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Cross sections and thick-target recoil properties of several Sc nuclides formed in the interaction of >**U with 1-300
GeV protons have been determined. The ranges of all the products decrease markedly between 1 and 10 GeV
and only slightly thereafter. The forward-to-backward emission ratios peak at 3 GeV and decrease to a value
of unity at 300 GeV. The excitation functions increase sharply up to ~ 10 GeV and go through a very shallow
peak at this energy. The results are analyzed within the context of the two-step model of high-energy
reactions and found to require a larger ratio of transverse to forward momentum transfer than expected on
this basis. The emission of an excited hadron in the cascade can also account for the data. The systematics of

fragment momenta are developed.

formed in interaction of 2*®¥U with 1-300 GeV protons.

':NUCLEAR REACTIONS Measured o, 2W(F + B), and F/B of various Sc nuclidesjl

I. INTRODUCTION

The energy dependence of the recoil properties
of deep spallation and fission products formed in
the interaction of 23%U with GeV protons was first
investigated by Beg and Porile!. These workers
found that the ratio of forward-to-backward emis-
sion (F/B) of the deep spallation products (e.g.
131Ba and ®3Sr) went through a sharp peak at 2-3
GeV while the ranges decreased by about a factor-
of-two over a somewhat wider energy interval
(v 1-4 GeV). On the other hand, the ranges and
F/B values of the fission products were found to
be nearly independent of bombarding energy. Ear-
lier work®”7 had already established that the
ranges of deep spallation products at 6 or 18 GeV
were substantially lower than those obtained be-
low 1 GeV.

Beg and Porile! interpreted these results in
terms of a transition from a binary fission pro-
cess to fragmentation. They were able to obtain
qualitative agreement with the recoil properties
of deep spallation products measured at bombarding
energies above 4 GeV by means of a cascade-evapor-
ation calculation modified to include fragment
emission. The properties of the emitted fragments
were based on the differential range and angular
distribution measurements® of 2“Na formed in the
interaction of 2.9 GeV protons with 2°°Bi. The
presumed connection between deep spallation and
fragmentation has made it of interest to measure
the energy dependence of the recoil properties of
light fragments in order to ascertain whether they
are in concordance with those of the deep spalla-
tion products. Kaufman and Weisfield® recently
determined the recoil properties of 2*Na and 2°Mg
from the interaction of ?°®U and !°7Au with 3-300
GeV protons. We present here the results of
cross-section and recoil measurements on somewhat
heavier fragments, scandium isotopes formed in
the interaction of 238U with 1-300 GeV protons.

II. EXPERIMENTAL

The general procedure for the simultaneous de-
termination of cross sections and thick-target re-
coil properties has been described in previous re-
ports from this laboratory'®’!!. Target stacks
were irradiated in the circulating beam of the

zero gradient synchrotron (ZGS) with 1.0-11.5 GeV
protons, in that of the alternating gradient
synchrotron (AGS) with 28.5 GeV protons, and in the
meson hall at Fermilab with 300 GeV protons. The
target stacks consisted of a 20 um thick depleted
uranium foil surrounded by three pairs of 20 um
thick aluminum foils. The inner pair served as re-
coil catchers, the middle pair as beam monitors,
and the outer pair as guard foils. All the foils
were carefully aligned to insure that they inter-
cepted the same number of protons. We have pre-
viously established that under these conditions the
loss of recoils from the target edge is negligibly
small. Since the Fermilab irradiations were per-
formed in an open air section of an external beam
line the target stack was sealed in an evacuated
plastic bag.

Following irradiation the target and catcher
foils were separately dissolved and scandium sepa-
rated b¥ adaptation of standard radiochemical pro-
cedures’?. The various samples were assayed with a
calibrated Ge(Li) detector operated in conjunction
with a 4096 channel analyzer equipped with magnetic
tape readout. Table I sumarizes the decay proper-
ties of the observed Sc nuclides. Portions of the
Y-ray spectra containing the peaks of interest were
analyzed with the code SAMPO!® in order to obtain
the disintegration rates of the nuclides of inter-
est. Each sample from a given experiment was

TABLE I. Decay properties of observed Sc nuclides.

Nuclide Half-1ife Y-ray Branching ratio®

(keV) %

::Scm 2.44d 271.4 86.0
Se 83.9d 889.3 100
1120.5 100

:;SC 3.35d 159.4 70.0
Sc 1.82d 983.3 100

1037.4 98.0
1311.7 100

@nNuclear Level Schemes,'" Nuclear Data Group, ed.
Academic Press, New York, 1973.
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TABLE II. Cross sections (mb) for the independent formation of Sc isotopes
in the interaction of 2%%U with high-energy protons.

EP(GeV) ““Scm 465¢ 475¢ “8g¢
1.0 (6.48%0.45)x10" 2  0.641*0.043 0.885+0.054 0.748+0.039
2.0 0.307+0.017 2.08+0.12 2.28%0.12 1.71+0.09
2.15 0.429+0.023 2.64%0.13 2.95+0.16 2.08+0.10
3.0 0.646+0.039 3.79%0.24 3.45+0.20 2.37+0.13
4.0 0.905%0.056 4.85%0.25 4,21%0.27 2.81+0.15
6.0 1.24+0.08 6.15%0.35 5.09+0.42 3.28+0.29
11.5 1.92%0.12 7.22%0.39 6.91+0.47 3.99+0.23
28.5 1.74%0.10 6.32+0.32 6.06+0. 31 3.24%0.16
300 1.81+0.13 6.92+0.46 6.16+0.31 3.57%0.19

assayed at least two times and the resulting dis-
integration rates, extrapolated to the end of bom-
bardment, were averaged using the reciprocals of
the variances obtained from SAMPO as the weighting
factors. The activity measurements were usually
performed in a high geometry configuration. In
order to check for possible reductions in photo-
peak efficiency due to suming effects, measure-
ments were also performed for a 10 cm sample-to-
detector distance. It was found that only “°Sc,
which has three intense y-rays in coincidence, re-
quired correction. The magnitude of this effect
was found to be 13%.

