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Target fragment formation cross sections for nuclides with 24 & A & 237 have been measured for
the interaction of 1.0, 3.0, 4.8, and 12.0 GeV ' C and 8.0 and 20.0 GeV Ne with U. Fragment
isobaric yields were deduced from these data. The light fragment {A &60) yields increase rapidly
with increasing projectile energy until 4 to 8 GeV with only smaller increases in yield with increas-
ing projectile energy beyond this consistent with the origin of these fragments in a high deposition
energy process. The yields of n-rich fragments {80&A &145) are energy independent from 1—20
GeV consistent with their origin in low energy fission of a uranium-like species. The n-deficient
fragments {80&A & 145) have excitation functions consistent with their origin in either a deep spal-
lation or high energy fission process. {At a ' C projectile energy of 1.0 GeV, the n-deficient frag-
ments appear to originate primarily from a fission rather than a spallation process. ) The excitation
functions of the heavy fragments with 60& A &200 are similar to those of the light fragments. No
large yields of these fragments were observed for any system studied, contrary to a previous report.
Both the intranuclear cascade model and the nuclear firestreak model satisfactorily predict the ob-
served yields of fragments with A & 60, indicating that the general pattern of yields of these frag-
ments is governed by the excitation energy deposited in the nucleus during the first step of the reac-
tion and the geometry of the collision.

I. INTRODUCTION

Relativistic heavy ion (RHI) physics may be considered
an extension of high energy particle physics to include
multibaryon systems. Therefore it is logical to apply high
energy physics concepts to RHI-induced reactions. Two
high-energy concepts, limiting fragmentation and factori-
zation, have found widespread applicability in describing
projectile and target fragmentation. In studies of target
fragmentation, one finds, in general, the single-particle
inclusive target fragment production cross sections to be-
come asymptotically energy independent at beam energies
between 0.4A and 1A GeV, while the target fragment
kinematic properties appear to become energy indepen-
dent at -25 GeV. Furthermore, target fragmentation
studies have established that it is the kinetic energy of the
projectile, rather than its velocity or rapidity, that is the
proper scaling variable with respect to limiting fragmenta-
tion. At total projectile kinetic energies at which limiting
fragmentation is occurring, the target fragment produc-
tion cross sections appear to be factorizable, i.e, , apart
from an obvious scaling with total reaction cross section,
target fragment cross sections are independent of the
beam projectile.

Two exceptions to the idea of factorization have been
noted. The yields of the lightest fragments (A &50) from
the fragmentation of targets of Ag and higher A materials
by heavy ions are enhanced relative to their production in
proton-induced reactions to the extent that factorization
fails. " This observation has been explained by arguing
that such fragments are produced in low impact parame-
ter, central collisions in which factorization is expected to
fail. The second general exception to the idea of factori-
zation occurred in the study of the fragmentation of U
by 25 GeV ' C ions in which substantially enhanced yields
of fragments with 160&3 & 190 were observed relative to
proton-induced reactions.

To better understand this reported deviation from fac-
torization in U target fragmentation, to gain insight into
the reaction mechanism(s) operating in U target fragmen-
tation by RHI's, and to provide a data base to test current
theoretical models of target fragmentation, we undertook
the measurement of target fragment production cross sec-
tions in the interaction of 1.0, 3.0, 4.8, and 12.0 GeV ' C
and 8.0 and 20.0 GeV Ne with U. We report herein
the results of these measurements and analyze them to
show the energy deposition characteristics of RHI-
induced fragmentation of U. We deduce isobaric yields
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from the measured fragment nuclidic yields and compare
these data with the predictions of an intranuclear cascade
model and a new extension of the nuclear firestreak model
(designed to treat target fragmentation).

