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Angular distributions and differential range spectra at angles of 15, 60, 90, 120, and 165°

to the beam direction have been measured for Th'*® recoiling from thin gold targets irradiated
with 2.2-GeV protons. The observed mean velocities decrease monotonically from a value of
0.264 (MeV/amu)!/? at 15° to 0.149 (MeV/amu)!/? at 165°. The ratio of integrated intensity in
the forward hemisphere to that backward is 3.10. The experimental results are consistent with
the symmetry requirements of a two-step model for the reaction, provided that there is a posi-
tive correlation between vy, the forward component of velocity due to the first step, and V, the
velocity due to the second step. However, there are substantial quantitative discrepancies be-
tween the experimental results and calculations based on the cascade-evaporation model which
is commonly used to describe the two steps of a high-energy nuclear reaction. The calcula-
tions predict a value of () twice as large as that observed and a much weaker correlation be-
tween V and v . These effects are discussed in terms of possible contributions from heavy-
fragment emission in both steps of the reaction. Systematics of the average energies of vari-
ous recoil products suggest an empirical correlation that may be useful in distinguishing fis-

sion from “deep spallation.”

I. INTRODUCTION

The production of Tb'*® by high-energy proton ir-
radiation of heavy-element targets has been the
subject of a number of investigations.'™ The popu-
larity of this nuclide is due to the ease with which
it can be identified in the gross mixture of prod-
ucts. It has been noted? that Th'* accounts for
~99% of the total « activity observed in a gold foil
several hours after the end of a high-energy pro-
ton irradiation. The high threshold (=600 MeV)
for the production of Th™® from gold has led to
the choice of this reaction as a monitor for high-
energy proton beams.

In studies of high-energy nuclear reactions, Tb'®
produced from Au'®’ is of interest as representa-
tive of a class of reactions which may be called
“deep spallation,” i.e., reactions leading to prod-
ucts far removed from the target nucleus which
are not observed at bombarding energies below sev-
eral hundred MeV. The excitation functions for
such products rise rapidly in the energy region
above 0.5 GeV in a manner similar to those of neu-
tron-deficient fission products, e.g., I'*® from
uranium,®” and of the so-called “fragmentation”
products, e.g., Na?* from heavy-element targets.®
Winsberg? has examined the recoil properties of
Th*® produced from Ta, Au, and Bi by protons of
energies from 0.4 to 6 GeV. He used the thick-
target-thick-catcher technique and also the thin-
target—thin-catcher technique with 27 geometry.
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Winsberg concluded that the reaction mechanism,
for a particular target, was essentially indepen-
dent of energy and that the nucleons emitted to
form Tb'* were, at least in part, bound in aggre-
gates. The present investigation was undertaken
to explore further the relationships among deep-
spallation light-fragment production, and the low-
momentum component of the spectrum of the neu-
tron-deficient nuclide Ba'® produced from uranium
by 2.2-GeV protons.® Rudstam and Sgrenson'® have
proposed a spallation-like mechanism for the pro-
duction of neutron-deficieut iodine isotopes from
uranium bombarded by 18-GeV protons. Alexan-
der, Baltzinger, and Gazdik® have also suggested
a connection between the neutron-deficient iodine
isotopes and the light fragments.

In this paper are described measurements of
range spectra at five angles and the angular distri-
bution for Th**® produced by the interaction of 2.2-
GeV protons with gold. This work represents a
continuation of studies® ' ~!? of momentum transfer
to products from various reactions induced by high-
energy protons. The experimental results are dis-
cussed in terms of the two-step vector representa-
tions developed by Sugarman and co-workers'®1s
and by Winsberg.’® In this model the velocity V,
of a product in the laboratory system is described
as the sum of the velocity Vv imparted to a nucleus
by the first reaction step (prompt cascade) and _\7,
the velocity imparted by the second step (nuclear
evaporation or fission). The angular distribution
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of V is assumed to be symmetric about 90° to the
beam direction in the moving system. It is not
necessary to assume the validity of this two-step
representation for the analysis of our results.
However, it is convenient to initiate the analysis
with such an assumption. The internal consistency
of the observed angular distribution and velocity
spectra provides a rather severe test of the two-
step picture. Integral recoil experiments do not
provide such tests, but they do yield various aver-
age quantities useful for testing reaction models.

II. EXPERIMENTAL PROCEDURES
AND RESULTS

The procedures used in this experiment to mea-
sure range and angular distributions are similar
to those described previously.® The main differ-
ences are due to the presence of recoils of rather
short range and to the fact that chemical separa-
tion of terbium was not necessary prior to the as-
say of Th'*®, Targets used in this work were pre-
pared by vacuum deposition of Au to a thickness of
~8 ug/cm? onto ~50-pg/cm? Formvar supporting
foils. In some irradiations, ~30-ug/cm? targets
were used. The results showed no consistent pat-
tern which could be ascribed to finite target thick-
ness. Irradiations in the internal 2.2-GeV circu-
lating proton beam of the Brookhaven Cosmotron
were usually about 4 h in duration, and the inte-
grated circulating beam was about 10'*~10'° pro-
tons. Multiple traversals of the target increased
the effective beam intensity by a factor the order
of 1000."

The diameter of the catching foils was <3.8 cm,
so that the entire sample could be placed into an «
proportional flow counter. Because of the 4.1-h
half-life, the rather low counting rates, and the
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number of samples, up to 10 counters were used.
Their efficiencies were intercompared, and their
daily performance was checked with thick uranium
standards. Decay curves starting 1 h from the end
of irradiation indicated that the dominant species
in the samples was Th'®, When counting was
started earlier, a short-lived component, prob-
ably 18-min Dy'®, was also observed. We ob-
served no source of Th'* other than the gold tar-
get; hence, no blank corrections were necessary.

A. Angular Distribution and 27 Measurements

Catcher foils for the angular-distribution mea-
surements were Al foils of thickness 1.7 or 1.2
mg/cm®. Rectangular strips of this Al were laid
on a cylindrical bed at a distance of 15 cm from
the target. A Mylar mask, thicker than the range
of the Th'® recoils, covered the foil stack. Six
apertures in the Mylar mask, each 3.8 cm in di-
ameter, served to define areas of collection with
+7° resolution centered at angles of 15, 30, 45, 60,
75, and 90° to the beam direction. For the back-
ward angles, the catcher assembly was rotated to
collect at angles from 90 to 165°, After irradia-
tion, the collecting areas were cut apart and the «
activity from Tb'*® was measured. As the catcher
foils had appreciable thickness compared with the
range of the a particles, the radiations were as-
sayed separately from each side of each foil. Aver-
aging the activity of the two sides serves to cor-
rect, to a very good approximation, for the varia-
tion of the penetration depth of the Th'*® recoils
with angle. When the thicker foil was used, no
Thb'® was detected in a layer of foil behind the
first. With the 1.2-mg/cm? catchers, significant
penetration of the first catcher occurred, and it
was necessary to sum the activities of first and

TABLE 1. Intensity per unit solid angle as a function of angle in the lab system for Tb!# recoils produced from gold
by 2.2-GeV protons.

