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11.5-Gev protons
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Angular distributions and differential ranges at 90' to the beam direction have been measured for the
following products from the interaction of "U with 11.5-GeV protons: '"Ba, "'I.a, "'Ba (independent),
'"Ba, and "Ba. All the angular distributions peak at sideward angles. A two-parameter (n

~

and bla) fit to
the angular distributions based on the two-step model yields an anisotropy parameter, b/a, of ——0.2 for
all products. The value of (u~~), the mean forward component of velocity of the struck nuclei, is also
insensitive to the composition of the observed products. A sharp transition in the momentum spectra derived

from the differential ranges is observed just over one Z unit to the neutron-deficient side of stability.
Products on the neutron-rich side of this transition have narrow, symmetric spectra, with mean values of
—130 (MeVA)'", that are characteristic of fission. Products on the neutron deficient side have broad,
asymmetric spectra, with a mean value of only -70 (MeVA)'", as expected for a deep spallation
mechanism. The spectrum of independently formed "'Ba, which lies in the transition region, was decomposed
into fission and deep spallation contributions, with the latter accounting for most of the cross section.
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measured angular distributions and differential ranges at 90', inferred momen-
tum spectra.

I. INTRODUCTION

In a recent study of the interaction of ' U with
11.5-GeV protons, Yu and Porile" measured the
cross sections and recoil properties of eight iso-
baric nuclides with A =131. This detailed study of
isobaric behavior yielded a number of important
results, which are best discussed with reference
to Fig. 1, taken from this earlier work. It is seen
that the ranges, and hence the kinetic energies, of
the neutron-excessive and near neutron-deficient
nuclides are high and are, in fact, consistent with
a binary fission mechanism. The gentle, linear
decrease of range with increasing fragment Z is
primarily due to the fact that these products are
formed in interactions in which an increasingly
high excitation energy is transferred to the struck
nucleus. 3 On the other hand, the ranges of the
most neutron-deficient isobars are low and have
been interpreted" in terms of a deep spallation
process, involving the emission of both nucleons
and light aggregates, as well as more massive
fragments. The occurrence, at GeV energies, of
a substantial difference between the ranges of neu-
tron-deficient and neutron-excessive nuclides in
the fission product mass region has been observed
in a number of instances. ~ " The concurrent mea-

surement of recoil properties and cross sections
permitted Yu and Porile"' to determine that the
transition point between fission and deep spallation
occurred well into the neutron-deficient hump of
the isobaric yield distribution. The distribution
depicted in Fig. 1 is in general agreement with the
results obtained in a number of charge dispersion
and isotopic yield distribution studies performed
on A -120-150 products from the interaction of
'"U with GeV protons. ""However, while a
double-peaked charge dispersion curve suggests
the occurrence of two mechanisms, each charac-
terized by a distinctive isobaric yield distribution,
the combination of recoil and cross-section mea-
surements indicates that the situation may be more
complex.

In the present study we focus on the formation of
"'Ba and neighboring nuclides in the interaction of
'"U with 11.5-GeV protons. As shown in Fig. 1,
the range of "'Ba lies midway between the fission
and deep spallation ranges. The most obvious ex-
planation of this fact is that at A =131 the transi-
tion between these processes occurs between Z = 55
and 57, with comparable contributions occurring
at Z = 56. This explanation assumes that only two
mechanisms are operative and this is far from cer-
tain. Starzyk and Sugarman" have thus postulated
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to two curves on the basis of the ranges of neigh-
boring deep spallation and fission products. Fur-
thermore, the angular distribution measurements
at 2.2 GeV (Ref. 9) have shown that the curve ob-
tained for '"Ba peaks in the vicinity of 90' while
that of cumulative "'Ba is forward peaked. If this
difference persists at 11.5 GeV, it thus might also
be possible to unravel the contribution of two me-
chanisms to "'Ba formation on the-basis of the
angular distribution.
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Flo. 1. Z dependence of the isobaric thick-target
ranges (top panel) and cross sections (bottom) of A =131
nuclides from the interaction of 238U with 11.5-0eV pro-
tons. Closed points are independent products, open
points cumulative products. The curve drawn through
the cross sections represents the isobaric yield distri-
bution; the dashed extensions are consistent with the
plotted cumulative yields. The arrow indicates the val-
ue of Z& at A =131. Data taken from Befs. 1 and 2.

I

the occurrence of two types of fission, character-
ized by different ranges and contributing in differ-
ent isobaric regions. Their novel high-deposition-
energy process, referred to as Fission II, in fact
makes its largest contribution at A = 131 in the
vicinity of barium. Even if this process is not in-
voked, the mismatch between the Z values corre-
sponding to the minimum in the isobaric yield dis-
tribution and to the drop in ranges indicates that
more detailed studies of the range transition are
needed before any definitive conclusions can be
drawn about possible changes in mechanism.

