and neutron-excessive fission products
(*'Zr). The curves represent semicircle fits to the data points.
The dashed and solid curves are drawn through points lying in
the deep spallation and fission and/or fragmentation regions of
the spectra, respectively. Adjacent dashed contours correspond
to a factor of 2 change in invariant cross section; adjacent solid
contours correspond to a factor of 10 change in invariant cross
section. The values of B; are given by the short vertical lines.

fragments of present interest, these quantities reduce to
the parallel and perpendicular components of the frag-
ment velocity expressed in units of ¢, B, and B, respec-
tively. Contour plots of constant invariant cross section
are a useful tool in the analysis of reactions that may in-
volve more than one mechanism since they give an indi-
cation of the motion of the sources of the observed frag-
ments.

Some typical contour plots are shown in Fig. 9. The
curves are two-parameter least-squares fits to the data
points and consist of semicircles centered on the rapidity
axis.’> The parameters of the fit are the source velocity
along the beam direction B;, which defines the center of
the semicircle, and the radial velocity f3,, which corre-
sponds to its radius. Since we believe that the low-energy
fragments generally are formed in a different process than
the energetic fragments, we distinguish between them by
means of dashed (low-energy) and solid contours. The
curves provide a reasonably good fit to the data. The one
systematic discrepancy is that, with the exception of the
fission products, many of the curves underestimate the
value of B3, at 90°. This discrepancy can be eliminated by
moving the center of the semicircles off the B; axis, i.e.,
by adding a transverse component to the motion of the
emitting source, 3,. Figure 10 shows the resulting three-
parameter fits to the data.

The values of the source velocity B, are marked on the
contour plots in Figs. 9 and 10. A distinct difference in
the variation of B, with B, is observed for the high- and
low-energy components. Thus the source velocities ob-
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FIG. 10. Three-parameter fits (S3,,3,,8,) to the invariant
cross section points in Fig. 9.

(0]
-0.08 0.04 0.08



38 FRAGMENT EMISSION IN THE INTERACTION OF 28U . . . 825

tained from the contours associated with fission or frag-
mentation generally have small positive values and show
no systematic variation with 3,. On the other hand, the
source velocities associated with the deep spallation com-
ponent tend to be negative, and become increasingly neg-
ative with increasing B,. The values of B, correspond to
the vertical displacements of the semicircles off the S,
axis in Fig. 10. It can be seen that the values of 3, in-
crease with B, for the contours associated with the low-
energy process. In contrast, 3, appears to be independent
of B, for the high-energy process.

The results for all the observed products can be sum-
marized in plots of the mass dependence of the mean
values of B; and 3,. Separate averages for the high- and
low-energy components are shown in Figs. 11 and 12, re-
spectively. The variation of 5, and B, with 5, can be
summarized for each product by the values of df;/dp,
or df,/dp, for each mechanism, as obtained from a
linear fit. The mass dependence of these slopes is shown
in Figs. 13 and 14 for the high- and low-energy com-
ponents, respectively. Finally, Fig. 15 shows the mass
dependence of df, /df;, the slope of the straight-line fit
to the values of B, and B, associated with each contour
for the deep spallation component.
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FIG. 11. Dependence of the parallel (B3, top panel) and
transverse (f3,, bottom panel) components of the source velocity
on product mass for the fission/fragmentation component. X,
neutron-excessive fission products; O, other products.
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FIG. 13. Dependence of df;/df, on product mass for the
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The results obtained for fission or fragmentation are
generally consistent with the results of the thermal break-
up model. Thus the values of B, are essentially equal to
the B values obtained in that analysis, albeit of lower ac-
curacy. The values of B, are consistent with zero for
nearly all the products, as was assumed in Sec. IV A.
This result suggests that the peak at sideward angles ob-
served for these products reflects the intrinsic angular
distribution rather than resulting from kinematic focus-
ing towards these angles by the motion of the source.
Figure 13 shows that the values of d 3, /d 3, scatter about
zero indicating that there is no significant correlation be-
tween source and fragment velocities.