Angle Weighted
(deg) Ref, a Ref. a Ref, b Ref. ¢ Ref. ¢ means
15 2,373 oo 2.308 oo 2.337 2,342
30 2.063 cee 2.147 eee 2.139 2.126
45 1.813 eoe 1.839 oee 1.817 1.820
60 1.474 e 1.470 coe 1.460 1.465
75 1.093 o 1.071 coe 1.117 1.106
90 0.863 0.837 0.852 0.831 0.820 0.833
105 oo 0.592 s 0.611 R} 0.607
120 LR 0.466 cee 0.454 s 0.456
135 ces 0.370 o 0.365 e 0.365
150 eee 0.308 see 0.310 ces 0.310
165 cee 0.274 vee 0.272 cee 0.272

a%8-41/01112 target, wl.z-mg/cmz catchers.
brgp/cm? target, ~1.7-mg/cm? catchers.

C~30-u/cm? target, ~1.2-mg/cm? catchers.
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FIG. 1. Angular distribution in the lab system of Th4?
recoils from the irradiation of gold with 2.2-GeV protons.
Points are from the experiment; the curve is calculated
assuming a two-step mechanism for the reactions. (See
text.)

second catchers to obtain the total intensity at a
particular angle.

Results of three experiments with the catchers
oriented at forward angles and of two experiments
at backward angles are presented in Table I. In
reducing the observed counting data, it was as-
sumed that each of the triplicate or duplicate ex-
periments had arbitrary normalization factors.
These factors were varied in an iterative proced-
ure to minimize the weighted sum of squares of
deviations from the weighted mean value at each
angle. This led to weighted mean values of the re-
coil intensities at each angle in the forward hemi-
sphere and also in the backward hemisphere. The
forward distribution and backward distribution were
joined at 90°. Over-all normalization of the results
in Table I is such that integration over all space
gives the value 47. Based on agreement between
triplicates or duplicates, the precision of the mean
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FIG. 2. Schematic diagram of the target and catcher
arrangement for the 2 experiments. Targets are shown
as solid areas, catchers are open. During irradiation
the foils were in contact, The symbols F', B, and T
denote the fraction of the Th!*® activity which is found in
the forward and backward catcher or is retained in the
target, respectively.

values of intensity per unit solid angle is =1%.
There is no indication in Table I that the use of
thicker targets resulted in a significant distortion
of the angular distribution.

The angular distribution, plotted in Fig. 1, is
strongly forward peaked. The intensity of recoils
at 0° is approximately a factor of 10 higher than
that at 180°. The ratio of the fraction of recoils
found in the forward hemisphere, F, to the frac-
tion found in the backward hemisphere, B, is
3.14+ 0.05.

To check this value of F/B and to investigate re-
tention of recoils by the targets, two experiments
were performed with 1.’7—mg/cm2 Al catcher foils
in a 27 geometry. As shown in Fig. 2, the assem-
bly in the beam contained two independent target
and catcher sets; hence, it was possible to evalu-
ate F, B, and 7, where T is the fraction of re-
coils retained in the target. Results listed in Ta-
ble II indicate that T is quite low and that results
from the angular distribution and 27 experiments
are in good agreement. The quantity F - B of Ta-
ble II is approximately equal, in the two-step pic-
ture, to the quantity (w,/V) = () if v, <V for all
cases. The mean value of F/B from the angular
distribution and 27 measurements is 3.10+0.03.

TABLE II. Parameters obtained from the angular distribution and 2m measurements.

Targets
Source (pg/cm?) F B T (F-B)
Angular distribution 8 and 30 0.759+0.003 0.241+0.003 seed 0.517+0.006
2w (irradiation 1) 19 0.757+0.004 0.243+0.003 0.000+0.006 0.515+ 0,006
2m (irradiation 5) 8 0.745+0.004 0,246+0,004 0.009+0.006 0,499+0,006
Mean 0.755+0.002 0.243+0.002 0.510+0.003

AT was assumed to be zero in the analysis of the angular distribution.
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B. Velocity Spectra

Range distributions of the Tbh'*® recoils were mea-
sured at five angles to the beam direction in a se-
ries of 10 experiments. Eight of these experiments
provided data at angles of 15, 90, and 165° single
experiments were performed at 60 and 120°. The
thin catcher foils in these experiments were pre-
pared from Formvar and were supported on alumi-
num rings. The recoil collection geometry was re-
stricted by an aluminum baffle to a cone of half
angle 6° centered on the desired angle. The thick-
ness of each individual foil and its uniformity were
measured with an a-particle thickness gauge.'®

Experimental range-energy relationships are
available’®~?! for Sm'*?, Th'*°, and Dy!* %151 ip
aluminum. In order to relate the range data in
Formvar to those in Al, we have performed single
experiments at 15 and 90° with aluminum-leaf catch-
er foils. By comparing results of these measure-
ments with those obtained with the Formvar catch-
ers at the same angles we determined the stopping-
power for Th'* recoils of Formvar relative to that
of aluminum. The range (in units of mg/cm?) in
aluminum, R ,;, is related to the range in Form-
var, Ry, by the equation

InR ,,=0.2642+1.096(InR ;) +0.0257(InR;)* (1)

for values of R greater than 0.154 mg/cm®. For
smaller values of Ry we have used a constant ratio,
R, /R;=1.186. The trend of relative stopping giv-
en by Eq. (1) is also observed in the energy-loss
measurements of Moak and Brown?® for iodine ions
stopped in carbon and aluminum. Only slight chang-
es would be made in the velocity spectra by use of
a constant range ratio, (R ,/Ry)=1.22, and our con-
clusions would be unaffected. Use of aluminum
catchers in all of our measurements would have
given much poorer velocity resolution.

For the conversion of ranges in aluminum to ve-
locities V, or kinetic energies E we have used the
relations:

InE =2.460+InR ,;, )
when R 4, <0.279 mg/cm? and
InE =2.703 +1.3251InR ,, +0.105(InR ,,)?, 3)

when R ,;>0.279 mg/cm?. These equations were
obtained by least-squares fitting of experimental
data from heavy-ion bombardments!®~2! and are
estimated to be reliable to a few percent. For com-
parison, Winsberg? used the relation InE=2.511
+1InR ,; in the analysis of his data.

Some of the results obtained from this series of
range measurements are presented in Fig. 3 as ve-
locity spectra; curves have been drawn to show the
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general trends. It may be seen that the spectra
change smoothly with angle of observation. The
low-velocity recoils [0.05 (MeV/amu)'/?] are nearly
isotropic in the lab system, while those of high
velocity are strongly forward peaked.

We have attempted to fit the semilog plots of the
velocity spectra with various polynomials by the
least-squares method. The spectra can be fitted
reasonably well by quartic equations. While there
is no theoretical significance to be attached to the
equations, they do permit a quantitative measure-
ment of the scatter of the points about a smooth
curve. Such analysis indicates that experiments 6,
19, and 20 are significantly poorer than the others.
There were mechanical problems with targeting
and foil counting in experiments 6 and 10. Misbe-
havior of some of the @ counters was noted during
experiments 19 and 20. We feel that these effects
may make the spectra from those experiments
somewhat ragged and that the mean velocities or
energies should be given less weight in those cases.

Mean velocities and energies as determined in
each of the experiments are listed in Table III along
with average values where more than one determi-
nation was performed. From the agreement of the
duplicate or triplicate measurements we conclude
that the precision of a mean-velocity measurement
having unit weight is 2.3%. For the energies, the
precision is 3.7%. The dependence of average mean

TABLE III. Mean velocities and energies of Thi4 re-
coils from gold targets irradiated with 2.2-GeV protons,
as determined from the range measurements.