We report here the results of differential range
and angular distribution measurements performed
on independently produced '"Ba, its "'La isobaric
progenitor, and on several neighboring Ba nuclides.
Similar data on some of these same products have
been previously reported for 2.2-QeV incident
protons. '" At this lower energy the mechanism
for the formation of neutron-deficient products is
in the course of changing from fission to deep spal-
lation. 4 The results presented here permit a de-
termination of how the angular distribution and the
width of the spectrum, quantities that cannot be
inferred from thick-target recoil studies, change
as the transition between mechanisms is achieved.

With respect to the formation of "'Ba, the con-
tribution from high- and low-range processes
should be clearly visible in the differential range
spectrum. Depending on the width of the curves
one should thus obtain either a double-peaked
range or a very broad distribution, resolvable in-

II. EXPERIMENTAL

The irradiations were performed at the Argonne
National Laboratory zero-gradient synchrotron
(ZGS). The targets consisted of thin (100—300
pg/cm') UF4 deposits evaporated onto high-purity

. 20 pm aluminum foil. These foils were mounted
at 30' to the beam in a.holder which was used for
both the angular distribution and differential range
measurements. The catcher foil holder consisted
of a cylindrical bed facing the leading edge of the
target from a distance of 5.1 cm. The catchers
intercepted the angula, r range of 15 -105 relative
to the beam direction and the assembly could be
rotated to permit measurements at the correspond-
ing backward angles. The differential range mea-
surements were performed on fragments emitted
at 75'-105' to the beam and this angular interval
was defined by a mask placed over the catcher
foils. Because of the low counting rates, the cat-
cher foils subtended a large fraction of the avail-
able solid angle. The resulting mismatch between
the spherical reaction coordinates and the cylindri-
cal catcher angles dictated that the foils be cut
along curves of constant recoil angle for a point
source of recoils. The solid angles subtended by
each catcher as well as the average recoil angles
were evaluated with a code" which, in addition to
the target-catcher geometry, took into account the
beam profile at the target location. This profile
was determined after bombardment by cutting the
target into 12-20 small rectangles and assaying
the "Na activity induced in. the aluminum target
backing. The details of the calculation as well as
the relevant dimensions of the assembly have been
published elsewhere. "

For the angular distribution measurements, the
catchers consisted of two layers of 20 pm thick
aluminum foil of high purity (99.999%). It was
established that no Ba recoils penetrated into the
second foil and the latter merely served to protect
the catcher from any possible recoil products or-
iginating in the catcher bed. The catcher foils
were cut into 15' wide strips. In the case of the
differential range measurements the catchers con-
sisted of a stack of 200-300 p, g/cm' thick Mylar
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foils'4 selected from batches with good uniformity.
In a given stack, the variation in foil thickness was
less than 3'%%uo.

The target-catcher assembly was irradiated for
30-45 .min with 11.5-GeV protons in the internal
beam of the ZGS. The holder was kept in a re-
tracted position until each beam pulse attained this
energy and was then flipped to expose the target to
the beam. An aluminum beam bumper mounted
next to the catcher holder served to protect the
catchers from the beam.

The radiochemical procedure to which the foils
were subjected after irradiation was designed to
separate 11.5 day ' Ba from its 59 min ' 'La par-
ent. The various catcher foils were dissolved and
barium was quickly separated as Ba(NO, ), . The
supernate was purified from any remaining barium
by a second precipitation of this compound and was
then allowed to stand for a minimum of 7 h to per-
mit the complete decay of "'La to "'Ba. At this
time additional barium carrier was added and
Ba(NO, ), precipitated. Both sets of Ba samples,
those containing independently formed "' Ba as
well as the other Ba isotopes, and those containing
"'Ba from the decay of '"La, were further puri-
fied by standard techniques.

The samples were assayed with Ge(Li) spectrom-
eters. Results were obtained for the following
nuclides on the basis of the y rays listed in par-
entheses: "'Ba(443 keV), "'Ba,(123, 496),
"'La(123, 496), '"Bam(268) "Ba(537). While
the chemical procedure did not specifically sep-
arate barium from radium, it was established in
a separate experiment that the y rays of interest
were free from contamination due to radium iso-
topes or their radioactive decay products. The
counting rates were in all cases corrected for
radioactive decay and chemical yield in order to
obtain the results of interest.

The data obtained for "'Ba had, in addition, to
be corrected for the decay of "'La during irradi-
ation and prior to the first Ba separation. This
correction was applied on the basis of the "'La
data obtained in the same experiment as a given
set of Ba results. One problem encountered in
making this correction was that at the time of the
Ba separation the parent of "'La, 10 min "'Ce,
had not as yet completely defrayed. Therefore, a
correction based on the experimentally determined
cumulative yield of "'La overestimates the actual
contribution of this nuclide to the observed "'Ba
activity. The incomplete decay of "'Ce was taken
into account on the assumption that the angular
distribution and differential range of this nuclide
are identical to those of '-'La, using the known'
production cross sections of these nuclides to cor-
rect the magnitude of the "'La activities. This

assumption is reasonable in view of the fact that
the average ranges and forward-to-backward emis-
sion ratios of these nuclides are equal. ' The cor-
rection to the "'Ba activities obtained in this fash-
ion amounted, on the average, to about 60'%%uo. If it
had been assumed that all the '"Ce had decayed to
"'La at the time of the Ba separation, the correc-
tion would have gone up to -70/p.

