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Cross sections of a number of radioactive products formed by the reaction of protons with '"Au have
been measured at bombarding energies of 0.20, 0,49, 1.0, 3.0, and 6.0 GeV. The excitation functions for
specific nuclides exhibit several different types of behavior which are characteristic of the reaction
mechanisms involved. Spallation products have excitation functions which rise rapidly above an energetic
threshold, go through a maximum, and then decrease again, finally approaching a constant cross section at
the highest energies, The excitation functions of light nuclides do not exhibit such a peak, but increase
monotonically to the asymptotic high-energy limit. Mass-yield distributions are derived from the data, and
are compared with the results of intranuclear cascade-evaporation calculations. Comparison of the mass-

yield distribution for protons with those for incident pions shows that the rest energy of the pion is as
effective in transferring excitation energy to the target as the same amount of kinetic energy.

NUCLEAR REACTIONS Aulp, x) Na.— Au, E&=0.20-6.0 GeV; measured o",

derived mass-yield distributions.

I. INTRODUCTION

The dependence of the formation cross section
of a nuclide upon the bombarding energy of the
projectile (the excitation function) has a charact-
eristic shape which often can be related to the
reaction mechanism. Such features as the ef-
fective energetic threshold, the slope of the ex-
citation function as it rises, and the energy at
which it reaches a. maximum (if there is a maxi-
mum) may all be significant features. Com-
parisons between different nuclides are useful in
pointing up the similarities and differences be-
tween their reaction mechanisms. For example,
for the reactions of energetic protons with heavy
nuclei, one can distinguish between such pro-
cesses as spa11ation, fission, and fragmenta-
tion, and characterize them by their typical ex-
citation functions. '

For a near-spallation product within a few mass
numbers of the target, the excitation function
rises rapidly above the energetic threshold, goes
through a maximum, and then decreases because
of the competition from other reactions with higher
thresholds. As the mass difference between target
and product nuclide increases, the threshold
energy and the peak energy also increase, indi-
cating the larger deposition energies required
to form the deeper spallation products.

If the target nucleus is easily fissionable, the
fission process will compete effectively with
spallation in a way which depends on the fission
barriers of the various nuclides formed during
the deexcitation process. Many light nuclides

are formed by a specifically high-energy pro-
cess, fragmentation, which is characterized by a
rapidly rising excitation function with an apparent
threshold in the energy range 0.5-1 QeV.

These qualitative considerations were put on a
more quantitative basis by Porile and Sugarman, '
who analyzed excitation functions to derive a
value for the mean deposition energy required to
form a specific product nuclide. This analysis
requires inf ormation on the spectrum of deposi-
tion energies given to the target by the incident
projectile as a function of the bombarding energy,
which was obtained from the results of intra-
nuclear cascade calculations. '

At sufficiently high bombarding energies all
excitation functions are expected to level off, as
formation cross sections become independent of
the bombarding energy according to the principle
of limiting fragmentation. For protons inter-
acting with heavy targets, such as '"Au and
"'U, the limiting fragmentation region is at-
tained" at energies above 10 Qeg. This implies
that the deposition energy spectrum in the target
becomes independent of bombarding energy in that
energy regime. '

Although the general features of such proton-
induced excitation functions are known, there is
a surprising lack of experimental data for dif-
ferent targets and product nuclides in the energy
range where many cross sections are changing
rapidly, i.e. , between 0.1 and 3 QeV. The most
comprehensive set of data is that of Wolfgang
et al. ,

' on the interaction of 0.6-3.0-Qeg protons
with natural Pb. In that work excitation functions
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for about 30 nuclides of A. &140 were determined,
and the different mechanisms mentioned above
could be distinguished. Other studies have fo-
cused on a narrow range of product mass num-
bers, for example, the work of Friedlander et al. '
in which excitation functions for a number of nu-
clides of 127 ~A ~ 140 formed from 0.1-6.2-QeV
protons interacting with uranium were measured.
Another example of a complete excitation function
is that for 'O'Tb formed from 0.6 —30-QeV protons
interacting with Au, for which the motivation was
its use as a beam intensity monitor. '

If a sufficient number of nuclide cross sections
are measured at a given bombarding energy, a
mass-yield curve can be estimated. Knowledge
of how such mass-yield curves change with bom-
barding energy can be of utility in comparing the
effects of different projectiles on the same tar-
get. For example, a comparison" of the mass-
yield curves for the reactions of r' mesons and
protons with Cu was used to show the importance
of pion absorption in depositing excitation energy.
Another example is the comparison between pro-
tons and relativistic heavy ions, which has been
made for several different targets" " in order
to study the problem of whether the total energy of
the projectile or the energy per nucleon is the
important parameter in affecting target fragmen-
tation yields.

The present measurements were carried out in
order to provide a set of excitation functions and
mass-yield curves for the reactions of protons
with Au, and thus facilitate comparisons with
other projectiles. As an example, the present
data will be compared with published data" "for
positive and negative pions interacting with Au.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The targets consisted of three gold foils, each
of 24 mgcm ' thickness, of which the central
one was used for the radioactivity measurements,
being compensated for recoil losses by the ad-
jacent foils.