Mean Mean
Angle velocity (Vi) energy (T)
(deg)  Experiment (MeV/amu)¥2 (MeV)
15 13 0.263 6.13
16 0.264 6.19
18 0.267 2 6.34
(av) 0.264%0.004 6.16+0.16
60 19 0.234 ° 5.00 P
920 6 0.202 b 3.87 P
9 0.214 @ 4202
10 0.215" 427"
17 0.218 4,38
{av) 0.213+0,004 4.22+0.11
120 20 0.184 P 3.23b
165 12 0.144 2.08
14 0.152 2.28
15 0.151 2.20
(av) 0.149+0.002 2.20+0.05

2These values, obtained with aluminum catchers,
were not included in calculating the averages, because
they were used to fix range-energy parameters.

" calculating the averages, these values were given
weight 3. These experiments suffered from certain dif-
ficulties mentioned in the text.
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velocity and average mean kinetic energy on angle
of observation is shown in Fig. 4. Error flags in
this figure reflect the precision only. Accuracy of
the average values depends largely on the range-
energy data used in obtaining Eqs. (2) and (3). We
believe that reasonably conservative estimates of
the accuracies of the average velocities and ener-
gies are 2.5 and 5%, respectively. The sigmoid-
shaped curves in Fig. 4 were calculated by the fit-
ting procedure which will be described below.

III. ANALYSIS OF RESULTS

There are two general approaches to the analysis
and discussion of kinetic data such as we have pre-
sented above. The first method starts with the as-
sumption of only the general features of a two-step
model for the reaction and then searches for a set
of velocity parameters, i.e., spectra of V and ¥ as
well as correlations between V and v, which can re-
produce the experimental data. Failure to find such
a set is taken as indicating a breakdown of the two-
step model. However, if a satisfactory fit is
achieved, the significance of the derived parameter
set is investigated by comparison with calculations
using specific models for the two steps which to-
gether describe the over-all reaction. The second
method is to calculate, from a completely detailed
reaction model, a set of predictions for measurable
velocity and angular distributions. Such predictions
can then be compared directly with the experimen-
tal data. These two approaches are not mutually
exclusive in any sense and both should be employed
in order to interpret the measurements.

There is some advantage to the first method inso-
far as the validity of the two-step model can be
tested and some general features of the reaction
can be deduced without initially depending on the
detailed calculations for each step. We start our
analysis along this path by assuming that a two-
step model is appropriate. That is, we assume
that each velocity in the lab, V 1, can be resolved
into two components, Vv imparted by the fast intra-
nuclear cascade step and v imparted by the slower
evaporation or fission step. The velocity vector v,
cylindrically symmetric about the beam direction,
may be resolved into components v, and v,, paral-
lel and perpendicular to that axis. The angular dis-
tribution of the velocity V must have reflection sym-
metry about a plane normal to ¥. Since ¥V is cylin-
drically symmetric about the beam, this means
that the angular distribution of all V vectors must
also be symmetric about a plane normal to the
beam axis. A convenient form in cases where the
anisotropy (as measured by the value of b/a) is
small is given by,

W)= (a+bcos?0)/(a+ 3b), (4)
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where 6 denotes the angle between V and the beam.
With only these symmetry assumptions one can
show that

<'U||> = <<VL COSG},» (5)

and
@+ V2 =V . (6)
With the further restriction b/a=0, it follows that
@+ 5V =V, sing)%) (7
and

W2+ 3V =({(V,cos8,)%) , 8)

where V, is the magnitude of the laboratory veloci-
ty observed at angle 6, to the beam. Similarly, V
is the magnitude of the vector V in the frame of
reference moving at velocity ¥. The double aver-
age symbols indicate averaging over both 6, and V.
Equations (7) and (8) are not greatly in error®® for
small nonzero b/a values. The average quantities
defined by Eqgs. (5) to (8) have been obtained from
the measurements and are given in Table IV. They
can, of course, be directly compared with model
results, or they can serve as bench marks for
more elaborate calculations. We will use them in
both ways.

It is clear from Fig. 3 that the lab velocity distri-
butions are very broad for this reaction. In fact,
this great breadth is the general characteristic of
“deep spallation” reactions which makes them dif-
ficult to study and difficult to analyze. One must
expect that the distributions of v and V will also be
very broad and therefore many of the simplifying
approximations may not be valid.?* This situation
has led us to employ an “inverse calculation” based
on assumed distributions of ¥, V, and W(p) which
generates distributions of VL. These distributions
were then compared with the experimental data,
new distributions were assumed, and new compari-
sons made. This iterative method of fitting the data
is straightforward for narrow velocity distributions
as has been previously described.® However, for

TABLE IV. Values for means of various two-step
model parameters obtained from data of the present ex-
periment.

Value

(0.0923+0.0037) (MeV/amu)¥/?
(0.0377+0.0014) MeV/amu

Quantity
(11 ||>

(111_2*'% VZ)

w+3vH (0.0269+0.0009) 2 MeV/amu
@W2+7V? (0.0646+0.0023) * MeV/amu
@y /V) (0.510 +0.003) &P

2b/a assumed to be zero.
b All values of v, /V assumed to be <1.
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broad distributions the variety of assumptions
which must be tried tends to obscure the results
behind questions of uniqueness and accuracy.
These questions are important, to be sure, but are
better discussed after the calculated distributions
are fitted to the data and the assumed distributions
of V and ¥ are before us.

We proceed to describe a search for one set of
values of v, V, and W(6) which is consistent with
our data. Then we will indicate the nature of other
possible sets, and we will discuss the results as
they relate to the nucleonic cascade and to the evap-
oration models. We assume initially that there is
a unique relationship between v, and V, that v, is
zero, and that Vis isotropic with a distribution es-
sentially the same as that observed at 6, =90°. The
distributions were adjusted to be consistent with
average quantities (v;) and (V?+9%) from Table IV,
The relationship between v, and V was taken as

=@ _ V=W
o (©)

Velocity distributions in the laboratory were then
generated by a Monte Carlo method, generally us-

10 T T T T T T T

1 |
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FIG. 3. Velocity spectra of Th!¥ recoils from gold
irradiated by 2.2~GeV protons. Small corrections for
the experimental resolution have been applied. The
curves are drawn free hand to indicate the general trends
of the spectra. Angles of observation starting from the
topmost curve and proceeding downward were 15, 60, 90,
120, and 165°. Normalization is such that integration of
a given curve over velocity will give the intensity ob-
served in the angular distribution.
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ing 50000 vector additions per calculation. The
first comparison of calculation with experiment
was rather poor, so a series of distributions of V
were tried. Using the “best” of the V distributions,
various nonzero values of v, (of the form v,= av,)
were then tried. Using the “best” V distribution
and “best” v, values, the best value of » [from Eq.
(9)] was the searched for. At this stage of the trial
and error fitting, calculation was rather close to
experiment but not within experimental uncertain-
ties. A slightly modified spectrum of V was then
chosen, and the other parameters were searched
again. The two most sensitive features are the
shape of the distribution of V (particularly the low-
velocity region) and its correlation with », through
the parameter #.