In order to ensure the validity of the results, two
subsidiary experiments were performed. The pos-
sible contribution to the Ba activity from reactions
occurring in the target holder or target backing
material was investigated in a blank angular dis-
tribution experiment. An upper limit of 2% was
set on extraneous sources of barium fragments.
The Mylar foils used in the differential range ex-
periments were also found to be free of impurities
that could give rise to Ba nuclides by noting that
no activity could be detected in the last two or three
foils in the stack.

The possible effect of target thickness on the
data was investigated by comparing the angular
distributions obtained with 100 and 300 p, g/cm'
thick targets. No discernible difference could be
detected and we conclude that scattering effects are
negligible at these thicknesses. In a previous study
of the differential ranges of Ba fragments from the
interaction of uranium with 2.2-QeV protons, "
broadening due to target thickness was observed
for a 0.38 mg/cm' U target but not for a 0.17
mg/cm' U target. Since our UF, targets were
closely comparable in effective thickness to the
latter, we conclude that the range curves are also
unaffected by scattering in the target.

III. RESULTS

A. Differential ranges

A typical set of range histograms is shown in

Fig. 2. The uncertainties in the data are based on

those in the thickness and uniformity of the foils
(3 /0), chemical yield assays (2/o), and disinte-
gration rate determinations. At the peaks in the
ranges, the latter were about 3'%%uo for all nuclides
except '3'Ba, which had a 10%%uo uncertainty from
this source. The reason for this larger error is
the sizable correction for the contribution from
"'La prior to separation. The fluctuations of the
relative intensities in a given range spectrum are
roughly corisistent with these estimates.

The experimental curves required several cor-
rections. Because of the significant thickness of
the Mylar foils a resolution correction was needed,
particularly for the narrow fission curves. The
procedure was similar to that used in previous
differential range studies' "and amounted to a
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FIG. 2. Uncorrected dif-
ferential ranges obtained
at 90 to the beam of selec-
ted Ba nuclides from the
interaction of U with
11.5-6eV protons. Hesults
are those of a typical ex-
periment.

10' reduction in the width of these curves. Two
related corrections had to be applied on account
of the large solid angle subtended by the catchers
and the ensuing spread in the path length of re-
coiling fragments. The occurrence of these ob-
lique paths increases the effective thickness of the
catchers and target. The magnitude of these ef-
fects was calculated by an adaptation of the code
written to evaluate the solid angles in the angular
distribution experiments. " The program divided
the catcher surface into ™1000segments and the
target into 20 segments and evaluated the path
lengths of recoils originating at each of these tar-
get points and stopping in each catcher segment.
The results mere averaged over the target using
the beam profile to provide the weighting factors,
and over the catchers using the calculated solid
angles subtended by each segment as meights. This
calculation indicated that it was necessary to in-
crease the thickness of each catcher foil by 6-V 0/

and that of the target by -25/0. The target correc-
tion was actually due in about equal measure to
the above effect and to the inclination of the target.
It mas assumed that, on the average, the frag-
ments traversed half the corrected target thick-
ness and the latter was converted to an equivalent
Mylar thickness on the basis of the relative stop-
ping powers of Mylar and UF4 for barium frag-
ments. " Since the ratio of stopping powers varies
by only 20% over the entire range of fragment en-
ergies, an average value was used. As an ex-
ample of this procedure, a target with an actual
thickness of 200 pg/cm' corresponds to 36 p, g/cm'
Mylar.

The corrected differential ranges were converted
to momentum and energy spectra by use of the
range-energy tables of Northcliffe and Schilling. "
For the cumulatively formed products the con-
version mas made on the basis of the effective Z
values of these nuclides, Z,ff, obtained from the
11.5-QeV charge dispersion. ' This quantity is de-
fined as Z,« =go;. Z, /po, and is the average Z
value of all nuclides contributing to a cumulatively
formed product weighted by their respective cross
sections. A small correction (0.2-1.7%) was ap-
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FIG. 3. Momentum spectra obtained at 90' to the
beam. The various symbols represent the results of dif-
ferent experiments. The curves through the Ba and
~35Ba~ data are Gaussian fits. The curves for the other
nuclides are hand-drawn through the averages of the
various experiments. The arrows surmounting the
curves represent the mean momenta.

plied to account for the difference between the tab-
ulated path lengths and the experimentally deter-
mined projected ranges. The magnitude of this
correction was obtained from the mork of Lindhard,
Scharff, and Schifltt. 26

The momentum spectra are displayed in Fig. 3
and the average ranges, energies, and momenta
are tabulated in Table I in order of increasing
Z„-Z,ff the distance from stability of the product
in question expressed in Z units. Three or four
separate experiments were performed for each
nuclide and the resulting differential ranges were
individually transformed to momenta. The results
from the various experiments mere normalized to
each other by setting the total intensity equal to
unity. The curves in Fig. 3 are hand-drawn through
the weighted averages of the individual determin-
ations, except in the case of "'Ba and "'Ba,
where they are Qaussian fits. The standard devi-
ations of the Qaussians are included in Table I.
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TABLE I. Average quantities obtained from differential range spectra of products from the
interaction of 38U with 11.5-GeV protons measured at 90' to the beam.