The results for the deep spallation component are
significantly different from those for the high-energy
component. Figure 12 shows that the values of S, are
negative for all but the heaviest products. Furthermore,

0.l
(o]
0.0 —oO
{+]
%
-0} s °
s 9
©
N -02} ° °
] § (o]
QL o
-0.3 |-
—oal
_05 | 1 1 1
~
o 0.8 |-
S 53 8
N 04fo© o0
g o
g . % o
0.0 5
—-0.4 1 1 1 |
40 60 80 100 120

A

FIG. 14. Dependence of df3,/df, (top panel) and dp,/dp,
(bottom) for the deep spallation component.
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FIG. 15. Dependence of df,/df; on product mass for the
deep spallation component.
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the values of B, are significantly larger than zero. Taken
together, these observations suggest that the deep spalla-
tion products are formed in the deexcitation of remnants
moving at large angles to the beam. The results obtained
for ’Ca and **Sc, the lightest fragments observed in this
work, are in line with those obtained for heavier prod-
ucts. It therefore appears that these products are formed
both in deep spallation and in fragmentation, even
though the spectra do not show the presence of two dis-
tinct components.

Figure 14 shows that the motion of the source of the
deep spallation products is correlated with that of the
products. The values of df; /dB, are negative for all but
the heavier products. Since the values of B, are negative,
it follows that the source velocity increases in magnitude
with the fragment velocity. A similar correlation is ob-
served between the transverse component of the source
velocity and the fragment velocity. Finally, Fig. 15
shows that, with the exception of the heaviest products,
the values of df3, /dB, are negative, indicating that the
two components of the source velocity are correlated in
magnitude. Evidently, the formation of these low-energy
intermediate mass products does not involve two tem-
porally well separated steps. Rather, the backward
motion of the parent source is reflected in the motion of
the products. This conclusion is consistent with that ob-
tained in the preceding section.

D. Angular distribution as a function
of fragment energy

The differential cross sections may be recast in the
form of angular distributions of energy-selected frag-
ments. Figure 16 shows the results for ®Zn™, which are
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typical of all products in that the angular distributions
evolve from backward peaked at low energies to forward
peaked at high energies. As already noted, the low-
energy deep spallation component has a more backward-
enhanced angular distribution than the high-energy com-
ponent. These results are certainly consistent with the
more detailed angular distributions shown in Fig. 16.
However, the latter indicate that the changes with energy
are gradual and are not just associated with the change
from deep spallation to fission or fragmentation.

Hiifner and Sommermann® have proposed a fast break-
up model to explain the less complete angular distribu-
tions of energy-selected scandium fragments from 400
GeV proton interactions with uranium previously report-
ed by our group.® Since our analysis shows that, with the
exception of some of the fission products, the products of

)]
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FIG. 16. Angular distribution of energy-selected **Zn™ frag-
ments. The curves are fits of Eq. (1).

interest are not formed in a two-step process, comparison
of the data with a fast breakup model is appropriate.

The Hiifner model assumes that the angular distribu-
tion is determined by the net effect of three factors: (1) an
isotropic contribution from the Fermi motion in the rem-
nant, (2) the sideward-to-forward directed momentum of
captured spray particles resulting from the passage of the
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FIG. 17. Dependence on fragment energy of the angular dis-
tribution parameters 4, and 4, and of F/B for ¥*Sc. The solid
curves are a fit of the Hiifner model (Ref. 8) to the data points.
Dashed curves, o, is constrained to >0. 59; dot-dashed curves,
X is constrained to <O.
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projectile, and (3) the sideward-to-backward directed
momentum from Coulomb repulsion between the frag-
ments. The double-differential cross sections are
parametrized in terms of the following five quantities,
which express the effect of the above factors: o, the rms
Fermi momentum; g, the mean forward component of
momentum of spray particles and o, the standard devia-
tion of the momentum distribution; X, the angle under
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FIG. 18. Energy dependence of 4,, 4,, and F/B for ?As.
See Fig. 17 for details.

which the Coulomb force acts on the prefragment (X is
measured backward from an axis perpendicular to the
beam direction); and V,, the magnitude of the Coulomb
barrier. The values of these parameters are most con-
veniently obtained from the combined fit of the model to
the energy dependence of the angular distribution
coefficients 4, and A, and to that of the forward-to-
backward emission ratio F /B, obtained by integration of
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FIG. 19. Energy dependence of 4,, 4,, and F/B for '20Sb™,
See Fig. 17 for details.



the angular distributions.

Figures 17-20 show some typical examples of these fits
as performed with MINUIT. The values of 4, and of F/B
generally increase with energy, as expected from the evo-
lution of the angular distributions depicted in Fig. 16.
On the other hand, 4, is relatively independent of ener-
gy. The fitted curves show a qualitatively similar behav-
ior, although the fits are often rather poor.