In Fig. 5 we show the dependence of the mean ve-
locities at five lab angles and the F/B ratio on the
quantity » in Eq. (9). The other parameters were
held fixed as follows: spectrum of V as shown in
Fig. 8 (to be discussed later) with (V)=0.209 (MeV/
amu)? () =0.0943 (MeV/amu)/? v,=0.6v,; b/a
=0. We see from Fig. 5 that it is possible with »
=0.44 to account for the mean velocities and the
F/B ratio. More detailed comparisons of the ve-
locity and angular distributions are shown in Figs.
1, 4, and 6. For these comparisons, 10° vector ad-

KINETIC ENERGY (MeV)
» [l

I

|

)
]
|

0.25 —\ _
0.20|— —

\

0.16— o——

VELOCITY (MeV/amu)''2

| 1 | | |
0 30 60 90 120 150 180

LABORATORY ANGLE (degrees)

FIG. 4. Dependence of mean velocity and mean kinetic
energy of Th® recoils on the angle of observation. The
curves were calculated assuming a two-step model as
described in the text.
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ditions were performed with the final parameter
set. The angular distribution is fitted quite well,
and the general trends of the calculated velocity
distributions are reproduced.

A question can be raised concerning the unique-
ness of the spectra of v and V obtained by the above
fitting procedure, in particular, about the identifi-
cation of them with the first and second steps of
the reaction, respectively. The significance of the
terms in the vector equation, V,=V+V must be
given special consideration when applied to most
recoil experiments, as the data obtained in such ex-
periments cannot be analyzed on an event by event
basis. Rather, the observed data, representing an
average over all allowed combinations of v and V,
are resolved into two components, one generally
forward directed representing the average motion
of the system after the first step, and a second
component which is symmetric about 90° in this
moving system. This symmetric component will
certainly include a contribution from what can be

3.4 T T | T
3.2 -
® 3.0F -
w
2.8 _
2.6 _
i l 1 1 1
T 1 L T T
0.3 -
150
N
= - 60° —
3
15 %
E 90°
2 o2} -
>
=
8 120°
|
w
w L _
165°
ol _
I | | | L
0 0.5 1.0

VALUE OF n

FIG. 5. Dependence of calculated mean velocities and
the F/B ratio for Th!*® on the value of # in the assumed
correlation function, (v - (v ))/{v ) =n(V-(V))/(V).
The shaded boxes denote regions consistent with the ex-
perimental values.
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considered the “isotropic” part of the first step.

We can, in principle, think of an observed veloci-
ty vector _VL as being resolvable into three com-
ponents,

V,.=(V) +AT+V, (10)

where the term (¥) describes the mean motion of
those cascade nuclei which are progenitors of the
observed product. Its components are ;) and @,).
The second term AV takes into account deviation
from the mean in each individual cascade event.
Monte Carlo calculations® lead us to expect com-
parable magnitudes for (V) and AV. The third term
in Eq. (10), V, is the true contribution from the
second step of the reaction. As the symmetry prop-
erties of AV are very similar to those of -\7, they
cannot be resolved in most recoil experiments, and
what is obtained is an effective value which includes
both terms. We can think of three general situa-
tions when discussing Eq. (10). In fission, the vec-
tor V normally dominates the other terms, and any
error due to AV will be small. At the other ex-
treme, in some reactions [e.g., a (p,pn*) reaction®
or possibly the production of Na** from bismuth'?]
there may be no V or only a small contribution
from it. In this case, although it might be formally

10 T T T T T T

o

(sr(MeV/amu)'/2 )"

d?c
dQdv

L
o
o

ITTIIW_‘__

| |
.01
0 0. 0.2 0.3 0.4 0.5 0.6 0.7

VELOCITY (MeV/amu)"/?

FIG. 6. Comparison of experimental (solid curves)
with calculated velocity spectra of Th? produced from
gold by 2.2-GeV protons. The calculated (dashed) curves
were obtained using the two-step model described in the
text.
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possible to analyze an experiment in terms of two
steps, this would not be significant, as the product
momentum is determined primarily by the cascade.
The third situation which probably includes “deep
spallation” is intermediate between these extremes

with comparable contributions from the three terms.

In this case, a contribution from the cascade mo-
menta to the spectrum deduced for V is expected.

What then have we achieved through our fitting
procedure? First we have shown that there is no
obvious discrepancy with a two-step model, in con-
trast to the case of Na® produced from Bi%® 12
Secondly, we have obtained values of certain aver-
age quantities and certain limits on the sorts of
spectra of v and V which can reproduce the experi-
ments,

IV. DISCUSSION
A. Production of Tb'#

As described in the preceding section, the ob-
served velocity spectra and angular distribution of
Th'* recoils can be fitted by a calculation assum-
ing a two-step mechanism [a fast step followed by
a slow step with the relationship between steps ex-
pressed in Eq. (9)]; hence, there is no direct evi-
dence for contributions from a one-step fast mech-
anism. Within the framework of this two-step mod-
el, further insight into the parameters for Th'#°
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FIG. 7. The excitation function for Th#’ production
from gold (Refs. 4 and 30) compared with the proba-
bility for depositing various excitation energies E* in
the prompt intranuclear cascade. The spectra of E
values were obtained from Monte Carlo calculations
(Ref. 25),

production is provided by comparison of the mea-
sured quantities with those of currently available
calculations for the assumed two steps of the re-
action.

The primary information from this experiment
on the first step of the reaction is contained in the
value given in Table IV for (), the forward com-
ponent of velocity of those post-intranuclear-cas-
cade nuclei which ultimately deexcite to the ob-
served product. Estimates of (%) and (v 2 may al-
S0 be obtained from the data in Table IV if a value
for (V® can be found in some other way. In addi-
tion, the observation that the fitting procedure, as
described in Sec. III above, was not significantly
improved by including an anisotropic distribution
for \7, i.e., nonzero values for b/a in Eq. (4), in-
dicates that there is no strongly preferred orienta-
tion of angular momentum vectors in the post-cas-
cade nuclei, or that the second deexcitation step is
insensitive to such orientation if produced. Isotrop-
ic distributions of V have also been reported® for
Ba'®! and Pd'°° formed in the fission of U by 2.2-
GeV protons. Values of (v,) for these reactions
are comparable with the value for Tb'*® production
from gold. At a bombarding energy of 2.2 GeV, we
conclude that no preferred angular momentum ori-
entation is produced by those intranuclear cascades
which, on the average, transfer about 20% of the
incident proton’s momentum to the struck nucleus.

The significance of the value of (v,) obtained in
the present experiment is best discussed in terms
of the mean excitation energy (E*) of those post-
cascade nuclei which will ultimately deexcite to
form Tb'*, As has been noted by Porile,?” the
Monte Carlo calculations®® of intranuclear cascades
show a correlation between E* and the mean value
of v, at a particular value of E*. This correlation
appears remarkably insensitive to target, bombard-
ing energy, or nuclear model used in the calcula-
tion.?® From the data of Metropolis et al.? for
1.84-GeV protons incident on Bi and U, we find
this correlation can be expressed as

W) /v cn=0.T32E*/E . (11)

Here vy and Ey are the velocity and excitation
energy, respectively, which would have resulted if
the incident particle had amalgamated with the tar-
get nucleus. There is no significant difference be-
tween the proportionality factors for the Bi and the
U data considered separately, nor is there a sig-
nificant nonzero intercept in the correlation line.
Using this relation we find (E*) for Tb'*° produc-

" tion from gold by 2.2-GeV protons to be 300 MeV.