Nuclide

i28Ba(c)
i3i La(c)
13'iBa(c)
isiBa( ) 1
i35Ba ( )
'"Ba(c)

A —Z

-3.60
-3.60
-3.03
-1.73
-0.40

2.30

R
(mg/cm2)

0.845 +0.006
0.880 +0.024
0.947 + 0.007
1.058 + 0.017
1.741 + 0.008
1.981 + 0.009

T
(MeV)

22.1
22.7
26.0
30.0
59.0
71.1

P
[(MeV A)«'t

68.2
70.2
74.4
80.6

125 (15)"
140 (13)

FWHM
t(MeV A)«'~

110
80

130
130

35
31

~ Cumulatively for med product.
"Independently formed product.

Zef f is defined in the text.
Standard deviation in the Gaussian fit.

The results obtained for most nuclides in the vari-
ous experiments agree with each other within the
estimated uncertainties. The most notable ex-
ceptions are "'La and "'Ba(i) (independent), for
which considerable scatter occurs. This lack of
reproducibility must reflect some additional un-
certainties in the correction for the decay of "'La
to "'Ba. The spectrum of cumulatively formed
"'Ba, denoted as "'Ba(c), which is based on the
sum of the disintegration rates of "'La and "'Ba
thus shows much less scatter. The quantities
listed in Table l are weighted averages, the ex-
perimental uncertainties in these values being
2—3%. In addition, we estimate a 5% uncertainty
in the use of the range-energy relation. "

B. Angular distributions

The angular distributions mere obtained from the
disintegration rates by applying a correction for
the solid angle intercepted by each foil using the
code described above. The solid angles ranged
from 0.16 sr at forward or backward angles to
0.34 sr at sideward angles. Four experiments
were performed at forward angles and three at
backward angles. Since the mean recoil angles
corresponding to each catcher strip mere virtual-
ly identical for the various experiments, the re-
sults for either forward or backward angles were
averaged after the data were normalized to each
other. The resulting distributions were combined
by normalizing them at their common 75 -90 and
90 -105' intervals. Figure 4 shows the weighted
average angular distributions as differential cross
sections normalized to yield a value of 4m when
integrated over all space. The error ba, rs repre-
sent the larger of the estimated uncertainties in
the individual determinations, which were at most
comparable to those in the differential ranges, and
the standard deviations in the mean values.

The angular distributions mere fitted with an
equation based on the two-step model commonly

invoked in the interpretation of high-energy reac-
tions. Let v be the velocity acquired by the struck
nucleus as a result of the initial interaction. The
components of v along and at right angles to the
beam direction are designated v~~ and v, respec-
tively. The mean velocity acquired by the frag-
ment in the breakup step is denoted as V and its
angular distribution in the moving frame is as-
sumed to obey the relation

I +(b/a) cos'8
I + b/3a
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FIG. 4. Angular distributions in the laboratory sys-
tem. The points are weighted averages of several de-
terminations. The curves are based on Kq. (2).

where b/a is the anisotropy parameter. The ratios
I)ii =vie/V and q~= v /V, which are a measure of the
relative velocities imparted in the two steps, are
of interest. The laboratory angular distribution
may be expressed in terms of I)ii and b/a by the
equation"
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'I

Fz, 8z,
I+(5/a) cos'[8~+sin '(q~~ sin81)]

I + 5/Sa

X [q„cos8~ +(I -q~~' sin'8~}"'] '
(I -q„'sm'8 )"' (2)

where F~(8~) is the laboratory differential cross
section at angle 8~. The integral of E~ over 8~
is equal to 4m. This equation assumes that q,~&1
not only on the average, but for each interaction.
The. effect of overlapping distributions of v, I

and V
has been discussed elsewhere. " Equations for
E~(8J) which include terms in', have been published
or proposed. ' The inclusion of q, complicates the
analysis considerably and the equations are based
on approximations which are problematic. " Since
satisfactory fits to the data can be obtained with