II. EXPERIMENTAL PROCEDURES

Irradiations were performed using the external beams of
the CERN SC synchrocyclotron (1.0 GeV ' C) and the
Lawrence Berkeley Laboratory (LBL) Bevalac (3, 4.8, and
12 GeV '2C and 8 and 20 GeV 20Ne). The irradiation
conditions along with the target thickness(es) and catcher
materials are summarized in Table I. As indicated in
Table I, the targets were natural or depleted uranium foils
with thicknesses of 25—120 mg/cm, surrounded by My-
lar or Al catcher foils. In most experiments, targets of
differing thickness were irradiated. This was to provide
the possibility of measuring the contributions of secon-
dary reactions to the measured cross sections.

At the Bevalac, the beam intensity was measured using
an Ar-CO& ion chamber calibrated by the Bevalac staff;
fluctuations in beam intensity during each irradiation
were recorded. For the irradiation at CERN, the beam in-
tensity was measured using an Al monitor foil. The in-
duced Na activity in the Al foil, along with the known
cross section for the Al(' C,X) "Na reaction of 24.5 mb,
was used to calculate the beam flux.

After irradiation, each target catcher foil assembly was
assayed by off-line y-ray spectrometry for a period of
four to six weeks. Formation cross sections for the pro-
duction of individual radionuclides were calculated using
techniques that have been described previously.

III. EXPERIMENTAL RESULTS

A. Effects due to secondary-induced reactions

Because uranium is so fissionable and because copious
fluxes of secondary projectile fragments are produced in
RHI collisions, it is necessary to determine the contnbu-
tion of secondary fragment-induced processes to the ob-
served formation cross sections. The dependence of the
fragment production cross sections on target thickness
was examined in each experiment in which more than one
thickness of target was irradiated. In general, no con-
sistent, statistically significant effect was observed for the
individual nuclides produced in any particular reaction.
In order to check the apparent lack of secondary-induced
processes, the nuclides observed in each experiment were
collected into five groups by mass number: all fragments
with mass number A &80, neutron deficient fragments
with 80 & A & 145, neutron excessive fragments with
80&3 &145, heavy fragments with 145& 3 &210, and
near-target fragments with A ~ 230. The results from the
fitting procedure were averaged within each group to give
an average correction factor for secondary-induced reac-
tions in each group of yields. The statistical errors in the
average secondary effects for each group were usually
larger than their values, or the corrections were smaller
than the uncertainties present in the original data. The
group with the largest possible secondary effect was the
one consisting of neutron excessive fission fragments.

Preliminary results from similar measurements of the re-
action of 25.2 GeV ' C with U using target thicknesses
ranging up to 400 mg/cm indicate a secondary reaction
contribution to the neutron excessive fission fragments of
approximately 7% (for the average 50 mg/cm targets
used in this work). Such an effect would be difficult to
observe in the present study, so the results for the mea-
sured yields were simply averaged over the various dif-
ferent target thicknesses.

B. Cross sections

The "thickness-averaged" nuclidic formation cross sec-
tions are reported in Table II. In Fig. 1, we show the exci-
tation functions for the formation of mostly "independent
yield" nuclides that are representative of various classes of
U target fragments. The data points shown in Fig. 1 are
(a) the measured formation cross sections for the interac-
tion of ' C with U (solid points), and (b) the measured
formation cross sections for the interaction of Ne with

U scaled by the ratio of the "soft spheres" total reac-
tion cross sections' for ' C- and Ne-induced reactions
(open points). Uncertainties are shown only for those
points where the uncertainty is greater than the size of the
plotting symbol used for each point.

Sc is a typical light fragment, i.e., a fragment with
A & 60, and its yield appears to increase strongly with in-
creasing projectile energy up to -8 CxeV, with a modest
increase from 8 to 21 GeV. As discussed earlier, these
products appear to be the result of high deposition energy,
near central collisions between projectile and heavy nu-

cleus, and limiting fragmentation is not strictly valid over
the energy region studied. Quite different behavior is
shown by the n-rich fission fragments Nb and ' Cs
whose yields are effectively constant over the projectile
energy region studied. These n-rich products are thought
to be the result of a low deposition energy-induced binary
fission of a uranium nucleus.