Winsberg’s? results from 0.7 to 6.2 GeV give an
(E*) =243 MeV, with no significant dependence on
the energy of the bombarding particle. Little if
any energy is available for kinetic energy of the
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evaporated particles, as the binding energy neces-
sary to remove 48 separate nucleons from Au'®’ to
form Tb'* is 335 MeV. This has been interpreted
by Winsberg® as indicating that the emission of
some larger fragments must play a role in Tb'*®
production.

Porile and Sugarman® have described a different
method for estimating (E*), which is based on an
analysis of the excitation function for a particular
product in terms of the deposition energy spectra
obtained from Monte Carlo calculations. We have
obtained spectra of excitation energies of the post-
cascade nuclei for bombarding energies from 0.4
to 2.0 GeV by interpolation and small extrapolations
from the results of Metropolis et al.?® for 0.46-,
0.93-, and 1.83-GeV protons incident on Bi*®, The
dependence of probability of several selected E*
values on bombarding energy is shown by the light
lines in Fig. 7. (These are based on E* bins of
93-MeV width centered at the indicated energies.)
The experimental excitation function® for Th'* pro-
duction is shown by the heavy line in Fig. 7. The
Porile-Sugarman procedure® is equivalent to repre-
senting this excitation function as a linear combina-
tion of the E* excitation functions in which the co-
efficients representing the contribution of the vari-
ous E* values to Tb'* production are independent
of energy. We have not been able to find such an
energy independent combination which can account
both for the rapid rise of the Tb'*® cross section as
the proton energy is increased from 0.6 to 1 GeV
and for the peak in the experimental excitation func-
tion at 1.8 GeV. However, considering possible
errors in the assumptions of this method of analy-
sis or from the Monte Carlo calculations, it seems
reasonable to say the shape of the observed excita-
tion function suggests that the mean value of E* for
Tb'*® production from gold is about 500 MeV. It is
clear that a value as low as the 300 MeV deduced
from the observed forward momentum transfer is
incompatible with the shape of the excitation func-
tion.

It might be argued that this discrepancy could be
due to the fact that Th'* is produced by reactions
which are in some way atypical and that any analy-
sis based on Monte Carlo calculations for “average”
products is invalid. However, the 7.4-mb cross
section for Tb**® production from gold at 2.2 GeV
does not appear unusually low for a typical spalla-
tion product. Furthermore, a discrepancy of the
same type has been noted in a recent study®' of the
fission of uranium by 2.9-GeV protons in which
semiconductor detectors were used to detect fis-
sion fragments in coincidence. From the angular
correlation of the fragments (which is related to
), a value of (E*) was deduced which was lower
than that estimated from the mean mass of the frag-
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FIG. 8. Comparison of spectra of V. The solid curve
is that used in the present work to fit the experimental
data on Tb% production from gold. The long-dashed
curve is that used by Winsberg, Ref. 2. The short-
dashed curve is that predicted by an evaporation calcu-
lation (see text and Ref. 33).

ments. The discrepancy between (E*) values from
recoil studies and those from excitation-function
measurements also manifests itself in the strange
proton energy dependence of (E*) values for neu-
tron-deficient Pd isotopes formed from uranium.
The recent results of Panontin and Porile® show
an apparent decrease of (E*) as the proton energy
is increased from 450 MeV to 12 GeV. These dis-
crepancies can be accounted for if the older Monte
Carlo calculation®® at GeV energies (or the method
used to derive a (v,)-E* relationship from its out-
put) generally overestimates the value of {,) asso-
ciated with a particular value of E*, Resolution of
this question must await extension of the more de-
tailed recent Monte Carlo calculations® into the
GeV region. At this time it would appear to be ex-
tremely unwise to draw any strong conclusions
which depend on E* values deduced from (v,) mea-
surements at GeV energies.

We now turn to the consideration of nuclear evap-
oration after the prompt cascade is assumed to be
complete. The spectrum of V (obtained by the fit-
ting procedure described above) is shown as the
solid line in Fig. 8. The long-dashed line in this
figure is the spectrum deduced by Winsberg® from
his 27 range measurements. Even though the
shapes are rather different, the mean values of V
differ by only 3%. To obtain spectra for compari-
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son, Re™® was selected as a representative post-
cascade nucleus and 1000 evaporation cascades
were calculated by a Monte Carlo procedure start-
ing from this nucleus at each of three excitation
energies, 400, 500, and 600 MeV. These calcula-
tions were kindly performed by Porile using pro-
grams developed by him and described elsewhere.®
The calculations included the emission of the usual
light particles up to He* and simulated heavier-
fragment emission by inclusion of Li” with an en-
hanced statistical weight. As expected, the length
of the evaporation cascades was observed to in-
crease with increasing excitation energy, the mean
cascade length corresponding to an average expen-
diture of =15 MeV for each nucleon lost. Some re-
sults of these calculations are listed in Table V.
Evaporation cascades leading to mass 149 are seen
to be rare events for E*=400 MeV. It can be con-
cluded that mass 149 would be the most probable
product (the residue of =<13% of the cascades) at an
excitation energy of about 550 MeV, in agreement
with the conclusion drawn from our analysis of the
experimental excitation function.

Calculated mean recoil velocities (V) and mean
kinetic energies (7), as shown in Table V, are sub-
stantially lower than the values deduced by our fit-
ting procedure. The apparent decrease of the cal-
culated values as the excitation energy increases
is not statistically significant. In general, for a
given excitation energy, the calculated recoil ve-
locity increased with increasing length of the evap-
oration cascade. However, rather to our surprise,
if the cascade length is fixed by selecting a particu-
lar mass product, the recoil velocity is essentially
independent of excitation energy. We can infer that
the model predicts that increased excitation energy
leads in part to breaking up nucleon aggregates,
rather than solely to increased kinetic energy of
the emitted particles.

The spectrum of recoil velocities calculated for
products having masses 148, 149, and 150 is shown
as the short-dashed line in Fig. 8. Results for all
three excitation energies have been combined to im-
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prove statistical accuracy. The calculated curve
significantly underestimates the number of high-
velocity recoils when compared either with the
spectrum deduced by Winsberg?® or that from the
present work. We conclude that the evaporation
model including emission of particles up to Li’ can-
not account for the spectrum of V deduced by the
fitting procedure if the calculation is performed

for stationary stavting nuclei.

Initially we had explored the rather attractive
idea that the missing high velocities were evidence
for the emission of particles even heavier than Li”
in some of the events. The observed spectra'® and
mean momenta® of Na®* emitted during high-energy
nuclear reactions with heavy-element targets would
just supply such recoil kicks to Tbh'*. However,
we must recall that the fitting procedure we have
used tends to yield an effective spectrum of V [a
combination of A¥+V in Eq. (10)], which may con-
tain contributions from the prompt-cascade step,
whereas the calculated spectrum does not. Can the
difference between fitted and calculated V spectra
be due to very broad distributions of v, and v,?