One bombardment was done at an energy of 200
MeV, using the beam from the AQS injector at
Brookhaven National Laboratory. Two bombard-
ments at each of the other energies were done,
using the internal beam of the Argonne National
Laboratory ZQS accelerator at 1.0, 3.0, and
6.0 Qev, and the external beam of the Intense
Pulsed Neutron Generator (IPNS) synchrotron
at 490 MeV.

The proton intensity was determined by mea-
suring the amount of '4Na induced in an aluminum
monitor foil of 7 mg cm ' thickness, which was
similarly guarded by adjacent identical foils.

However, for the 200-Me& experiment no alu-
minum foils were used, but the production of "'Au
in the target was used as an internal monitor for
the proton intensity; its formation cross section
at that energy is" 73.6 +6.0 mb. The valuesof the
"Al-"Na monitor cross sections used at the other
bombardingenergieswere"10. 7, 10.5, 9.1, and 8.7
mb, at energies of 0.49, 1.0, 3.0, and 6.0 QeV,
respectively.

The target foils were counted using several
Ge(Li) spectrometers, and the decay of the y-ray
spectra followed as a function of time. The pro-
cedure for the analysis of these spectra and the
identification and measurement of individual radio-
nuclides has been previously described. ' Briefly,
the GAMANAL" program was used to determine the
photopeak intensities in the spectra, and the
resulting decay curves were extrapolated to ob-
tain the decay rate at the end of the bombard-
ment. From this decay rate, the calibrated photo-
peak efficiency of the Ge(Li) detector, and the
abundance of the observed y ray in the decay of
each nuclide, a. cross section could be calculated.
The decay properties of the nuclides of interest
which were used in this calculation are those
listed in our previous work. '"

The cross sections measured in these experi-
ments are given in Table I. The error given with
each cross section includes the estimated error
in the extra. polated decay rate, obtained from the
lea.st-squares decay curve analysis and the sta-
tistical uncertainties in photopeak intensities. In
addition, a 5%%uo uncertainty in the efficiency cali-
bration of the detectors was folded in. Possible
systematic errors in the y-ray abundances and
the monitor cross sections are not included.

As discussed previously, '" the spallation
products within 30-40 mass numbers of the target
are not the primary products of the reaction, but
are largely formed by electron-capture decay of
their more neutron-deficient parent nuclides.
When the half-life of the observed nuclide is much
longer than that of any of its precursors, the
cross section may be calculated as if the former
were a primary product without significant error.
When that is not the case, however, the ca.lculated
cross section is too large by a factor of A., /
(A, —A, ), where A., and A., are the decay constants
of the parent nuclide and the observed nuclide,
respectively. This assumes that the parent is
formed entirely as a primary product and the
observed nuclide arises entirely by radioactive
decay.

The cross sections given in Table I have all been
corrected for this effect, with the exception of
those nuclides which are shielded from forma-
tion in this way, denoted by I (independent) in
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TABLK I. Formation cross sections of nuclides formed by the reaction of 0.20-6.0 GeV
protons with 'Au. Independent yields are indicated by (I); others are cumulative.

Nuclide 0.20 0.49
Proton energy {GeV)

1.0 3.0 6.0

'"Au(r)
186A m(I)

Hg (I)
'84Au(I)
183Hgm (I)
'"Au
192I (I)
181pt

9OI (I)
189I

188pt
188I (I)
185ps
1S3H

182ps
181R

175Hf
173L
172Hf
'1 Lu

170Lu

148Gd

146Gd
145Eu
138( e
131Ba
127+e
1217
105~
1038

"Tc(I)
85Nb(I)
"Zr

S9Zr
87'
~Rb(I)

Rb
"Se
' As(I)
65Zn

"Fe
"Co(I)
"Mn(I)
"Mn(I)
48V

Sc(I)
Mg
Na

73.6
2.7
9.7

64
15.6

103
1.22

101
2.74

85
98
6.4

71
33.5
24.1
19.7
0.52

6.0
0.5

+ 1.0
5
1.5

+ 10
0.15
9
0.25
7
7
1.3

2.9
2.2
1.8
0.06

0.96 + 0.11

0.14 + 0.05
0.23 + 0.06

0.79~ 0.11
0.48* 0.10

70
3 2
3.8

41
5.9

60
2.18

56
4.5

57
57
11 3
70
60
55
60
35.9
31.2
23,1
20.6
15.7
9.6

+6
+ 0.4
+ 0.8
+3
+ 1.p
~8
~ 0.22
+5
+ 0.4
y4
+3
+ 1.5
+6
+5
+5
+5
+ 2.5
+ 2.7
~ 2.0
+ 1.6
~ 1.5
+ P.7