Eq. (2), we have neglected the effect of q~.
The parameters obtained from a least squares

fit of Eq. (2) to the data are summarized in Table
II and the calculated angular distributions are
shown as curves in Fig. 4. The curves fit the data
quite well although, as in the case of the differen-
tial ranges, the results for ""La and '3'Ba(i) show

a good deal of scatter that disappears when these
data are combined to yield the distribution of
"'Ba(c). Table II also includes the ratio of for-
ward to backward emission F/B obtained by inte-
grating the forward and backward halves of the
fitted angular distribution over all space. The
values of (v~~), the mean value of the forward com-
ponent of the velocity of the struck nucleus, may
be obtained' from the relation (vi, ) =q~~/(V '),
where (V ') was obtained from the differential
range spectra. (We follow previous' usage and ex-
plicitly jndicate that the velocities are average
quantities. }

IV. DISCUSSION

A. Differential ranges and angular distributions

In this section we shall discuss the results of the
two types of experiments in the light of the known

properties of massive fragments produced in the
interaction of uranium with multi-QeV protons.

The ranges of neutron-deficient nuclides (Z„—Z,«.

(-2) lying in the fission product mass region de-
crease by a factor of 2 and the values of E/B go
through a maximum in the vicinity of 3 GeV and
approach those of the neutron-excessive products
at higher energies. 4 In contrast, fission continues
to be the dominant mechanism for the formation of
neutron-excessive products at multi-GeV energies
and these nuclides have essentially the same high
ranges and low F/B ratios as at lower energies.
These data are indicative of a change in mechan-
ism for the formation of neutron-deficient products
in the vicinity of 3-QeV bombarding energy from
binary fission to deep spallation.

In view of these observations, which were es-
tablished in thick-target recoil studies, we expect
the mean kinetic energies and momenta of the frag-
ments to show a sharp discontinuity on the near
neutron-deficient side of stability while the values
of F/B should increase only slightly with increas-
ing neutron deficiency. Thick-target recoil studies
do not provide information on the width of the en-
ergy or momentum distributions or on the shape
of the angular distributions. Our experiment pro-
vides the first results at 11.5 QeV on the variation
of these quantities with composition.

Figure 5 shows the dependence on fragment com-
position of some of the quantities obtained in the
present study. For comparison we have included,
where appropriate, results on fragments in the
mass region of interest from the 11.5-QeV thick-
target experiment of Yu and Porile" as well as
from the 2.2-0eV angular distribution and 90 dif-
ferential range studies of Cumming and collabora-
tors. ' "

The mean kinetic energies are seen to increase
between Z„-Z,«of -1.5 and -0.5 by a factor of
2, i.e., from 20-30 to 60-'70 MeV. Our results
are too sparse to permit an unambiguous deter-
mination of the variation of kinetic energy with
composition on either side of the transition. The
more complete results of Yu and Porile" on the
neutron-rich side of the transition parallel the
trend observed in the present work. However, the
kinetic energies from the thick-target work are

TABLE II. Results of least squares two-parameter fit to angular distributions based on the
two-step vector model.

Nuclide

128Ba
isi La
13iBa(c)

a(i)
i35Barn
i40Ba

0.052 + 0.014
0.049 +0.041
0.057 +0.016
0.066 + 0.038
0.033 +0.021
0.000 +0.015

b/a

-0.207 +0.029
-0.091 +0.137
-0.188 +0.040
-0.327 +0.108

0.114+0.200
-0.197 +0.028

I /B

1.12 +0.02
1,11+0.07
1.13 +0.03
1.16 +0.07
1.07 +0.04
1.00+0.02

(v„) [(Mev/A)«2j

0.022 +0.006
0.021 +0.018
0.024+0.007
0.031 +0.018
0.029+0.019
0.000 +0.016
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FIG. 5. Dependence of various quantities obtained
from the spectra and angular distributions on fragment
composition. Starting at the lower left corner and mov-
ing clockwise are the mean kinetic energy of the frag-
ments, their mean momentum, the full width at half
maximum of the momentum distributions, the mean for-
ward component of velocity of the struck nucleus, the
anisotropy parameter, and the ratio of forward to back-
ward emission; 0, present work (the curves show the
trend of these points); 4, 11.5-GeV thick-target data
(Refs. &, 2) 0, 2.2-GeV thin-target data (Refs. 9, 12),
See text for definition of g, ff.

some 10/~ lower. This difference presumably re-
flects, in the main, that between the range-energy
relations used in the two studies. On the neutron-
deficient side of the transition, Yu and Porile' find
less of a variation in kinetic energy with compos-
ition thy, n is obtained in the present work. The
kinetic energy baseline set by their most neutron-
deficient products suggests that '"Ba has compar-
able contributions from deep spallation and fis-
sion. An analysis of the "'Ba results obtained in
the present experiment is deferred to the follow-
ing section.

The mean momenta display a behavior similar to
that of the kinetic energies. Also shown are the
values obtained for the same products at 2.2 GeV
by BKchmann and Cumming. " On the neutron-rich
side of the transition the two sets of results are
in excellent agreement. This accord is an indica-
tion of the fact that the momentum of fission pro-
ducts remains essentially invariant at GeV bomb-
arding energies. Cumming and BHchmann' have
examined th@ systematics of high-energy fission

product momenta. ""'" These momenta range
between 125 and 140 (MeVA)"' and are consistent
with those of collinear or nearly collinear fission
fragments detected in counter experiments per-
formed at 2.9 GeV." The present results are in
accord with these systematics.