To pursue this further, we will follow what we
have called previously the second method of analy-
sis, a complete calculation which adds the evapora-
tion calculation to a detailed calculation of momen-
tum transfer by the prompt cascade. We start from
the output of the Monte Carlo calculations of Metrop-
olis et al.?® for 1.84-GeV protons incident on Bi and
U. (Our conclusions are not changed by consider-
ing either element separately.) Following the pro-
cedure outlined by Porile,?” the momentum of the
product of each cascade was calculated using mo-
mentum conservation and the energies and direc-
tions of each particle emitted in the cascade. Be-
cause the Monte Carlo output did not preserve the
sign of one of the direction cosines of the emitted
particles in a direction perpendicular to the beam,
a random choice of this sign was made. As has
been noted,* this overestimates (on the average)
the component of recoil momentum in that direc-
tion. For those cascades which ultimately give

TABLE V. Summary of evaporation calculations on Re!8 and comparison with values deduced from experiments.

Fraction of Most probable W] (T)

Ex* events giving product mass (Ref. a) (Ref. a)

(MeV) mass 149 (amu) (MeV/amu)¥/? (MeV)

400 0.003 ~159 0.171 2.52
500 0.074 ~153 0.161 2.27
600 0.105 ~146 0.157 2.16
This experiment P oo 0.209 3.88
Winsberg © oo oo 0.215 3.90

2 Averages for products of masses 148, 149, and 150 to give improved statistical accuracy.

bvalues based on the fitting procedure described in the text.

¢See Ref. 2.
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mass 149, this mean momentum was 48% larger
than the mean in the other perpendicular direction.
We have multiplied all calculated momenta in the
ambiguous direction by 0.677 to make the means
equal. The over-all effect is to reduce the value
of (,) by 20% compared with the uncorrected
value.

The mass A and nuclear charge Z of each cas-
cade product were appropriately shifted to corre-
spond to production from a gold target. Each com-
ponent of recoil velocity was multiplied by the fac-
tor 239/198 for uranium or 210/198 for bismuth
targets, as the v,/vcy versus E*/E - relationship
is observed to be independent of target mass. This
set of cascade nuclei were then used as starting
points for an evaporation calculation in the follow-
ing manner. A most probable mass loss by evapo-
ration was calculated for each cascade product by
dividing its excitation energy by 15 MeV/amu, the
factor obtained from the calculations on Re'®,
Since the most probable mass loss did not in gen-
eral lead to a final product at mass 149, it was
necessary to know the probabilities of various fluc-
tuations about the most probable. These were also
obtained from the Re'® calculations. With this pro-
cedure we were able to select from 1281 inelastic
events, 440 of which could give significant yields
at mass 149, and to assign to each of these events
a probability which varied from 1 per 1000 to 132
per 1000 that it would deexcite to mass 149,

Some properties of this set of cascade nuclei
which play a role in mass-149 production are shown
in Fig. 9. The probability that intermediate nuclei
of various masses yield mass 149 is shown in the
lower part of this figure. The progenitors of mass
149 form a nearly Gaussian distribution about the
most probable mass, 187.4. (We note our choice of
Re'® was not too bad.) The total probability for
forming mass 149 is #1.9% of the inelastic cross
section,® or =31 mb. This is about a factor of 2
higher than predicted by the empirical yield syste-
matics developed by Rudstam® and Schwarz and
Oeschger.® In either case, the observed Th'*?
cross section® at 1.84 GeV, 7.7 mb, is a signifi-
cant fraction of the total mass-149 yield.

The mean excitation energies (weighted by the
probability of mass-149 formation) are also shown
in Fig. 9. Values of E* increase from less than
500 MeV for the cascade nuclei nearest to mass
149 to over 600 MeV for those furthest removed.

It is interesting to note that this trend is just the
reverse of that observed if no selection as to final
product is imposed. In that case, the longer prompt
cascades lead to higher excitation energies. The
over-all mean value of E* for mass-149 production
is 572 MeV, in reasonable agreement with that from
the shape of the excitation function.
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Weighted mean values of the parallel and perpen-
dicular velocity components of the cascade nuclei
are given in Fig. 9. The values of () are seen to
vary with mass of the intermediate nucleus in a
manner parallel to that of (E*). The perpendicular
component (,) shows a slight trend in the reverse
direction. The ratio of {(v,) to {v,) averaged over
all events leading to mass 149 is 0.57, quite close
to the value 0.6 used in our fitting procedure. How-
ever, the over-all average value of (v,) is 0.184,
twice the value derived from our experimental data.
This is, of course, just another reflection of the
discrepancy in (E*) values obtained from the ex-
perimental (v,) and the excitation-function shape.

To complete the calculation and obtain predicted
velocity distributions in the lab system, we must
add the second step of the reaction. To the vector
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FIG. 9. Calculated results for the formation of mass-
149 nuclei from gold irradiated by 1.84~GeV protons.
From bottom to top are shown: the distribution in mass
of the cascade nuclei which are progenitors of mass-149
nuclei, the average excitation ((E")) of each of these,
the mean forward ({v,)) and perpendicular ({v, ))
velocity components of these nuclei, and the mean veloc-
ity ({(V)) imparted to the final product by particle evap-
oration from the intermediate nucleus.
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V of each of the selected cascades we have added a
vector V for the evaporation step, the orientation
of V being taken as isotropic. For each prompt
cascade, the number of such vector additions was
proportional to the probability that the particular
cascade event was a progenitor of mass 149, (The
actual number varied from 1 to 132.) In obtaining
values for V we made use of the fact that the evapo-
ration calculations on Re’®® showed the spectrum of
V for a given evaporation-cascade length AA, was
virtually independent of E*. Values of V were then
selected so their frequency was proportional to the
probability of their occurrence in the spectrum cal-
culated for the AA value equal to the mass of the
cascade nucleus minus 149. The entire set (23 796)
of such calculations gives predictions for the angu-
lar distribution, velocity spectra, and the various
mean values which may be compared with the ex-
perimental quantities. While this is not strictly
speaking a complete calculation (we have taken a
considerable shortcut in treating the evaporation
step), we expect its output should be indistinguish-
able from a detailed calculation if the same evapo-
ration model were used.

The experimental value of F/B and mean veloci-
ties at our five angles of observation are compared
with those calculated in Table VI. Entries in the col-
umn headed Calc-1 are from the calculation just de-
scribed. It predicts a value of F/B three times that
observed, a direct consequence of the large value
of () from the prompt cascades. The calculation

predicts that the cascade step will be the dominant
factor in Tb'*® production as the calculated value
of (v,/V) is 1.39. This manifests itself in the very
poor agreement (except at 90°) of the calculated and
observed mean velocities. It is extremely unlikely
we can reconcile these discrepancies by any small
changes in either the prompt cascade or evapora-
tion calculations. The main difficulty appears to
be that the calculation of Metropolis et al.? at 1.84
GeV drastically overestimates forward momentum
transfer.

TABLE VI, Comparison of some calculated recoil

properties with those experimentally measured for Thi4
produced by the irradiation of gold with 2.2~GeV protons.