The beam intensity was determined by means of the
27A1(p,3gn) monitor reaction. The disintegration
rate of 2*Na was determined in the same manner as
those of the nuclides of interest. The cross sec-
tion of this reaction decreases from 10.5 mb at
1 GeV to 8.6 mb at 11.5 GeV'" and remains invariant
at higher energies®®.

III. RESULTS

The cross sections, experimental ranges, and F/B
values of the various Sc nuclides are tabulated in
Tables II - IV, respectively. The experimental
range in the target material is defined as 2W(F+B)
mg/cm?, where W is the target thickness and F and
B are the fractional number of product nuclides
recoiling into the forward and backward catcher,
respectively. The ranges have been reduced by 6%
to correct for scattering at the target-catcher

interface!®. All the results are the weighted
averages of two or more replicate determinations
excepting those at 2.0 and 2.15 GeV, which are
based on single experiments. As there appears to
be a statistically significant difference between
some of the results obtained at these two energies
we have chosen to present the data separately in
spite of the small energy difference. The listed
uncertainties are based on those in the y-ray in-
tensities as obtained from the SAMPO code or on
the difference between replicate determinations,
if larger. We have in addition included a 3% un-
certainty for chemical yield determinations and in
the case of the cross sections, a 5% uncertainty
in absolute detector efficiency.

The cross sections and recoil properties of
4450 46Se, and “®Sc refer to the independent for-
mation of these nuclides. The results for *’Sc in-
clude a contribution due to the decay of *’Ca. In
view of the fact that the separation time was small
compared to the “7Ca half-life and since the yield
of neutron-excessive “’Ca must be smaller than
that of “’Sc we can 1131ace an upper limit of 5% on
the contribution of *’Ca to the “’Sc data. The
excitation functions for the formation of the var-
ious Sc isotopes are plotted in Fig. 1. The energy
dependence of the recoil ranges and F/B values is
shown in Figs. 2 and 3, respectively.

A number of measurements on the formation of Sc
nuclides in the interaction of 2%°U with GeV ener-
gy protons have been reported previously. Fried-
lander and Yaffe!” measured the cross sections for

TABLE III. Experimental recoil ranges (2W(F+B)) of Sc isotopes. The

units are mg/cm2 of uranium.

E_(GeV) g™ 475 #85¢c
1.0 15.38+1.49 17.03+0.91 15.59%1.58 14.29%0.22
2.0 13.73%0.31 13.80+0.52 13.64%0.16 13.29£0.12
2.15 12.54%0.49 11.880.79 12.48%0.27 12.45%0.20
3.0 11.170.40 10.260.57 11.1940.42 10.94%0.35
4.0 11.55+0.20 11.28+0.16 11.91+0.31 11.590.10
6.0 10.170.29 10.52+0. 34 10.51#0.66 10.16+0.26
11.5 9.30%0.35 8.95+0.29 9.42%0.57 9.57%0.26
28.5 8.69+0.23 9.21%0.15 9.22+0.35 9.85%0.23
300 8.1140.22 8.87+0.60 8.91%0.38 9.210.19
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TABLE IV. F/B values for Sc isotopes.

E_(GeV) dhge™ *835c *75¢ *85¢
1.0 1.35%0.09 1.29+0.12 1.23+0.08 1.34%0.03
2.0 1.60+0.03 1.58+0.11 1.51+0.02 1.47+0.02
2.15 1.83%0.11 1.48+0.17 1.56+0.05 1.50+0.04
3.0 1.76%0.06 1.78+0.08 1.65%0.03 1.58+0.03
4.0 1.62%0.02 1.48+0.03 1.49+0.02 1.45%0.02
6.0 1.54+0.04 1.40+0.06 1.38+0.04 1.36%0.01

11.5 1.23+0.04 1.27%0.02 1.21+0.04 1.23+0.01

28.5 1.12+0.01 1.10+0.02 1.13+0.03 1.12+0.01

300 1.03%0.02 1.03+0.03 1.02+0.01 1.03+0.01

the groduction of several Sc nuclides at 3 GeV and
Chu!® performed similar measurements at 28 GeV.
Ravn!® determined both cross sections and thick-
target recoil Broperties at 18 GeV. The results
for “®Sc and *’Sc, which are typical of all the
data, are compared with the present values in
Table V after adjustment for differences in the
monitor cross section. It is seen that all the
previously determined cross sections are in agree-
ment with the present determinations. However the
ranges and F/B determined by Ravn!® are uniformly
lower than our values. The discrepancy is partic-
ularly serious for the F/B ratios. Ravn's values
are actually less than unity and must be regarded
with suspicion.