1.04 + 0.14

1.42 + 0.17
0.55 + 0.11

0.12 + 0.03

0.94 + 0.12
1.10 + 0.13
1.11 + 0,20
1.49 + 0.18
0.53 + 0,10
0.83 + 0.09
0.22 + 0.03
0.36 + 0.04

32.6
2.4

35
2.37

38.5
4.3

37.6
33.8
8.6

42.2
37.0
35.8
39.9
41.3
47.9
37.0
40.1
32.9
32.0
11.4
6.8
5.9
1.90
1.4
0.88
0.50

+ 2.5
+ 0.3

+ 0.25
+ 4.0
+ 0.4
6 3.1
+ 2.5

1,1
+ 3,3
2 3.1
+ 3.4
6 3.1
+ 2.8
+ 3.6
~ 2.8
6 2.7
+ 2.6
+ 2.5
+ 1.2
~ 0.6
+ 0.6
~ 0.24
~ 0.3
~ 0.12
~ 0.10

0.38+ 0.05

0.53 + 0.06

0.72 + 0.09
0.86 + 0.10
1.03 + 0.10
0.44 + 0.06
0.93 + 0.12
1.53 + 0.12
1.90 + 0.21
1.44 + 0.25
2.50 + 0.23
1.35 + 0.14
1.38 + 0.13
0.71 + 0.08
0.62 + 0.06
0.41 ~ 0.06
0.44+ 0.04

76 +7

30.3 + 2.5
1.5 + 0.3

2.13 + 0.20

3.69 ~ 0.35

21.8 ~1.7
6.5 +1.0

26.1 + 2.2
20.7 + 1.8
22.5 + 3.0
22.4 + 2.1
21.7 + 1.9
25.4 + 2.3
18.8 + 1.5
20.6 + 1.5
17.3 + 1.5
18.2 + 1.7
22.0 + 2.0
17.3 + 1.5
18.5 +1.7
12.8 + 1.4
11.4 + 1.3
10.4 + 0.9
6.9 +0.8
3.5 + 0.4
0.37 + 0.06
2.00 + 0.18
0.82 + 0.08
0.26 + 0.05
3.18 + 0.2-5

3.89 + 0.30
4.78 + 0.35
1.44 + 0.30
4.47 + 0.35
2.96 + 0.30
1.98 + 0.20
2.00 + 0.18
1.14 + 0.10
1.55 + 0.16
1.95 + 0.20
0.61 + 0.10
0.58 + 0.07
2.19 + 0.20
1.31 + 0.14
5.7 + 0.5

73 +7

28.8 + 2.3

2.16 + 0.20

3.80 + 0 .42

17.7
17.2
19.8
14.7
15.7
13.3
14.0
15.4
12.3
13.8
9.6
8.4
8.6
6.0
4.0
0.41
2.44
0.75
0.26
4.17
5.17
6.22
1.60
6.2
4.33
2.26
3.08
1.41
2.78
3 31
0.99
1.15
3.60
2.44

10.3

+ 2.5
+ 1.6
+ 2.0
~ 1.6
+ 1.3
k 1.2
+ 1.3

~ 1.0
2 1.2
+ 1.0
+ 1.P
+ 0.9
+ 0.7
~ 0.5
+ 0.05
+ 0.22
+ 0.10
~ 0.05
+ 0.40
~ 0.37
+ 0.55
+ 0.35
+ 0.6
+ 0.40
+ 0.25
+ 0.25
~ 0.15
+ 0.35
+ 0.35
+ 0.12
+ 0.15
+ 0.32
+ 0.22
+ 1.3

18.9 ~ 2.0
6.3 + 1.2

22.1 + 2.3
17.7 + 2.1

Monitor cross section, Ref. 19.

Table I. This correction is &5/q for all nuclides
listed, except for the following three, for which
X, /(X, —1, ) is given in parentheses: "'Lu(1.454),
"'Re(1.096), and "'t,u(1.066).

For several nuclides, the present measure-
ments can be compared to previous results" "at
the same or similar bombarding energies. The
agreement, in general, is satisfactory; these
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previous measurements are shown as additional
data points on the excitation functions in the
following section (Figs. 1-4).

III. DISCUSSION

A. Excitation functions
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FIG. l. Excitation functions for representative spa1I-
ation products of the interaction of protons with Au.

The excitation functions for the various nu-
clides measured here exhibit trends which vary
in a regular way with nuclide mass number. For
the medium-mass nuclides (50~A & 110), there
are differences between neutron-excess and neu-
tron-deficient nuclides as well. The differences
in excitation functions are correlated with dif-
ferent reaction mechanisms; indeed, the ex-
citation function is one of the ways different
reaction mechanisms are characterized. Thus it
is convenient to group the product nuclides into
spallation, fission, and fragmentation products,
using their excitation functions to classify them.