Calc-1 Calc-2
Exp. (Ref. a) (Ref. a)
F/B 3.10 +0.03 9.67 3.74
(V459 0.264+ 0,004 0.321 0.235
(Voo 0.234 0.259 0.234
(Voo 0.213 +0.004 0.218 0.216
V1209 0.184 0.192 0.185
(V1659 0.149+0.002 0.177 0.148

2The nature of these calculations is described in the
text.
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It may be of interest to see what other discrep-
ancies remain when the major difference is re-
moved by repeating the calculation with values of
v, reduced by a factor of 2 to force agreement be-
tween experimental and calculated values of (v,).
Results from this revised calculation are given in
the column of Table VI headed Calc-2. As could be
anticipated, F/B has dropped and now is only 20%
greater than the experimental value. The calculat-
ed mean velocities at angles from 60 to 165° re-
produce the experimental values surprisingly well.
Even the calculated standard deviation of the 90°
spectrum, 0.089 (MeV/amu)? is not very differ-
ent from the observed value 0.106 (MeV/amu)*/2.
Apparently a substantial part of the discrepancy
between calculated and fitted spectra seen in Fig.
8 can be due to the inclusion of contributions from
the first step of the reaction to the fitted spectrum.
We must note, however, that if we had reduced the
perpendicular components of velocity of the cas-
cade nuclei by the same factor of 2 we have applied
to the forward component, we would have still been
left with a large part of the disagreement.

The source of the remaining discrepancies be-
tween Calc-2 and experiment is not immediately
clear. The calculated value of F/B is still too
large, but the mean velocity at 15° is too low. If
we recall Fig. 5, we can see that increasing the
strength of the correlation between V and v, while
holding (,) and the spectrum of V fixed tends to
reduce F/B and increase (V,..). Indeed, when we
analyze v, and V from Calc-2 in terms of the cor-
relation equation [Eq. (9)], we find the mean value
of » is only 0.045 in contrast to the value 0.44 de-
duced by the fitting procedure. That the calculated
correlation is so weak is a consequence of the fact
that the evaporation calculation predicts that V is
independent of E* (and hence v,) for a given evapo-
ration-cascade length. The calculated correlation
arises solely from there being a range of cascade
lengths which contributes to forming a given prod-
uct (see Fig. 9).

We can speculate that both of these fundamental
differences between calculation and experiment are
somehow connected with a role played by heavy
fragments in “deep spallation” reactions. The
prompt-cascade calculation in its present form
treats only the ejection of nucleons and mesons. If
heavy fragments such as Na®* are ejected at this
step of the reaction, we expect that the remaining
nucleus (the progenitor of Tb'*?) will have reduced
forward momentum, as there is evidence!? for a
preferred emission of Na?* in the forward direc-
tion in such reactions. It has been noted®~* that
some aspects of heavy-fragment production can be
accounted for in terms of an evaporation mechan-
ism. Fragment production in such a process will
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be a sensitive function of excitation energy and may
serve to strengthen the V-E* (or V-v,) correlation.
Although the present work cannot prove a role for
heavy fragments, it does point out substantial dis-
agreements with existing calculations. It will be
important to reanalyze the experimental data as
improved calculations of the cascade and evapora-
tion stages of the reaction become available.

B. Systematics of Velocities of “Deep Spallation”
Products

Can we systematize the velocities of “deep spalla-
tion” products in such a way that will be useful in
deciding whether a particular product is produced
by “deep spallation” or fission, in a way that does
not require detailed cascade-plus-evaporation cal-
culations each time? We will consider an effective
value of V [the AV +V in Eq. (10)] as arising from
vector addition of a number of separate vectors;
some from the “isotropic” part of the cascade step
and some from the evaporation step. Where the
final velocity V is imparted to the recoil in a se-
ries of isotropic steps, a random walk requires
that

VH=2V?, (12)

where V2 is the average of the square of the veloc-
ity imparted to the recoil by the ith emitted parti-
cle. Momentum conservation requires that

MZVE=miv?, (13)

where the letter M denotes mass, with the upper-

case symbols referring to the intermediate resid-

ual nucleus and the lower-case symbols referring

to the emitted particle. The final mean-squared

momentum of the observed nucleus is given by
2,2

(s V=M () (14)

If M, can be approximated by the average of target
and observed mass 3(M, +M,,), then
aMy 2
2 =
<(Mobs V) > (Mt +M b )2

ol

mw;)? . (15)

The sum in turn may be replaced by (M, —My,)
X (m®v,?), where the average defines the average
effective squared momentum kick per emitted nu-
cleon, We then have

- (Mt +Mobs)2<%Mohs V2>

)= . 16
<m‘ vi ) ZMObS(Mt -Mobs) ( )

As indicated above, the derivation of Eq. (16) has

lumped any isotropic component of recoil from the
prompt cascade together with that from the evapo-
ration step. It is implicitly assumed that (M, V?
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exhibits very little dependence on bombarding en-
ergy.

For “deep spallation” of a given target, we ex-
pect that the average squared momentum per emit-
ted nucleon, (m;%,;?), will probably increase slowly
with M, - My,. If one focuses on a given product
and varies the target, a similar increase might oc-
cur. In general, as one considers different targets
and products, he expects the individual values of
m; and v; to change in some rather complex way
depending on the prompt cascades, Coulomb bar-
riers, binding energies, and the stastistics of nu-
clear level densities.

We have plotted in Fig. 10 Gn;%;? as a function
of M, — M, for a number of reactions that can rea-
sonably be termed “deep spallation.” ** Included
are the result from the present experiment, those
for Th'*® production from Ta, Au, and Bi of Wins-
berg,? data for Sc*>*, Cu®"%%, and Sr®® from Ag re-
ported by Cumming et al.,'* and Na** production
from V and Cu targets from the work of Porile and
Tanaka.??* The average recoil energy of the product
[(3M 4, V?) in Eq. (16)] was taken from differential
range spectra measured at 90° in the lab system,
with the exception of those of Winsberg,? which are
from 27 thin-target—-thin-catcher measurements.
The striking feature of Fig. 10 is that (n;%;?) de-
pends primarily on M, — M, and is not strongly de-
pendent on the mass or charge of the target or prod-

50 I | T T

<mi2vi2 > (MeV amu)

I | | |
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FIG. 10. Dependence of mean-square momentum per
nucleon emitted (;%;? on the mass difference M, — M g
separating the product from the target. Points are for
the following reactions: @ Tb!¥’ from Au, present work;
O Tb!* from Au, Ref. 2; Ml Tb® from Bi, Ref. 2; (] Tb14®
from Ta, Ref.2; A Na’! from Cu, Ref. 42; A Na?! from
V, Ref. 42; ¢ Sc?® * from Ag, Ref. 13; 4 Cu®® ® from
Ag, Ref. 13; and +Sr® from Ag, Ref. 13.
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uct. This consistent trend of results for diverse re-
actions must indicate considerable cancellation or
compensation of the various factors which deter-
mine the spectra and relative numbers of the emit-
ted particles in the prompt and evaporation cas-
cades. It has been concluded by Winsberg? that the
mean recoil energy (and hence ¢n,;?;%) is indepen-
dent of bombarding energy from 0.6 to 6 GeV. Com-
parison of the silver spallation study of Cumming

et al.® at 2.9 GeV with that of Borisova et al.*® at
0.48 GeV leads to the same conclusion. We have
not included in Fig. 10 results for reactions in
which M -M is less than 15. For simple spalla-
tion reactions, the prompt cascade may play a
more important role, and our averaging proce-
dures may not be valid. Indeed, the results of
Panontin, Porile, and Caretto** on simple reac-
tions in Ag and In targets, when analyzed in terms
of Eq. (16), indicate an apparent increase in the
value of (m;*v %) for M,— M, S 10.