The measured recoil properties may be used to ob-
tain the corresponding recoil parameters by means
of the velocity vector model!®:2°,2! embodying the
two-step mechanism cammonly invoked in high-energy
reactions. According to this model the observed
velocity of+a recgil product v, is resolved into
components v and V corresponding to the cascade
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FIG. 1. Excitation functions for the formation
of Sc nuclides in the interaction of 23U with high-
energy protons. o, “4se ; A, l’GSc; A, "7Sc; o,
48

Sc.

and deexcitation or breakup steps of the reaction,
respectively. The component of V parallel to the
beam direction is designated v, and the ratio of
its magnitude to that of the breakup velocity is
denoted as n),. The breakup velocity must by sym—
metric in the moving system and is in fact assumed
to be isotropic. Furthermore, if the range of a
recoil in the target material R, can be related to
its velocity by an expression of the form

_ N
RJL = const x vy (1)

where N is a constant, the following relations can
be derived:

ZH(F+B) = B, [1+3n, * QWD)?] 2)
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FIG. 2. Energy dependence of recoil ranges of Sc
nuclides. The symbols have the same meaning as in
Fig. 1. The curve represents the average behavior

of the various nuclides. Some of the points have
been displaced in energy for greater clarity.
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FIG. 3. Energy dependence of F/B ratios of Sc

nuclides. See Fig. 2 for details.

and
1+2 0 (W2) + X2 (W1)2
3 My 4 Ny

F_ (3)
B
1- —g n, (N+2) + —i ng? (N+1)*

The quantity Ro is the mean range in the target
material corresponding to the recoil speed V. It
is possible to obtain V as well as the mean kin-
etic energy T acquired by the observed products in
the deexcitation step from by means of a range-
energy relation cast in the form of Eq. (1). We
have used the relation developed by Cumming?? on
the basis of the tables of path lengths given by
Northcliffe and Schilling?®® coupled with a semi-
enpirical correction for the difference between
path length and projected range. The values of V

and n, may be used to obtain those of v, and the
latter may in turn be used to determige the aver-
age cascade deposition energy?! 2% E The rela-
tion between E° and vy may be written as

* _
E'=3.253x 107 k Ap v, [T /(T + 2)1'/%(4)

where o and the bombarding energy T, are expressed
in terms of myc?, Ar is the target mgss in amu and
vy, 1is in units of (MeV/amu)!/2. The constant k
has been evaluated by Porile?“ on the basis of 1.8
GeV Monte Carlo cascade calculations?® as n0.8.

The Turkevich two-nucleon collision model, which
will be applied to the data in a subsequent sec—
tion, yields k = 1. In order to mainta.ir*m consist-
ency with this model we have evaluated E° assuming
k=1.

The above analysis is based on a number of
assumptions and a}e)proximations which are fully dis-
cussed elsewhere?® and which can in general lead to
v 5% uncertainties in the results. However, in
those instances where there is considerable over-
lap between the vy and V dis;ributions the values
of v, , and hence those of E', can be underesti-
mated by perhaps as much as 25%27. ,Table VI sum-
marizes the values of T, v, , and E obtained by
means of this analysis for *“Sc™ and “®Sc. The re-
sults for the other Sc isotopes generally lie be-
tween those for the above two nuclides.

IV. DISCUSSION

A. Ranges and Momenta of Fragments

The ranges of the various Sc nuclides exhibit a
rather similar energy dependence, as shown in Fig.
2. The mean range decreases fram a value of
14.5+0.7 mg/cm® at 1 GeV to 9.3:0.3 mg/cm® at 11.5
GeV. Beyond this energy the ranges decrease only
slightly to a value of 8.8:0.5 mg/cm® at 300 GeV.
This behavior is qualitatively similar to that ob-
served! for heavier deep spallation products such
as %3Sr or !¥!Ba although the decrease in magni-
tude is less pronounced and appears to occur over
a wider energy interval. On the other hand, the
observed dropoff is substantially greater than it
is for lighter products® such as 2*Na or 2°®Mg.

It is of interest to compare the energy depen-
dence of the ranges of neutron-deficient and neu-
tron-excessive Sc nuclides. This is most conven-
iently done in Figure 4 where the ratio of the
ranges of **Sc™ and “®Sc is plotted as a function

TABLE V. Comparisons of Sc data with previously reported values (subscripted lit in table).

Nuclide Ep Olie Gpresent F/B1it F/BPresent ZW(F+B)lit ZW(F+B)present
(GeV) (mb) (mb)

“85c 3.02 4.241.7 2.440.1
18 3.6%0.1 3.6£0.2  0.94%.02  1.18%.01  8.9%0.2 9.7+0.2
28 3.1%0.2 3.2%0.2

*75c 3.02 3.0%1.2 3.4%0.2
18 2 6.2+0.2 6.5+0.4  0.99+.02  1.17+.04  8.8%0.2 9.3+0.4
28 6.0%0.5 6.1+0.3

a. Reference 17
b. Reference 19
c. Reference 18
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44 48

TABLE VI. Recoil parameters of Sc™ and Sc.

44Scm 48SC .
E, T v T Vi E
1/2 1/2

(Gev) (MeV) (MeV/amu) (MeV) (MeV/amu) (MeV)
1.0 11512 .136%.031 582+133 102%2 .123%,009 52641
2.0 1003 .203%,008 106044 92.8%1.0 .157%.006 819+29
2.15 88.8%4,2 .246%.025 1304+133 85.4%1.7 .158%,010 842%56
3.0 77.3%3.4 .218%.014 1245+80 72.3%3.,0 .167+,008 950%44
4.0 81.2+1.8 .191+,005 114632 78.3+0.8 .139+.005 834%31
6.0 69.8%2.5 .160%.010 1016%63 66.6%2.1 .108+,003 683+20
11.5 63.1+3.0 .0734%.0017 495+78 61.8%2.1 .0699+, 0030 471%20
28.5 58.1+2.0 -0386£.0031 _, 271%22 64.4%2.0 .0391%.0031 _, 275£22
300 53.3%1.9  (9.72%6.39)x10 71247 59.1%1.6 (9.86%3.24)x10 72+24