In contrast to the 1ack of energy dependence of
the momentum of fission products, the momentum
of the very neutron-deficient products is seen to
be substantially higher at 2.2 than at 11.5 GeV.
Beg and Porile' have shown that at 2 GeV the
ranges of these products, and hence their mo-
menta, are in the course of decreasing from the
high values expected for a fission mechanism to
the lower values characteristic of deep spallation.
Cumming and collaborators'" have systematized
the momenta of deep spallation products by devel-
oping a simple model which attributes the frag-
ment momentum to the random addjtion of the mo-
menta of the emitted particles. These workers'
derived an equation relating the mean kinetic en-
ergy of the emitted particles to the mass differ-
ence between target and product, ~. This ener-
gy increases slowly with 4A. and for hA =110 is
-45 MeV. Since the ranges of the products in ques-
tion appear to level off by 11.5 GeV, these system-
atics should be applicable to the present data. Our
results for 28Ba and '3'La lead to a mean kinetic
energy of 48 MeV, in reasonably good agreement
with the Cumming systematics.

The widths of the momentum distributions dis-
play the opposite dependence on composition as the
mean values; products having high momenta have
narrow distributions and viceversa. This differ-
ence, which has been seen before, ' is a natural
consequence of the kinematics of fission and deep
spallation. Figure 5 shows that the widths of the
momentum spectra of the fission products are the
same at 2.2 as at 11.5 GeV. On the other hand,
the widths of the spectra of neutron-deficient prod-
ucts are substantially narrower at the lower ener-
gy. Once again, this is an indication of the tran-
sition from fission to deep spallation that occurs
at this lower energy. Crespo, Cumming, and
Poskanzer' have inferred the momentum spectrum
of neutron-deficient barium fragments produced
from uranium in deep spallation by scaling the
spectrum of "'Tb emitted at 90' in the interaction
of gold with 2.2-GeV protons. 2' Their inferred
spectrum peaks at just under 50 (MeVA)'~' and
has a full width at half maximum of about 60
(MeVA)'~'. These workers estimated an 18% con-
tribution of deep spallation to cumulatively formed
"'Ba on the basis of this spectrum. The deep spal-
lation spectra displayed in Fig. 3 peak at about 60
(MeVA)"' and have a width of at least 100
(MeVA)"'. The use of this broader distribution
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would increase the estimated magnitude of the deep
spallation contribution at 2.2 QeV on the assump-
tion that the deep. spallation spectrum is indepen-
dent of bombarding energy.

The values of F/B exhibit a slight decrease with
increasing Z„—Z,«. The thick-target F/B ob-
tained at 11.5 QeV track the behavior of the thin-
target values but are higher. This difference. has
no profound significance and is merely. a conse-
quence of the different relation between F/B and
the velocity vectors for thick- and thin-target con-
figurations. " The F/B of "'Ba obtained in the
thin-target experiment at 2.2 GeV (Ref. 9) is sub-
stantially higher than the present value. This is
not surprising in view of the fact that the thick-
target F/B attain their peak values at, 2 GeV. '

The value of the anisotropy parameter 5/a is
approximately -0,2, independent of composition.
Within the framework of a t~o-parameter fit to
the two-step model, all fragments are preferen-
tially emitted at sideward angles in the moving .

system. The situation is significantly different
at 2.2 GeV. While 5/a of "'Ba, a fission product,
is essentially the same as at 11.5 QeV, that of
cumulatively formed "'Ba is zero, indicating iso-
tropy in the moving system. The combination of a
relatively large q~~ and zero 5/a at 2.2 GeV leads
to an angular distribution that is forward peaked
in the laboratory system, . while that of small. q~~

and negative 5/a at 11.5 GeV leads to the observed
sideward peaking. This type of change has been
previously observed for light fragments"' ~
(A-, 20-50) but this is the first indication that a
similar change occurs for deep spallation products.
It is interesting to note that this transition is ac-
companied in all cases by F/B values that peak in
the vicinity of 3 QeV, '"' "although the precise
energy at which the. angular distributions change
from forward- to sideward-peaked remains to be
established. On the other hand, those products
that do not exhibit a peak in F/B have angular dis-
tributions that do not change between 2 and 11 QeV.
A number of possible causes of. the change in the
angular distributions have been considered. ""
While it seems likely that the observed effect is
connected with the changes in the nature of proton-
nucleus interactions at high energies, "a quanti-
tative explanation has not as yet been given.