Figures 21-25 show the variation with product mass
of the parameters obtained from the fits to the data. The
values of o, Fig. 21, show the expected increase with
fragment mass number and range from approximately
600 to 1500 MeV/c. The magnitude of these values is
consistent with the Goldhaber formula.’*

The spray particle parameters g, and o, are plotted in
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FIG. 20. Energy dependence of A,, 4,, and F/B for '?’Sb.
See Fig. 17 for details.
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Figs. 22 and 23, respectively. The mean longitudinal
momentum of the spray particles does not vary in a con-
sistent way with mass number; the individual values
range from ~20 to 500 MeV/c, the mean value being
~300 MeV/c. The mean value has a reasonable magni-
tude since it indicates that the initial proton-uranium in-
teraction results in the capture of 2-6 spray particles.®
The parameter o, is consistent with zero for virtually all
products. This result is surprising since o, and g, are ex-
pected to have comparable values. However, the fits are
rather insensitive to the value of o,. Thus Figs. 17-20
show the effect of setting o, equal to 0.5g,. Almost com-
parable agreement is obtained as when o, is allowed to
vary freely.

The Coulomb barrier V., Fig. 24, generally lies in the
range of 20-50 MeV, and appears to increase with frag-
ment mass number. Coulomb energies generally are
somewhat lower than the peak energies in fragment spec-
tra. The values of V_ fulfill this criterion in most in-
stances and are therefore reasonable.

The angle X, shown in Fig. 25, fluctuates between ap-
proximately 15° and 50° and does not depend in a very
systematic way on mass number. The values of X are to a
large extent inconsistent with the Hiifner model. Ac-
cording to this model, backward emission results from
the trumpet-shaped geometry of the instability region
created by the initial interaction. Only the light frag-
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FIG. 21. Mass dependence of the parameter o .



830 D. L. KLINGENSMITH AND N. T. PORILE 38
80
400 % B
: “ﬁ "
L 300} 3 i
S £ . L
13} § s
= — 40 %
G 5 > | § 5 % :
200 % § %
o] T a
20| {
— o
100 o Q o
o) 1 ] ] ] 1
- 40 60 80 I00 120 140
[ A
l X
(o) 1 ! l 1 FIG. 24. Mass dependence of the parameter V.
40 60 80 100 120 140
A
FIG. 22. Mass dependence of the parameter g. i
50
ments can be propelled at backward angles (i.e., X > 0) by ;
Coulomb repulsion, while the heavy fragments must be -
preferentially emitted at forward angles. However, Fig. i
25 shows that even the heaviest observed fragments re- I
quire rather large values of X. Forcing X to be <O results 40 }i
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Figs. 17-20.
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ments. Indeed, our earlier work on the emission of Sc
fragments® provided the data that stimulated the develop-
ment of this model. However, the more complete data
presented here indicate that the model may have only
limited applicability.

V. CONCLUSIONS

Energy spectra of 23 fragments, ranging from *’Ca to
43Ce, have been obtained from differential range mea-
surements at five angles to the beam for the interaction of
283U with 400 GeV protons. A thermal model fit has
been used to decompose the spectra of intermediate mass
fragments and neutron-deficient products in the fission
product mass region into two components. The low-
energy component increases in magnitude with decreas-
ing energy, as expected for deep spallation. The high-
energy component is Maxwellian-like in shape and con-
sistent with fragmentation for the lighter products or
with fission. The yield of the low-energy component is
enhanced at backward angles relative to that of the high-
energy component.

The results have been used to test the validity of the
two-step model, have been subjected to an invariant

cross-section analysis, and have been used to test the
Hiifner fast breakup model. The analysis shows that the
deep spallation products appear to be formed in the deex-
citation of remnants moving at large angles to the beam
and that the source and fragment velocities are correlated
in magnitude. On the other hand, the fission and frag-
mentation products result from the breakup of remnants
moving slowly along the beam direction. The velocity of
these remnants appears to be uncorrelated with that of
the fragments. While the formation of some of the fission
products is consistent with a two-step model, this is not
the case for any of the deep spallation or fragmentation
products. However, even though these products appear
to be formed in a fast breakup process, the variation of
their angular distributions with energy is not, in most in-
stances, accurately predicted by the Hiifner model.
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