of energy and compared with similar ratios for
67Ga and 73Ga [ref. 28] as well as °°Sr and °!Sr
[refs. 1, 29]. The range ratio for Sc nuclides
shows little variation with energy although there
does appear to be a statistically significant de-
crease of v 15% between 1 and 28 GeV. By con-
trast, the range ratio of Ga nuclides exhibits a
much steeper decrease between 1 and 11.5 GeV and
closely parallels the behavior of the Sr nuclides.
The well known difference at multi-GeV energies in
the magnitude of the ranges of neutron-deficient
and neutron-excessive products lying in the fission
region thus extends to the Ga isotopes but is vir-
tually no longer present for Sc nuclides.

A fruitful way to compare the recoil behavior of
different products is in terms of their momenta.
Cuming and his collaborators3°” 32 have systema-
tized a large number of recoil measurements in this
fashion. The present availability of more complete
data makes it worthwhile to reexamine in this man-
ner the energy dependence of recoil properties of
various types of products. Figure 5 shows the re-
sults obtained for °!Sr, a typical fission groduct
83Sr, a deep spallation product, 2*Na and 2
typlcal fragmentation products, and ““Sct, '”’Sc
and ®7Cu, which bridge the gap between the f1ss1on

T T rT
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FIG. 4. Energy dependence of the ratio of the
experimental range of ““Sc® to that of “%Sc (solid
points). The dashed curve through the open points
is a similar plot for ®7Ga/7%Ga and the solid
curve refers to °3sr/°!sr.

or deep spallation and the fragmentation mass
regions. The various curves are smoothened repre-
sentations of the }?resent results as well as of
published datal’®:16229,33:40  pop the sake of
oons1stency the latter were reanalyzed with Cum-
ming's range-energy relation?? In performing this
calculation we estimated the effective charge of
cumulatively formed products on the basls of pub-
lished charge dispersion data®’1®,3473

The various curves in Fig. 5 1ndlcate that pro-
ducts with A < 100 may be grouped into a number of
categories on the basis of the variation with ener-
gy of their momenta. The simplest and best under-
stood behavior is that of fission products, such

as °!Sr. Provided that the mass division is not

too asymmetric their mean momentum at 450 MeV is
130-135 (MeV—amu)é and it decreases by at most
3-4% as the proton energy is increased to 300 GeV.
Neutron deficient products in the fission mass
region, such as ®3Sr, exhibit a campletely differ—
ent behavior. At low energies their momentum has
a value that is typical of fission products. How-
ever, between v 1 and 10 GeV the momentum de-
creases substantially as the dominant mechanism
changes from fission to deep spallation. The mom-
entum of ®7Cu is reasonably high at low energies
and its energy dependence is intermediate to that

140
*‘__—""“‘—**-A——~—————_.______9@,
120
N
2 10
£ 0
o
>
Q
E 80
a
60
4oLy . . -
05 1 5 10 50 100 500
Ep(GeV)
FIG. 5. Energy dependence of the momentum (in

the moving system) of various products from the
interaction of 23®U with high-energy protons.
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observed for °!Sr and ®3Sr. The range-ratio
curve for ¢7Ga and 73Ga depicted in Fig. 4 sug-
gests that the behavior of neutron deficient iso-
topes in this mass region should parallel that of
833r. The curves for “8Sc or “*Sc" are qualita-
tively similar to that for ®°Sr although, as ex-
pected for low-mass products, the magnitude of the
momentum is substantially smaller. As already
noted above, one important difference between
this and the higher mass region is the similarity
of the behavior of both neutron-excessive and neu-
tron-deficient products. Finally, the curves for
the lightest fragments are once again qualitatively
different in that their momentum is nearly indepen-
dent of bombarding energy. It thus appears that
all neutron deficient products, from those lying in
the fission mass region down to ““Sc® exhibit a
substantial decrease in momentum between 1 and 10
GeV. By contrast, the behavior of neutron exces-
sive products is more complex. Both fission pro-
ducts and light fragments have nearly constant mo-
menta at all energies while products in the inter-
mediate mass region exhibit, to a greater or lesser
extent, a transition from high to low momentum.
Having considered the energy dependence of the
momentum of various types of products we now turn
more specifically to the mass dependence at ener-
gies below (< 1 GeV) and above (v 11.5 GeV) the
transition region. A useful way to systematize
these data is to assume that the various products
arise from a two-body breakup process and determine
the extent to which their momenta are consistent
with the breakup of a given nucleus. The momenta
of fragments resulting from a two-body breakup pro-
cess may be calculated by means of the liquid drop
model of overlapping spheroids developed by Nix
and Swiatecki®® for comparison with low-energy fis-
sion data. The results for neutron excessive pro-
ducts are shown in Figure 6 and those for neutron
deficient products in Figure 7, where the experi-
mental momenta!’%’€29:16,33:%0 are compared with
the values calculated for various fissioning nuc-
lei*!. 23%U and 2°%Bi have previously3° been used

140f )
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F r,
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100
3 747q
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80 1527,
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'2980
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FIG. 6. Mass dependence of the momentum of neu-
tron excessive products formed in the interaction
of 238y with 11.5 (closed points) or 0.45-0.7
(open points) GeV protons. The curves represent
the momenta predicted by the liquid drop model®
for the indicated fissioning nuclei.