The last quantity to be discussed is the mean
value of the forward component of velocity of the
struck nucleus, (v,~), plotted at the top right of
Fig. 5. This quantity shows, at most, a slight

. decrease with increasing Z„-Z,«. , a trend that
is also shown by the thick-target recoil data. The
results obtained at 2.2 QeV show a totally differ-
ent behavior. It is seen that the (v~~) associated
with the production of neutron-deficient products

is much higher than at 11.5 QeV while that associ-
ated with the formation of neutron-excessive nu-
clides is nearly the same at the two energies. The
trend displayed by the 2, 2 QeV data is, in fact,
that expected according to the two-step model of
high-energy reactions. It is a well established
fact that the forward component of velocity or mo-
mentum of the struck nucleus gives a measure of
the average excitation energy E~ transferred to
it by the intranuclear cascade. This relation was
first established"'" on the basis of the Metropolis
cascade code, ~' was confirmed by the Vegas code, "
and has most recently been derived" from the Ber-
tini code" at 3 GeV. The variation of(v~, ) with
composition at 2.2 QeV thus is an indication that
E* of the residual nuclei leading to the observed
products increases as the latter become more
neutron deficient. This relation between excitation
energy and fragment composition has been thor-
oughly established in experiments performed with
450-MeV protons' ' ' and primarily reflects the
fact that the formation of neutron-deficient prod-
ucts from uranium requires the emission of more
neutrons, and hence higher energies, than that of
neutron-excessive products. The much weaker
variation of (v) with Z„-Z„,obtained at 11.5
GeV thus may be an indication that the (v~~) -Z*
relation obtained up to 3 QeV ceases to be valid
at higher energi, es. It has. been suggested"'" that
a possible change at this energy in the nature of
the excitons from predominantly particles to holes
could be the cause of a change in this relation.
Alternatively, the two-step model, in which the
intermediate nuclei can be characterized by (v ~~)

and E* values, may not be applicable to deep spal-
lation reactions. The emission of light fragments,
which may be the partners of deep spallation prod-
ucts, cannot. be completely accounted for by a two-
step process, at 3-6 GeV," "but, at least at 2.2
QeV, the formation of "'Ba from uranium is con-
sistent with such a mechanism. '

The preceding discussion of the dependence of
various properties of products on their composition
can be summarized succinctly: At bombarding
energies below -2 GeV neutron-deficient (Z„—Z & —2)
and neutron-excessive (actually Z~ —Z&-1) prod-
ucts differ in those properties associated with the
cascade step, i.e., (v~~) and b/a. (Note that we
associate. h/a with the cascade even though it re-
fers to the anisotropy of the breakup velocity.
There is considerable evidence that b/a is actual-
ly determined by the angular momentum imparted
in the cascade step. '") On the other hand, the
properties determined by the second, or breakup,
step, i.e., the energy or momentum spectra, are
rather similar for both types of products. The
opposite holds true at high (11.5 GeV) energies.
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Now both types of products have essentially the
same values of (u~~) and b/a but drastically differ-
ent energy spectra. This change in behavior is
entirely due to the change iri the mechanism of
formation of the neutron-deficient products.

B. Contribution of deep spallation and fission to ' 'Ba

As indicated in the Introduction, the present
study was partly motivated by the indication, ob-
tained from thick-target recoil studies, ' that "'Ba
ha, d comparable contributions from deep spallation
and fission. This raised the possibility that either
the spectrum or angular distribution could be re-
solved into distinctive components associated with
each of these processes. The discussion in the
preceding section has made it clear that the angu-
lar distributions of deep spallation and fission
products are virtually identical at 11.5 QeV. Fur-
thermore, in spite of the. large difference in the
mean momentum of these two types of products,
the spectrum of '"Ba, displayed in Fig. 3, is not .

resolvable into two components. - While this may
be due, in part, to the scatter in the data, it more
fundamentally reflects the width of the deep spal-
lation spectrum. It has already been mentioned
that this spectrum peaks at -60 (MeVA)'~' and has
a width of at least 100 (MeVA)~'. This makes it
difficult to resolve it from the fission peak, which
is centered at 120-140 (MeVA)+' and has a width
of 30—40 (MeVA)'~'.

In view of this difficulty we are forced to resort
to the somewhat less satisfactory, but still valid,
procedure of resolving the "'Ba spectrum on the
basis of the presently obtained spectra of fission
and deep spallation products. The spectrum of
"'Ba expected for a fission mechanism may be
obtained from the "'Ba and "'Ba spectra. As
shown in Fig. 3, these spectra are very well fitted
by Qaussians. The parameters of the fit are sum-
marized in Table I. It is seen that the peak mo-
mentum decreases and the standard deviation in-
creases with increasing neutron deficiency. These
trends are a reflection of the higher excitation en-
ergy needed to produce less neutron-rich fission
products. The higher excitation energy in turn
leads to a greater mass loss and a larger spread
of fissioning nuclei and thus to the lower-magnitude
and greater dispersion of the momentum. Similar
results have been previously obtained at lower en-
ergies. ' It thus seems reasonable to extrapolate
the "'Ba and '"Ba parameters to the Z„-Z,ff
value of "'Ba. We have performed a linear extra-
polation but, in view of the small difference in the
distance from stability, a different type of extra-
polation would not materially affect the results.
The Gaussian expected for the formation of "'Ba