The nuc lides whose excitation functions are
shown in Fig. 1 are representative of those whose
mass numbers are close to the target, the near-
spallation products. Figure 1(a) shows the ex-
citation functions for '"Au and "Au as examples
of the simplest spallation reactions, including
data in the literature" for "Au. It is seen that
the cross section for the simple reaction '"Au
(p, pn) '"Au is essentially constant above an
energy of 0.2 GeV. This is a well-knowns' charac-
teristic of (P,Pn) reactions in general, and pro-

bably is a result of the peripheral nature of such
reactions, involving small energy transfer. They
may occur either by a quasi-free scattering in
which both nucleons escape the nucleus, or by an
inelastic scattering which excites the nucleus
enough to permit evaporation of only one neutron. "
There is evidence" that at 400 MeV both these
processes contribute about equally for an '"Au
target. At lower bombarding energies than shown
in Fig. 1(a) the (P,Pn) cross section goes through
a broad maximum, "reaching a value of about
180 mb at 45 MeV.

The cross section for '"Au also has a peak" at
lower energies than shown in Fig. 1(a), and the
decrease from this peak with increasing energy
is shown by the present data. The '"Au excita-
tion function is seen to decrease until it also be-
comes constant above an energy of a few GeV.
The pattern seen for these two nuclides is quite
general; any product from the reaction of a charged
particle with a nucleus must have an initially
rising excitation function, due to energetic and
Coulomb barrier thresholds. At the high-energy
limit, on the other hand, all cross sections ap-
pear to reach asymptotic values. ' It is the be-
havior between these limits which differs for
various products: the presence of a peak (or
several peaks)" and the peak energy, or else a
monotonic rise to the asymptotic cross section.

Cross sections for the formation of the high
spin (12 ) isomeric state '"Au were determined
only at bombarding energies of 200 and 490 MeV,
because at higher energies the greatly increased
complexity of the y-ray spectra obscured the iso-
meric transition. However, at those two energies
the isomeric ratio o(12 )/o(2 ) is quite small,
-0.04, which is indicative of the small amount of
angular momentum imparted by the simple (P,Pn)
reaction

Isomeric states of two isotopes of Hg were also
observed, "'Hg at the two lowest energies and
"'Hg up to 3 GeV. Although their excitation
functions are not shown graphically, it can be
seen from the data in Table I that their cross
sections decrease rapidly with increasing energy;
the energy dependence below 1 QeV is approxi-
mately inverse in bombarding energy. This be-
havior has been previously observed" " in
(P, xn) excitation functions; the energy depen-
dence is similar to that of the free-particle p-n
scattering cross section in the same energy re-
gion. This suggests that the primary mechanism
for (p, xn) reactions is a quasifree p-n charge-
exchange scattering, resulting in an excited nu-
cleus which subsequently may evaporate one or
more neutrons.

Figure 1(b) shows the excitation functions for two
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spallation products somewhat further from the
target, '"Pt and '"Qs. The cross section of '"Pt
decreases from 200 MeV to 6 GeV, above which
energy it is constant. The peak in the excitation
function must occur below 200 MeV. However,
it is likely that the excitation function for '"Qs
peaks above 200 MeV, since the cross sections
at 200 and 490 MeV are equal; the smooth curve
for '"Qs has been drawn to show such a peak.

The cross sections for "'Re and '"Re [Fig.
l(c) ] definitely indicate a, peak in the vicinity of
0.5 GeV, with the lighter isotope probably
peaking at a higher energy. The general trend
with increasing mass loss from the target is for
the energy of the peak to increase and the maxi-
mum cross section to decrease. Moreover, the
bombarding energy above which the cross section
is constant also increases with the mass loss.

These trends are evident in the excitation func-
tions for deeper spallation products with ~A &20,
as shown in Fig. 2. Since the present measure-
ments are at rather widely spaced energies where
the cross sections are changing rapidly, it was
helpful in drawing the smooth curves in Fig. 2 to
use the well-determined' excitation function for
' 'Tb as a guide. The latter data are for the
n-decay branch, and have been scaled by a fac-
tor of 10 for convenience of display. Measure-
ments of the '"Xe cross section" at 3 and 28 GeV
have been included in Fig. 2.

The initial rise in cross section is quite steep

for these nuclides, indicating the importance of
high deposition energies in their formation. Again
one sees the energy at which the excitation func-
tion peaks increasing with distance from the tar-
get, and the peak cross section decreasing. The
asymptotic value at high energy also decreases,
but not as rapidly. This has the effect that the
peak becomes less prominent, and for '"Xe, with
&A. =70, the peak is only suggested.

The picture become, s less clear for still lighter
nuclides, because of the varying contributions of
deep spallation, fission, and fragmentation. In

Fig. 3 are shown the excitation functions for some
light nuclides, "Na, "Mg, and "Sc, which are
generally termed fragmentation products. The
nuclide "Y is also included in this figure, as a
typical example of a medium-mass, neutron-
deficient product, since it has a somewhat simi-
lar excitation function to the lighter nuclides.
Data from the literature" "are included for
"Na, "Mg, and "Sc. Although these products
share with the deep spallation products the shar-
ply rising excitation function, they do not exhibit
the peak and subsequent falloff of the latter. .