in calculations of this type as representative fis-
sioning nuclei for processes involving either low
or high deposition energies in the interaction of
2387 with 0.45 or 1.8 GeV protons. '7*Ta is typi-
cal of fissioning nuclei resulting from the still
higher deposition energies that may be attained at
high bombarding energies. The choices of !*2Tb or
1298, as fissioning nuclei, while perhaps beyond
the limit of credibility, are based on the fact
that some of the data seem to require such low Z
progenitors. It should be emphasized that agree-
ment with a given curve should not be taken to mean
that the production mechanism necessarily is

either binary fission or even some less restrictive
type of two-body breakup process but merely that
the results are consistent with such a process. It
must also be noted that the calculated curves yield
the momenta of primary fragments while the observed
products are presumably formed after some addition-
al post-fission evaporation. Since evaporation in-
volves a reduction in both mass and momentum its
occurrence will, to first order, merely move the
points along a given curve without significantly
changing the identity of the presumed fissioning
nucleus.

Having made these prefatory comments let us pro-
ceed to the comparison between experiment and
calculation. Consider first the neutron excessive
products. The momenta obtained at low energies
are consistent with a 2%"U fissioning nucleus for
products as light as ®’Cu. The momenta of lighter
products rapidly drop relative to the calculated

20r

00

)
P(MeV clmu)/2

@®
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8%0 €0 80 100 120
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FIG. 7. Bottom panel - mass dependence of the
momentum of neutron deficient products formed in
the interaction of 2%°U with 11.5 (closed points)
or 0.45-1 (open points) GeV protons. The curves
have the same meaning as in Fig. 6. Top panel -
Ratio of momenta of isotopic neutron-deficient and
neutron-excessive products at 0.45-1 (open points)
or 11.5-18 (closed points) GeV.
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values and those of the lightest fragments are
only consistent with the lightest of the putative
fissioning nuclei?. The behavior is qualitative-
ly similar at high energies except that the devia-
tions from the values expected for a heavy fission-
ing nucleus already manifest themselves for ®’Cu.

A less significant but apparently real difference
is that even products in the fission region require
a fissioning nucleus of somewhat lower charge and
mass than 23%U.

The data on neutron-deficient products are not
as abundant, particularly at low energies. The
latter are nonetheless consistent with a 23U
fissioning nucleus although the uncertainty in the
“*S¢™ datum is too large to distinguish between a
2347 or a 2°°Bi parent. It may thus be concluded
that below 1 GeV both neutron-excessive and neu-
tron-deficient products with A © 65 are consistent
with the fission of 2%*U. This similarity between
these two types of products is also displayed in
the top panel of Figure 7 which shows the ratio of
momenta of neutron-deficient to neutron-excessive
isotopes of a given element. The low-energy ratios
are thus seen to be consistent with unity over the
entire range of plotted A values.

The situation is dramatically different at high
energies. The momenta of neutron-deficient pro-
ducts are now consistent with fissioning nuclei
ranging from !7“Ta for nuclides in the fission
product region to one just slightly more massive
than !2°Ba for the lightest fragment. The momen—
tum ratio curve shows that the momenta of neutron-
deficient products are some 30% smaller than those
of neighboring neutron-excessive ones down to at
least A v 75.

It may be concluded that if all the products in
question are formed in a fission-like process the
fissioning nucleus, according to the model of Nix
and Swiatecki®®, ranges from 23“U for fission pro-
ducts down to !?°Ba for light fragments. We must,
however, add the cautionary note that the spheroid
model was not developed for the consideration of
binary processes as asymmetric as those leading to
the formation of fragments such as “"Na so that the
conclusions pertaining to these fragments should
perhaps not be taken too seriously. It must also
be emphasized that the comparison has been re-
stricted to average momenta. A similar comparison
of energy or momentum spectra would be considerably
more informative both in terms of a more stringent
comparison with the spheroid model and also as an
indication of the possible presence of components
in the spectra that are clearly inconsistent with
binary division. This would require either differ-
ential range studies at high energies®’®"’3! or
direct determinations of the energy spectra of
fragments. Experiments of the latter type have
been performed*?®’“* but complete data are only
available for lighter fragments than those of
present interest.

B. Cross-sections, F/B Values and Momenta of the
Struck Nuclei

The excitation functions for the formation of Sc
nuclides, Figure 1, are characteristic of products
requiring high deposition energies for their for-
mation. The cross sections thus increase steeply
with energy and level off at v 10 GeV. Although
the cross sections at 11.5 GeV are uniformly
higher than those at 28.5- or 300 GeV, pointing to
the occurrence of peaks in the excitation func-
tions, the differences are only marginally signi-
ficant. The weighted average value of 0300/011.5

for all four Sc nuclides thus is 0.92+.07, in
general agreement with the results of other recent
determinations?®’*®’*® at these energies. While
we are unable to make any detailed comments about
the isotopic yield distribution it is apparent
that there is a gradual shift in yield towards
lower neutron number with increasing energy. This
is perhaps most easily demonstrated in Fig. 1 by
the fact that the excitation function of “®Sc
first crosses that of “®Sc and then that of *’Sc.