by fission is shown in Fig. 6.
The systematics of deep spallation products de-

veloped by Cumming and collaborators' "suggest
that the mean momentum and width of the distribu-
tion should increase with the target-product mass
difference. It would therefore be most appropriate
to use the "'La spectrum as a measure of the deep
spallation contribution to "'Ba. - However, as in-
dicated in Fig. 3, the spectrum of '3'La has con-
siderably more scatter than that of "'Ba. We have
therefore combined all the data for these two nu-
clides and used a curve hand-drawn through their
weighted average values to represent the deep
spallation spectrum.

We have fitted the "'Ba spectrum with these two
curves by adjusting their relative intensities so as
to minimize the sum of the squares of the devi-
ations from the curve drawn through the "'Ba
points. The results of this procedure are dis-
played in Fig. 6, which shows the deep spallation
and fission curves, the sum curve, and the ex-
perimental points. The best fit corresponds to a
(25+16)% contribution of fission. The large„un-
certainty in this value is primarily due to the scat-
ter in the data points. Although this result is based
on recoils emitted at 75'-105' to the beam, it can
be taken as representative of all '"Ba fragments
because of the close similarity of the anguIar dis-
tributions of both fission and deep spallation pro-
ducts.

0.l2

O.l0-

0.08—
V)

CO

~ 0.06-

C3

0.04—O

O
O~ 0.02-

LL,
/l

0 40 80 . l 20 l60
Momentum (MeV A)

I'IG. 6. Decomposition of the ~3~pa momentum spec-
trum into deep spallation -and fission components. The
dashed curves represent the component spectra adjusted
in intensity to give the best fit and the solid curve is
their sum. The points represent experimental values,
with different symbols corresponding to different irradi-
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%hile the present study indicates that the fission
contribution to "'Ba formation is lower than that
suggested by the data of Yu and Porile, "the re-
sults of these two studies appear to be consistent
within the limits of error. Our results show that
in the A-131 mass region the transition from fis-
sion to deep spallation is centered at just over one
Z unit to the neutron-deficient side of stability arid
is completed within less than two Z units. The lo-
cation of this transition has been independently ex-
amined by Cumming and Bh,chmann' and Starzyk
and Sugarman" on the basis of thick-target recoil-
data obtained above 10 QeV for products in the
A = 115-135and A = 120-165 mass regions, respec-
tively. Both studies indicate that the transition
occurs within less than two Z units and is centered
at Z~ -Z„; of --1.5. As shown in the present
study, products in this mass region located at such
a distance from stability can be expected to show
contributions from both processes.

V. CONCLUSIONS

Differential range and angular distribution mea-
surements performed on products in the A -130
mass region from the interaction of U with 11.5-
GeV protons reveal some important similarities
and differences between neutron-excessive and
neutron-deficient products. All the angular dis-
tributions peak at sideward angles. A parametri-
zation of the angular distributions based on the
two-step model, in which the parameters to be
derived from the fit are b/a and q~~, yields b/a
values of approximately -0.2 for both types of
products. The values of (v~, ), the mean forward
component of velocity transferred to the struck
nuclei by the initial interaction, are also rather
insensitivq to composition. By contrast„ the mo-
mentum or energy spectra of these two types of
products differ widely. Neutron-excessive frag-
ments have a mean momentum of -130 (MeVA)+'

and the spectra are narrow and symmetric, with
a full width of -30 (MeVA)'~'. On the other hand,
neutron-deficient fragments have very broad [full
width -100 (MeVA)+'] and asymmetric spectra
andtheir meanmomentumis onlyabout VO (MeVA) '.
This difference is ascribed toone inreactionmech-
anisms. Neutron excessive products are formed
in fission while neutron-deficient nuclides result
from deep spallation. The change in mechanisms
actually. does not occur at stability but is centered
just over one Z unit to the neutron-deficientside of
Z„. The transition is rather abrupt and occurs
over less than two Z. The momentum spectrum of
independent ' 'Ba, which lies in this transition
region, exhibits contributions from both mechan-
isms and a deconvolution procedure indicates that
deep spallation accounts for most of the cross sec-
tion.

Our results contrast with those previously ob-
tained at 2.2 QeV.'" At this lower energy the
neutron-deficient fragments are primarily formed
by fission involving the transfer of high excitation
energies to the struck nuclei. As a result, the mo-
mentum spectra are not as different from those of
the neutron-excessive products as at 11.5 QeV. On
the other hand, those properties commonly associ-
ated with the initial interaction, i.e., (u ~|) and b/a,
are strikingly different for the two types of prod-
ucts, reQecting the close connection at energies
up to a few QeV between the linear and angular
momentum of the residual nuclei and their exci-
tation energy.
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