Instead one sees a monotonic increase to the
asymptotic value; the flattening of the cross sec-
tions does not occur until an energy of approxi-
mately 10 GeV.

The excitation function of "Y differs from those
of the lighter nuclides in its less steep slope;
this is a consequence of a changing contribution
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FIG. 2. Excitation functions for representative deep

spallation products. The data for Tb are from Ref. 9
and are for the 0'-decay branch; it is scaled up by a
factor of 10 for convenience of comparison.

FIG. 3. Excitation functions for typical light fragmen-
tation products.
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FIG. 4. Excitation functions for representative medi-
um-mass products.

of different mechanisms with bombarding energy.
At 200 Me&, nuclides such as "Y and "Zr ar e
formed by a binary fission mechanism; they lie
on the neutron-deficient wing of the charge-dis-
persion curve, and their cross sections are
smaller than those of the neutron-excess fission
products, such as '"Ru. With increasing bombar-
ding energy the contribution of fragmentation and
deep spallation to the formation of the neutron-
deficient, medium-mass nuclides increases. This
change is also revealed in the change in recoil
properties of these nuclides: The mean kinetic
energies of these nuclides, as derived from their
recoil ranges, decrease by about a factor of 2
as the bombarding energy increases. " The fis-
sion process results in a higher kinetic energy
than do the other mechanisms, and thus the
changing mechanisms are revealed by the mean
recoil kinetic energy. In contrast, the mean
kinetic energy of light nuclides, such as ' Na, is
nearly independent of proton bombarding energy, "
indicating no fundamental change in reaction
mechanism.

Figure 4 shows the excitation functions for
other medium-mass nuclides, which further il-
lustrate these effects of the different mechanisms.
In Fig. 4(a) are shown excitation functions for
some medium-mass nuclides which are near the
line of beta stability, and whose excitation func-
tions rise with increasing energy, but not as
steeply as that of the neutron-deficient "Y. Thus
one concludes that the high-energy mechanisms of
deep spallation or fragmentation make less of a
contribution to such nuclides at high energy than

to more neutron-deficient nuclides.
In contrast to these rising excitation functions

are those for the more neutron-excess nuclides
shown in Fig. 4(b), which peak at energies of
300—500 MeV and then fall off before reaching the
usual asymptotic behavior at high energies. These
nuclides are probably formed almost entirely by
binary fission, and their excitation functions are
similar to that for fission, as measured by track
detector s."

Although the excitation functions for each in-
dividual nuclide could be analyzed in the way out-
lined by Porile and Sugarman, ' using the results of
intranuclear cascade calculations to derive the
mean deposition energies required to form that
nuclide, it seems preferable to compare the data
directly with the results of a cascade-evaporation
calculation. This is done in the following section,
in which mass-yield distributions are estimated
at each bombarding energy.

B. Mass-yield curves

The estimation of a mass-yield curve from
measurements of formation cross sections for
the case of a heavy target such as gold has been
previously discussed. '" For nuclides in the
spallation region (i.e. , bA &70) the primary
nuclides tend to be highly neutron-deficient rela-
tive to the valley of beta stability because of the
preponderance of deexcitation by neutron evapora-
tion. Therefore, the radionuclides observed in
the present work are formed mainly by the elec-
tron-capture decay of the primary products, and
their cumulative cross sections measure the
major part of the total isobaric cross section at
each mass number.

There are two mass regions which are excep-
tions to this behavior: nuclides near the target
and nuclides near the N =82 neutron shell. Close
to the target, substantial cross sections for stable
nuclides are possible, and thus the observed yields
for nuclides such as '"Au and '"Au represent
only a part of the total isobaric yield. Just
above the K=82 shell many nuclides have an ap-
preciable branching ratio for n decay; this de-
pletes the yield at one mass number and corres-
pondingly enhances it at the mass number four
units smaller. Three nuclides listed in Table I
have enhanced cross sections due to e decay of
heavier nuclides: '"Qd, "'Gd, and ' 'Eu. Cor-
recting the data for this effect was not attempted
because of lack of knowledge of the charge dis-
persion curve, i.e. , the variation of primary
yield with Z at constant A. . For this reason it is
expected that the cross sections for these three
nuclides may fall above the smooth mass-yield
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FIG. 5. Mass-yield distributions at energies of 200
and 490 MeV. Solid points are cumulative cross sec-
tions, open points are independent. The smooth curves
are the estimated experimental mass-yield distribu-
tions. The histograms are the results of an intranuclear
cascade-evaporation calculation.

curve.
The forxnation cross sections as a function of

mass number for the near-spallation region
(AA ~ 30) are shown in Fig. 5 for proton energies
of 200 and 490 MeV. The open symbols are used
for '"Au and '"Au to indicate that the independent
cross sections for these nuclides do not repre-
sent the total isobaric cross section at those mass
numbers. The smooth curves in Fig. 5 are drawn
to show that general trend of the variation of iso-
baric cross section with mass number. Within
a variation of about 20%%uo it is evident that there is
indeed such a smooth dependence; close to the
target the isobaric cross sections appear to be
essentially constant, forming a plateau whose
length is greater at the higher bombarding energy.
Further from the target the cross sections begin
to decrease and exhibit an approximately ex-
ponential dependence on ~A. at large 4A. , with a
slope which becomes less steep at the higher bom-
barding energy.