The F/B values display a rather striking energy
dependence as shown in Figure 3. The F/B ini-
tially increase with bombarding energy, peak at
about 3 GeV, and then decrease to a value very
close to unity at 300 GeV. The peak appears to be
somewhat more pronounced for **Sc™ than for “®Sc
but at the highest energies the values are essen-
tially the same for all the isotopes. The quali-
tative features of this plot are similar to those
previously determined for other products requiring
high deposition energies for their formation such
as '*'Ba, %3Sr, ?°Mg and %"Na [refs. 1,9]. What
is remarkably unique about the Sc products is that
F/B decreases to a value as low as unity at 300
GeV. Recent measurements by the Argonne group®’ on
products in this mass region from the interaction
of gold with 300 GeV protons yield similar results.
Since F/B is a measure of the forward momentum im-
parted to the struck nucleus in the initial inter-
action this result suggests that at the highest
energies the struck nuclei which eventually form
Sc products acquire virtually no forward momentum.

In order to ascertain whether the energy depen-
dence of F/B can be understood within the context
of the conventional model of high-energy nuclear
reactions we have used a combination of two simple
models to attempt to reproduce the observed behav-
ior. Porile and Sugarman“® showed that the shapes
of excitation functions for the formation of high-
energy reaction products could be explained on the
assumption that a given product requires a moder-
ately narrow range of deposition energies for its
formation. The average deposition energy obtained
from recoil studies is thus expected to increase
with bombarding energy until there is a good over-
lap between the deposition energy required for the
formation of the product in question and the most
probable deposition energy of the struck nucleus.
Beyond this bombarding energy the deposition
energy should remain essentially constant. Turke-
vich*® proposed a simple kinematic model relating
the momentum of a struck nucleus to its deposition
energy. According to this model the intranuclear
cascade may be represented by an elastic collision
between the incident proton and one of the target
nucleons. The incident proton escapes from the
nucleus while the struck nucleon is captured and
its kinetic energy and momentum become the deposi-
tion energy and momentum of the struck nucleus.

In spite of its simplicity this model has been
successfully used to account for the energy depen-
dence of recoil properties®?. It also yields a
relation between the forward momentum of a struck
nucleus and its deposition energy that agrees well
with that obtained from Monte Carlo cascade calcu-
lations?!’ 2%,

We assume that the deposition energy for the
formation of a given product varies with energy in
the manner suggested by Porile and Sugarman*® and
use Eq. (4), which is consistent with the Turke-
vich model provided k = 1, to obtain vy . The
latter are then combined with the experimental
values of V in order to obtain F/B values by means
of Eq. (3). As shown in Table VI, the actual depo-



14 PRODUCTION OF Sc NUCLIDES IN THE... 1541

sition energies do indeed initially increase with
bombarding energy. However instead of levelling
off the E° values go through a peak, an effect
that is presumed to arise from a breakdown in the
model. We have used the experimental values of E*
as long as this quantity increases with energy and
the maximum value at higher energies.

We have performed this calculation for all high
deposition-energy products from 2%°U for which re-
coil data are available as a function of energy.
Figure 8 {)resents the calculated and experiment-
all,%,33,%5 pesults for %“Na, ““Sc®, and !3'Ba,
which are typical of all the available data. Sev-
eral features of this comparison are worthy of
note. First of all it must be stated that the
agreement between experiment and calculation up to
the peak energy is a necessary consequence of the
use of Eq. (4) with k=1. Of greater interest is
the fact that the calculation does indeed predict
the occurrence of peaks in the F/B values at the
correct energies. However these peaks are consid-
erably less pronounced than the experimental ones
and the curves rapidly level off while the meas-
ured values continue to decrease up to 300 GeV.
The shape of the calculated curves is simply a con-
sequence of the fact that, for a given excitation
energy transfer, the momentum imparted to the
struck nucleus is proportional to the ratio of the
momentum of the incident proton to its kinetic
energy. At nonrelativistic energies this ratio
varies as T,~!/2 and so F/B, which is a measure of
the forwa\rdp momentum of the struck nucleus, de-
creases with increasing proton energy. On the
other hand, at highly relativistic energies this
ratio is independent of T, and in this energy do-
main F/B becomes invariant. Since the maximum E
values are attained at bombarding energies of a
few GeV, the calculated F/B do show some decrease
but rapidly flatten out with increasing energy.
This trend is accelerated by the concomitant de-
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FIG. 8. Comparison of experimental F/B values
(points) with 2-nucleon collision model (curves).

crease in the kinetic energy of the fragments
which, for a given vy , results in higher values
of n, and so of F/B. The curve for “Na, whose
range above 3 GeV decreases to a much smaller ex-
tent than those of the other products, features a
more gradual levelling off. The discrepancy be-
tween experiment and calculation thus indicates
that the data are inconsistent with an analysis
based on a conventional model of high-energy reac-
tions and confirms from a slightly different point
of view the breakdown of the relation between for-
ward momentum and deposition energy.

Considerable evidence has accumulated in recent
years to suggest that the relativistic secondary
particles resulting from the interaction of an
ultra-relativistic proton with a complex nucleus
escape from the nucleus without undergoing signifi-
cant interaction. The close agreement between the
mass-yield curves measured at 11.5 and 300 GeV for
a variety of targets®'~®® indicates that the depo-
sition energy spectrum remains essentially un-
changed. Similar evidence has been obtained in
amlsion studies®* showing that the number of
heavy prongs is virtually independent of energy
over nearly the same energy range. However it has
also been found that the number of shower particles
(mostly pions) does increase substantially over
the above energy range®*’®%. Since pions are usu-
ally considered to be efficient in transferring
excitation energy to the nucleus these two sets of
observations can only be reconciled on the assump-
tion that in ultra-relativistic reactions the
shower particles do not participate in the intra-
nuclear cascade. The energy flux model proposed
by Gottfried®® accounts for this assumption. Ac-
cording to this model the hadron state produced in
the initial interaction of an ultra-relativistic
proton is sufficiently long-lived in the target
rest frame to have a reasonably high probability
of escaping from the nucleus prior to decaying to
its final multi-particle state.