It is possible to use the empirical correlation
shown in Fig. 10 to characterize “deep spallation”
and distinguish it from fission. To estimate where
fission would fall in Fig. 10, we have applied Eq.
(16) to the results obtained by Sugarman and co-
workers*> % from recoil studies of the fission of U,
Bi, and Ta by 0.45-GeV protons. As the resultant
values of (m;%v,? fall well off scale vertically in
Fig. 10, they have been shown in Table VII. Even
the lowest value 65 (MeV amu) for Ba'?® from Ta'®
is twice the value shown in Fig. 10 at the same
M, -M,,. The large values of (m;*v,;%) in Table VII
reflect the dominant contribution in Eq. (12) of a
single V; to the observed recoil velocity, as ex-
pected in a fission process. General features of
fission at moderate and high excitation energies,
in particular the mean velocities of products, are
predicted quite well by a liquid-drop model.*” We
would propose to use the correlation defined by the
solid line in Fig. 10 and its dashed extension to
characterize “deep spallation,” and the liquid-drop
model to characterize fission.

The most interesting region for such a distinction
is for 80 < (M- M y,) <140, because in this range
the interaction of multi-GeV protons with uranium
targets is known to give some products of high av-
erage recoil energy and some of low average re-
coil energy.% 3% 4% In particular, there is con-
siderable interest in the rare-earth region, where
a prominent double-peaked charge dispersion curve
has been observed.’* 5! By extrapolation of the spal-
lation systematics we would predict that the mean
kinetic energy of Th'*® from a uranium target
should be 7.7 MeV. From the range-energy rela-
tionship suggested by Hogan and Sugarman,* one
obtains a mean range of 2.7 mg/cm? in uranium.

By comparison, the liquid-drop model®® gives
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ranges of 4.5-5.9 mg/cm? of uranium® for Th'°
produced by fission. Ranges of a neutron-exces-
sive product, such as Nd'*¥", formed by fission will
be even larger, 5.9-7.3 mg/cm? of uranium. The
distinction between “spallation” as referred to Fig.
10 and “fission” as referred to liquid-drop calcula-
tions should be quite clear on the basis of range
measurements,

Extrapolation of similar spallation systematics to
products below the rare-earth region has led to the
conclusion? that the momentum spectra of Ba'*! and
of Pd!® from uranium at 2.2 GeV include only small
spallation contributions. In the iodine region, a
mean range of 3.4 mg/cm? is predicted for I'*® pro-
duced from uranium by spallation, while ranges of
7.5-8.7 mg/cm? are expected for I'* formed by fis-
sion. The measurements of Brandt* at 18 GeV and
Alexander, Baltzinger, and Gazdik® at 3 and 6 GeV
give values of ~4 mg/cm? for neutron-deficient io-
dine isotopes and ~8 mg/cm? for neutron-excessive
ones. It has previously been concluded by Rudstam
and Sorensen'® on the basis of cross-section syste-
matics that the neutron-deficient iodine isotopes
are formed by “deep spallation” processes at 18
GeV and by a fissionlike process at 0.6 GeV. The
systematics which we have developed gives added
evidence for this classification of mechanisms.

Ancextensive study of products from Ta and U,
now in progress,® will provide further information
for comparison of processes expected to be pri-
marily fission with processes expected to be pri-
marily spallation.

IV. CONCLUSIONS

In starting this work, we had set as one of the
goals the investigation of possible connections be-

TABLE VII. Mean square momentum per emitted nu-
cleon, {m;%;¥ derived from observed kinetic energies of
some products of the fission of U, Bi, and Ta by 0.45-
GeV protons.

M s V'

My - Mg,  (Ref.a) (m;%;?

Target Product (amu) (MeV) (MeV amu)
y2se Nd? 91 57.4 318
Ngi4 98 47.7 248
Bi®®  grt 118 61.0 256
Pd1o? 100 48.9 227
Baldm 76 31.1 180
Tal®l  cus? 114 54.1 218
Srét 90 45.6 206
P4io 72 35.7 191
Bal? 53 9.25 65

3Values for the uranium targets obtained from Ref. 45.
Those for bismuth and tantalum from Ref. 46,
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tween “deep spallation” and fragment production in
high-energy nuclear reactions. On examining the
experimental data we find such a connection cannot
be established uniquely, although it may well exist.
The data are, within their errors, consistent with
a two-step picture, there being no indication in the
second step for a memory of the beam-direction ef-
fect such as was observed in a study of Na** pro-
duction from bismuth. It is only by quantitative
comparison of the derived two-step parameters
with model calculations, or by direct comparison
of the experimental data with complete model cal-
culations that we can hope to find evidence for frag-
mentation.

Such a comparison points out substantial disagree-
ments between the experiment and the calculation
when an intranuclear-nucleonic-cascade model is
used which allows only the ejection of nucleons and
mesons during the first step of the reaction, and
the second step is described by a statistical model
in which particles no heavier than Li” can be evapo-
rated. Either we must abandon the two-step model
and consider our finding a set of two-step parame-
ters which can fit the observed data an accident, or
we must modify the model calculations in such a
way as to fit the data. Qualitatively, ejection of
heavy fragments in the forward direction during
the prompt-cascade step and emission of fragments
heavier than Li” in the evaporation step would help
explain the observed discrepancies, but this would
again tend to connect Tb'*® and fragment production.

What then is our picture of “deep spallation,” fis-
sion, and fragmentation? How and/or why should
we distinguish those events leading to Tb'*® and a
fragment from a fission? The most probable mass
division in fission at high excitation energies is
symmetric. Semiconductor-detector studies® of
the fission of U and Bi by 2.9-GeV protons indicate
a rapidly decreasing probability with increasing
mass ratio for mass ratios 3. On the other hand,
the mass-yield curve for heavy-element targets
shows an upturn for masses below ~40. This sug-
gests the reverse trend, i.e., increasing probabili-
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ty for still more asymmetric mass divisions. A
mass ratio of the order of 4 to 5 is perhaps a con-
venient experimental point at which to set the divid-
ing line between fission and nonfission processes.
In terms of the liquid-drop-model potential surface,
fission corresponds to the passage of the system
over a saddle point centered at symmetric mass
division. There is presumably another saddle
point centered at very asymmetric mass divisions
which would, in a unified theory of fission and evap-
oration, account for emission of nucleons, « parti-
cles, etc. In very general terms, the existence of
a potential peak between the two saddle points gives
rise to low yields at intermediate mass ratios and
forms the division between fission and nonfission.
The fragments emitted in the “nonfission” or frag-
mentation events should have heavy partners. The
fact that such a correlation has not yet been ob-
served in counter experiments is probably due to
currently feasible detection thresholds and require-
ments on angular acceptance.®

An empirical correlation is suggested for mean
momentum per emitted nucleon in high-energy re-
actions of the “deep spallation” type. This appears
to allow distinction between “deep spallation” and
fission as formation mechanisms for products of
high-energy nuclear reactions on the basis of mean-
range measurements.
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