The exponential dependence on 4A is a feature
of spallation cross sections which is well known
and has been used in semiempirical equations
proposed"'" for the estimation of these cross
sections. There is no provision, however, in
these equations for the plateau observed in the
present data. The reason is that the equations
were based on spallation cross sections of ele-
ments much lighter than gold (4 ~ 100); there
have been no adequate measurements of such
near-spallation products for a heavy (but rela-

tively nonfissionable) target prior to the present
ones.

It is of interest to compare the experimental
cross sections with the results of an intranuclear
cascade-evaporation calculation to see to what
extent the latter can reproduce the observed shape
of the mass-yield curve. For this purpose, the
VEGAS-ISO'~ intranuclear cascade calculation"
was run for the specific proton energies used in
this work; the evaporation stage was treated using
the formalism of Dostrovsky, Fraenkel, and
Friedlander. '4 The results are shown by the
histograms in Fig. 5.

Qualitatively, the agreement between the calcula, -
tion and the experimental data is fairly good.
There is a region near the target where the cross
sections are large and do not change much with
increasing mass loss, which corresponds approxi-
mately to the experimental plateau. For larger
mass losses the calculated cross sections de-
crease in an approximate exponential manner,
also in agreement with experiment, both as to
slope and to the mass number at which the de-
crease begins. The main feature of the calcula-
tion which does not appear to be supported by the
data is the local minimum near A =192-194. In
addition, at 200 MeV the break between the pla-
teau and the exponential decrease is more abrupt
in the ealcu1.ation than appears to be the case
experimentally.

The deexcitation step of the calculation con-
siders only evaporation of nucleons and light
nuclei (up to 'He), but does not include fission.
The binary fission cross section for '"Au bom-
barded with protons is about 35 mb at 200 MeV and
60 mb at 490 MeV,"so that the neglect of fission
in the calculation does not distort the spallation
cross sections appreciably. Although some cross
sections for fission products were measured at
these energies in the present work, there are
too few to permit the estimation of the mass-yield
curve for fission. However, a large number of
fission products were measured by Kruger and
Sugarman4' at a proton energy of 450 MeV, and
they were able to estimate the mass-yield curve.

Figure 6 shows the cross sections as a function
of mass number at 1.0 GeV; in addition, the fis-
sion mass-yield curve at 0.45 GeV taken from
Kruger and Sugarman" is shown as the dotted
curve for comparison. In the spallation region,
as at lower energies, the cumulative cross sec-
tions of neutron-deficient nuclides are a good
estimate. of the total isobaric cross sections;
these are shown as the solid points in Fig. 6. The
full line indicates the best estimate of the depen-
dence of total isobaric cross section on mass
number for 121.«A «197; it has a constant value
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'Using these values and the expression (1) the
total isobaric cross section was calculated for
the mass numbersA =46, 54, 74, 84, and 96, by
fitting the experimental data to obtain o (A ).

these cross sections are shown as the open
squares in Fig. 6; the dashed curve then was
drawn to represent the mass-yield curve in the
"fission" mass region by using the curve at 0.45
QeV as a guide. At the higher energy the width
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FIG. 6. Mass-yield distribution at 1.0 GeV. Solid
points are cumulative cross sections, open squares in-
dicate estimated total isobaric cross sections (see text).
Solid curve is the experimental spallation distribution,
dashed curve the fission distribution. The fission dis-
tribution at 0.45 GeV (dotted curve) is from Ref. 45.
Histogram is the result of a cascade-evaporation calcu-
lation.

o'(Z, A ) =cr(A ) exp(-A iZ —SA +TA
i ), (1)

and the parameters R, S, and T were fitted
to the data, both in the spallation mass region
and in the medium to light mass range. Using this
function to fit the data at 1.0 Qeg, it was found
that the values of 8 and S used at 11.5 QeV were
unchanged, but the parameter T was larger. This
means that the width of the charge dispersion
curve at a given mass number is the same at the
two energies, but the most probable charge is
smaller at the lower energy (i.e. , the peak is
more neutron excessive). The values of these
parameters for the 1.0-Qeg data are

of 40 mb for 171 &A & 195 and decreases exponen-
tially for A &170. As discussed above, near A =146
the experimental data are higher than the curve
because of feeding by a decay.