This picture of high-energy reactions can readily
be incorporated into the two-nucleon collision
model. We merely replace the elastic collision
between the incident proton and a target nucleon
by an inelastic collision in which the emitted
particle is an excited hadron of mass m*. The
ratio of m* to the proton rest mass is given by
the relation

T+ EF o+ ToE - 3253107 A0y (Tg2m)/?

*
H-F (5)
where the various quantities have the same meaning
as in Eq. (4).°' The appropriate E° value for high
bombarding energies is the maximum value obtained
from recoil data in the vicinity of 3 GeV. At
lower energies, where the elastic two-nucleon col-
lision model constitutes a reasonable approxima-
tion, m*/ reduces to unity as can be seen by
inserting E* from Eq. (4) (with k=1) into Eq. (5).
We have analyzed the recoil data displayed in
Fig. 8 with this effective mass formulation and
show the values of m*/mp in Fig. 9. The mass ra-
tio begins to increase above unity between 2 and
6 GeV and levels off at values ranging from 1.3 to
2.3 at the highest energies. While it is apparent
that the highest m* values are obtained for high
deposition-energy products having very low F/B,
the data are too sparse to permit a detailed sys-
tematization of m* values. At any rate, it is
clear that the emission of excited hadrons in the
cascade provides a reasonable mechanism for the

P [
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formation of residuai nuclei having high excita-
tion energy but low forward momentum and can thus
account for a heretofore puzzling feature of high-
energy nuclear reactions. It will be of interest
to see whether Monte Carlo cascade calculations
incorporating this feature will be able to repro-
duce this result.

The F/B ratios may be examined from a somewhat
different viewpoint. The two-nucleon collision
model relates the kinematic quantities discussed
above to the angles through which the incident
proton and the struck nucleon are scattered, de-
noted by y and 6, respectively. For a given E*
value, y and 6 may be determined. The angle 8 is
of particular interest since, within the framework
of the model, it establishes the direction relative
to the beam at which the struck nucleus recoils as
a result of its interaction with the incident pro-
ton. Its value is given by

2T, 1/2
e=tan'1[—*——p———] . ®
E (Tp+2)

The values of 6 consistent with the recoil data
may be obtained by use of the experimentally de-
termined deposition energies. Alternatively, the
maximum E° values may be used in conjunction with
the appropriate m* in a somewhat different expres—
sion to obtain the same results. Figure 10 shows
a typical 6 curve, that consistent with the recoil
properties of “®Sc. It is seen that 6 remains
nearly constant between 0.45 and 3 GeV and then
rapidly increases with energy, attaining a value
of v 80° at 300 GeV. Evidently, at high energies
the direction of motion of the captured nucleon is
nearly transverse to that of the incident proton.
The importance of transverse momentum transfer in
interactions in which little forward momentum is
imparted to the struck nucleus has beer previously
deduced?* from an analysis of Monte Carlo cascade
calculations. This situation is also reminiscent
of that considered by Halpern®’ in his explanation
of the occurrence of sideways peaking in the angu-
lar distribution of fission products at high ener-
gies. He pointed out the importance at these ener-
gies of interactions such as those considered in
the two-nucleon collision model which result in
the capture of a low-energy nucleon moving in a
direction perpendicular to that of the beam. The
result of such a collision is similar to that ob-
tained in the bombardment with a low-energy pro-
Jjectile moving perpendicular to the beam direction.
Since the angular momentum of the struck nucleus
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FIG. 9. Energy dependence of excited hadron mass
(in terms of proton rest mass) consistent with data
in Fig. 8 as obtained from inelastic 2-nucleon col-
lision model.

is now oriented in a plane parallel to the beam
the angular distribution of the products peaks at
90°. Monte Carlo cascade calculations®® at 0.4
GeV confirm®? that the angular momentum of residual
nuclei having low E¥ is preferentially directed
along the beam axis. .

An equivalent interpretation of the data in
Figure 10 may be given in terms of the velocity
vector model of high-energy reactions. If the
intra-nuclear cascade is approximated by the two-
nucleon collision model then tan 6 = n,/n, , where
ng =vy/Vand vy is the transverse component of
the cascade velocity v. The 8 curve for *®Sc for-
mation then indicates that with increasing bom-
barding energy the value of n;/n; increases fram
~ 0.5 to 5. A change of this magnitude, coupled
with the expected change in the angular momentum
orientation, has interesting implications for the
angular distribution of the emitted fragments. It
is easy to show that under these conditions the
angular distribution should change from one peak-
ing at forward angles when n, /n, 1 to one peak-
ing sideways when n,/n, >>1.” Remsberg and Perry"**
have recently measured the angular distribution of
light fragments emitted in the interaction of
heavy elements with 28 GeV protons. They find
that the differential cross sections peak in the
vicinity of 90°, in marked contrast to the forward
peaking obtained at lower energies®. This result
is in accord with the above considerations and we
expect on this basis that sideways peaking should
be even more pronounced at 300 than at 28 GeV°®.
One possible mechanism for sideward peaking is the
occurrence of a collective excitation. Glassgold,
Heckrotte, and Watson®® suggested that a very high-
energy proton might initiate a shock wave along its
path in the struck nucleus because of the narrow
cone to which the fast secondaries are confined.
The shock wave would be propagated through the
nucleus at an angle of v 80° to the beam direction
and might lead to the eventual emission of frag-
ments at large angles. More detailed experiments
at 300 GeV are obviously needed before any conclu-
sions can be drawn.
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FIG. 10. Energy dependence of 6 (direction of
motion of struck nucleus relative to beam) accord-
il..x;ng to 2-nucleon collision model as obtained from

Sc data.



14 PRODUCTION OF Sc NUCLIDES IN THE... 1543

As stated in the Introduction the research de-
scribed in this article was partly motivated by the
energy dependence of the recoil properties of deep
spallation products. Beg and Porile! were able to
account for both the range and F/B ratio of '3!Ba
above the transition energy by means of a cascade-
evaporation calculation modified to include the
emission of 2“Na. This fragment was assumed to be
emitted in the course of the cascade with an ener-
gy and angular distribution characteristic of 2.9
GeV proton bombardment of bismuth®. We have al-
ready noted that recent measurements®’“* show that
while the energies of light fragments do not change
substantially above 3 GeV the F/B ratios decrease
markedly reflecting the change in the angular dis-
tribution from forward to sideways peaking. It
thus becomes of interest to determmine the extent to
which 2"Na fragments having the properties deter-
mined at 28 GeV*" can account for the recoil prop-
erties of !3'Ba at high energies. We restrict
ourselves to a consideration of the F/B value
since the range of !*!Ba will not be significantly
altered by the change in the angular distribution
of a 2“Na partner.

The energy dependence of F/B for '3!Ba is shown
in Fig. 8. The maximum value of F/B occurs at/3
GeV and corresponds to vy = 0.0723 (MeV/amu)'/?.
According to the two-nucleon collision model a
constant deposition energy above 3 GeV would re-
duce this value to 0.0613 at 11.5 GeV correspond-
ing to an expected F/B value of 1.65. The mea-
sured' F/B at this energy is 1.27. Let us estimate
the effect on the expected value of v, of a **Na
fragment emitted in the cascade with velocities
and differential cross section at each angle given
by the measured laboratory distributions. The
mean value of the velocity component of 2“Na along
the beam direction may be estimated as

[ oy v .
(6) V(8) cosb sinb d6
vy (Pva) =2 €))

f ™
° W(6) sin6 do

where W(0) is the relative number of fragments per
unit solid angle emitted at laboratory angle 6 and
V(8) is the mean velocity of fragments emitted at
this angle. The component along the beam direction
of the velocity acquired by the residual nucleus
as a result of fragment emission v may be
. % Vi (frag)
obtained by momentum conservation as vy £ =
-24Vy (**Na)/Mp where we have chosen Mg ="8%
corresponding to fragment emission from 23*U. The
net velocity of the residual nucleus formed in
11.5 GeV proton bombardment thus becomes 0.0613 +
Vi frag- This quantity may be combined with the
experimental value of V for '3!Ba, 0.617 (MeV/
am)!/2?, to yield a value of ny which may be in-
serted in Eq. (3) for the determination of F/B.

We have performed this calculation for both the
2%Na distribution obtained at 2.9 GeV®, where the
velocities were increased by a factor of 1.05 to
make them applicable to 2°°U instead of 2°°Bi, and
that determined at 28 GeV**’®!. The former yields
F/B = 1.21 and the latter F/B = 1.38. Although

the higher-energy fragment data yield a somewhat
higher F/B ratio than the experimental value of
1.27 there is still a substantial reduction from
the value of 1.65 which would be expected in the
absence of prompt fragment emission. It thus
appears that fragmentation can still qualitatively
account for the properties of deep spallation pro-
ducts in spite of the seemingly different nature
of this process at very high energies. The effect
of fragment emission in reducing the value of iy
thus is qualitatively similar to that caused by
the emission of an excited hadron and it may be
that both effects are of importance.

V. CONCLUSIONS

The present results on Sc nuclides formed in the
interaction of 23®U with high-energy protons
coupled with previous measurements on other pro-
ducts permit some general conclusions to be drawn
concerning the formation of fragments and deep
spallation products. It appears that the F/B
ratios of products requiring high deposition ener-
gies for their formation peak in the vicinity of
3 GeV. While the occurrence of this peak can be
understood on kinematic grounds the continuing de-
crease of F/B at higher energies can only be ex-
plained within the framework of the conventional
two-step model of high-energy reactions on the
assumption that a highly excited energetic hadron
is emitted from the struck nucleus in the forward
direction. An alternative explanation for the low
F/B values may lie in the fact that the collisions
leading to the products of interest appear to be
associated with relatively high transverse momentum
transfer to the struck nucleus. This effect may
possibly be associated with some collective phe-
nomenon such as a shock wave and the fragmentation
process at ultra-relativistic energies may perhaps
be explainable in these terms. Clearly, more de-
tailed experiments at high energies are needed to
test these various ideas.

The energy dependence of the momentum of frag-
ments having A ,f, 100 points to a variety of pro-
cesses. It appears that the momentum of all neu-
tron-deficient products decreases sharply between
1 and 10 GeV and shows little variation outside
this interval. On the other hand, neutron-exces-
sive fission products and light fragments have
momenta that vary little with energy while products
of intermediate mass are in this respect akin to
the neutron-deficient fragments. The precise de-
lineation between these three mass regions awaits
the availability of data on more fragments. An
analysis of all the available data in terms of the
liquid drop model indicates that the data are con-
sistent with the binary division of nuclei ranging
from 2%"U in the case of fission products to ?°Ba
for light fragments.
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