In the mass range 24 &A &103, both neutron-
excess and neutron-deficient nuclides are formed
with appreciable cross sections. It is necessary
to estimate the charge-dispersion curve (i.e. , the
variation of cross section with Z at constant A)
in order to calculate the isobaric cross section.
In previous work' at 11.5 QeV the charge dis-
persion curves were obtained as the function"

of the curve is greater and the peak cross sec-
tion is also larger. These changes are primarily
due to the rapidly rising excitation functions for
the light fragments and neutron-deficient medium
mass nuclides (Fig. 3), since the cross sections
for the neutron-excess fission products [Fig. 4(b)]
actually decrease somewhat in this energy in-
terval. In the mass region 120 &A & 130 there is
an overlap between fission and deep spallation,
as indicated by the respective curves crossing.

The histogram in Fig. 6 represents the results
of the cascade-evaporation calculation for 1.0-QeV
protons. The discrepancies between the calcula-
ted and experimental cross sections are clear
from this comparison: The calculated cross
sections decrease with decreasing A, instead of
being nearly constant for 175 &A &195, and a
plateau appears for 145 +A +175, where the ex-
perimental cross sections decrease rapidly. For
still smaller mass numbers, the calculated dis-
tribution remains above the experimental one.
In terms of the spectrum of deposition energies
imparted by the cascade, the calculation fails to
predict enough low-energy events and over-
predicts high-energy ones. However, it must
be recognized that at least some of the highest
deposition energy cascades should result in frag-
mentation products rather than simply lead to a
long evaporation chain. If the fragmentation
mechanism were to be included in some way,

f

this would lower the calculated curve for A ~ 160,
and result in better agreement with experiment.

The mass-yield curves at 3.0 and 6.0 QeV are
shown in Figs. 7(a) and 7(b), respectively. At
3.0 QeP there exist data in the literature"" on
total isobaric cross sections at specific mass
numbers, and these data are indicated in Fig.
7(a) by the open triangles. The open sc(uares show
the total isobaric cross sections estimated from
the present data by using the empirical charge
dispersion equation [Eq (1)], with .the same
values of R and S used at 1.0 GeV [Eq. (2)], and
a value of T =2.6 x 10 4, which reflects the shift
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FIG. 7. Mass-yield distributions at energies of 3.0
and 6.0 GeV. See text for explanation of symbols. His-
togram is the result of a cascade-evaporation calcula-
tion.

in the most probable charge at a given mass num-
ber to a larger value (more neutron deficient)
than at 1.0 QeV. The filled data points show the
cumulative cross sections in the spallation re-
gion, and also that for '4Na. The smooth curve
in Fig. '1(a) shows the estimated mass-yield curve
based on the experimental data, while the histo-
gram shows the results of the intranuclear cas-
cade-evaporation calculation, where the cascade
program of Bertini~' was used, since the VEGAS-

isophg program@" "is valid only up to 1.0 GeV.
- The experimental mass-yield curve at 3.0 GeV
is quite different in shape from that at 1.0 GeV
and below. The distinct fission peak which is a
prominent feature at the lower energies has dis-
appeared at 3.0 GeV because of the rapidly in-
creasing cross sections of the deep spallation
products and the light fragmentation products
on either side. Instead of a separate fission peak
at A = 90 there is only a broad minimum at A. = 50.
Another change at the higher energy is that the
cross section plateau close to the target has
changed to a monotonic decrease. of cross section
with decreasing mass number.

The cascade-evaporation calculation at 3.0 GeV
bears no resemblance to the experimental data.
There is a rapid decrease in cross section with
increasing mass loss from the target, and then
there is a nearly constant (ignoring the statistical
fluctuations of the calculation) cross section over
a broad mass range, down to A = 100. As dis-

cussed above, the calculation is probably un-
realistic for the highest deposition energies, since
one expects specifically high-energy mechanisms
such as fragmentation to occur rather than a long
statistical evaporation chain. Thus the part of the
calculated mass-yield curve below A = 150, which
lies above the experimental curve, would be
lowered if such a fragmentation mechanism were
included in the calculation.

However, the cascade calculation also predicts
a considerably smaller probability for the rela-
tively near-spallation products than is observed,
i.e. , it underestimates the probability of small
deposition energies. Previous comparisons"
between the results of this intranuclear cascade
calculation at 3 QeV and experimental data on
spallation of arsenic" and silver" showed rea-
sonably good agreement, in contrast to the poor
agreement found here for the spallation of gold.
It may be the case that there are deficiencies in
the model which only become apparent for -heavy

target nuclei, and which result in the underestima-
tion of the probability of low deposition energies.

The mass-yield curve at 6.0 QeV, as shown in
Fig. 7(b), is more uncertain than at 3.0 GeV in the
middle mass region because of fewer mass num-
bers at which the total isobaric cross section
could be estimated (shown by the open squares).
The main change is the higher cross sections for
A ~100; this is also clearly shown in the excita-
tion functions (Fig. 3). There appears to be little
further change in cross sections above 6.0 QeV,
as shown by the approach to a constant value of
the excitation functions (Figs. 1-4) above that
energy.

The changes in the mass-yield curve for gold
as the proton energy increases from 0.20 to 11.5
QeV are depicted in Fig. 8, in which the smooth
mass-yieM curves at the different energies are
all shown for comparison. In Fig. 8 one can see
how the prominent fission peak at low energies
broadens and then gets washed out by the rapidly
increasing fragmentation and deep spallation cross
sections. The changes in the near -spallation re-
gion are also evident, with the plateau of con-
stant cross sections lengthening with increasing
energy up to 1.0 GeV, and then disappearing at
3.0 QeV.

These qualitative changes in the mass-yield
curve for heavy targets with increasing bom-
barding energy have been pointed out previously
in the literature. Wolfgang et al. ' showed similar
curves in comparing their data for a Pb target
bombarded with 3-QeV protons with Pb and Bi
targets at energies of 340 and 480 MeV. Qrover"
compared data for Ta bombarded with 5.7-GeV
protons with previous measurements at 340 @nd
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FIG. 8. Comparison of the mass-yield distributions
for protons of energies 0.20-11.5 GeU interacting with
'"Au

450 MeV and showed the same trends. The pre-
sent work provides data for such systems at
more bombarding energies, so that the changes
are shown in more detail. Thus, it appears from
Fig. 8 that the most significant qualitative change
in the mass-yield curve is between 1.0 and 3.0
GeV.

There is evidence from recoil studies on heavy
targets that indicates a qualitative change in re-
action mechanism in this same energy region.
At about 3-QeV incident energy the forward-to-
backward ratio, as measured in thick-target,
thick-catcher experiments, of many deep spal-
lation and fragmentation products goes through
a maximum. " '3 In addition, the mean kinetic
energies of many of these products decrease
significantly between 1.0 and 3.0-QeV incident
energy. The decrease in forward peaking has
been confirmed by measurements of angular dis-
tributions using thin targetsM "and is associated
with a change to sideward peaking in the labora-
tory system. Thus, a variety of experimental
data point to a new, high-energy reaction mecha-
nism of protons which becomes prominent be-
tween bombarding energies of 1 and 3 QeV.

Although measurements of formation cross
sections and comparisons of the mass-yield
curves derived from them are certainly less
sensitive indicators of changes in nuclear re-
action mechanisms than are the kinematic mea-

IO
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170 180

A

I

190 200

FIG. 9. Mass-yield distributions for m mesons of en-
ergies 0-300 MeV interacting with ~~~Au (from Hef. 17).

surements such as energy and angular distribu-
tions, they are useful when the available beam
intensities for certain projectiles are so low
that the latter experiments are difficult or im-
practical. This is currently the ease for pi mesons
and for relativistic heavy ions, for which pro-
jectiles some comparisons of mass-yield curves
have recently been made. ""

We have previously" measured spallation cross
sections for positive and negative pions between
100 and 300 MeV reacting with Au, and estimated
mass-yield curves from those data. It was found
that the shapes of the curves for positive and
negative mesons were the same, only differing
in magnitude and that the difference appeared
due entirely to the difference in Coulombic repul, --

sion (attraction) of positive (negative) pions by
the nucleus. Figure 9 shows the mass-yield
curves, in terms of fractional yield, relative
to the total reaction cross section, for the three
pion energies studied. The curve for stopped
negative pions" is also shown in Fig. 9.

Qualitatively these curves for pions are similar
to those shown in Figs. 5 and 6 for protons up to
1 GeV. For both types of projectiles there is a
plateau of nearly constant cross section which
begins a few mass numbers below the target,
whose length increases with increasing bom-
barding energy. At larger mass differences from
the target, cross sections fall off exponentially,
with a slope which decreases with increasing
bombarding energy.

A simple parameter to characterize the mean
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excitation energy for a particular projectile-tar-
get system is the average mass lost from the
target, (&A). From the systematics of the cas-
cade-evaporation calculations" "it can be es-
timated that about 10 Me& of excitation energy is
required, on the average, for each nucleon lost.
Since this applies only to evaporation residues,
one should include only that portion of the mass-
yield curve in calculating (&2 ). Clearly, the
fission mechanism achieves a large mass loss for

a relatively small amount of excitation energy,
and thus the fission mass region should not be
included. Such a distinction is only possible up
to 1.0 Geg, since there is no clear separation of
different mechanisms at the higher energies (Fig.
7).

We have calculated va, lues for (&A ) from the
smooth mass-yield curves in the spallation re-
gion for proton energies up to 1.0 GeV, and they
are shown in Fig. 10 as a function of bombarding
energy. For comparison the same quantity for
incident pions" is also plotted at an energy equal
to the sum of the rest mass energy of the pion
and its kinetic energy. These data show that the
mean excitation energy imparted to the nucleus,
as measured by the mean mass lost, is com-
parable for protons of a given kinetic energy and
pions of about 140 MeV lower kinetic energy. The
rest energy of the pion is thus about as effective
jn transferring energy to a heavy nucleus as.is
the projectile kinetic energy.
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