The somewhat more complicated excitation functions
for the n-deficient species ' Sb and Zr can be rational-
ized. The excitation function for Zr shows a continuous
increase throughout this projectile energy region while
that for ' Sb shows an approximately constant value.
This trend would support the notion that the production
of Zr requires a greater deposition energy than that of
'~ Sb. This idea is given further support by the kinematic
data" for the production of these fragments in the in-:
teraction of 4.8 GeV ' C with U where one observed a
longitudinal momentum transfer in the initial target-
projectile collision leading to Zr that was -2.5 times
larger than that observed in collisions leading to ' Sb.

The excitation functions for the heavy fragments ' 'Lu
and Pa seem to show that a somewhat higher projectile
energy is required to cause "saturation" behavior for
' 'Lu compared to Pa, consistent with the interpreta-
tion' that these nuclides are the results of high and low
deposition energy spallation, respectively. Qther nuclides
show excitation functions that are composites of the reac-
tion mechanism associated behavior discussed herein.

These simple qualitative pictures of the fragment exci-
tation functions in RHI-induced fragmentation of U
are consistent with previous views of the proton-induced
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Comparisons of the formation cross sections for com-
mon, independent yield fragments from various reactions
utilize only a fraction of the available experimental data
for each target-projectile system. To more fully utilize
the available data, we have deduced mass-yield (isobaric
yield) distributions from the measured formation cross
sections. The method employed in this estimation pro-
cedure has been discussed previously.

The measured nuclidic formation cross sections were
placed in ten groups according to mass number. These
cross sections were corrected for precursor P decay, where
necessary, by assuming that the independent yield cross
section for a given species cr(Z, A) can be expressed as a
function of the isobaric yield o(A) as

o(Z, A)= 0(A)[2mC, (A)] 'i exp (1)

I

24
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FIG. .1. Independent yield nuclidic formation cross sections
for the interaction of ' C (solid points) and Ne (open points)
with U as a function of projectile energy. The 'Sc cross sec-
tion at 18.5 GeV is from Ref. 4. The Ne data have been scaled
(see the text) to the ' C data.

fragmentation of U, Indeed, the ratio of the common
nuclidic formation cross sections for the 12 GeV
' C+ U reaction to the same nuclidic formation cross
sections' ' (spanning 44&A &140) for the 11.S GeV
p+ U reaction is 1.5+0.1. This ratio is in good agree-
ment with the simple geometric cross section ratio for the
two reactions of —1.4. Thus, based upon nuclidic cross
section ratios, factorization appears to be approximately
valid for most of the fragments produced in the RHI-
induced fragmentation of U. Not enough formation
cross section data for common products from both reac-
tions are available to evaluate the possibility of enhanced
yields for fragments with 160 & A & 190 (see subsection C,
however).

where C, (A) is the Gaussian width parameter for mass
number A and Z ~(A) is the most probable atomic num-
ber for that A. Using this assumption and the further as-
sumption that cr(A) varies slowly and smoothly as a func-
tion of A [allowing data from adjacent isobars to be com-
bined in determining Z&(A) and C, (A)], one can use the
laws of radioactive decay to iteratively correct the mea-
sured cumulative formation cross sections for precursor
decay.

Within each of the ten groups, the data were fit to a
Gaussian-shaped independent yield distribution. (Only
nuclides with well-characterized 13-decay precursors and
no isomeric states were included in the analysis. ) The nu-
clidic groupings along with the centers and widths of the
Gaussian distributions are given in Table III. With the
exception of the 1.0 GeV ' C-induced reaction, the param-
eters describing the independent yield distribution for a
given group were nearly the same for every experiment.
The independent yield distributions deduced from the
measured formation cross sections are shown in Figs.
2—7. These distributions are generally quite similar, with
the main differences being in the magnitude of the yields.
For the heavy mass fission products (121 & A & 143), two
component charge distributions are needed to fit the data.
This observation is in qualitative agreement with observa-
tions' ' ' for proton-induced fragmentation of U and
the observed Cs isotopic distribution from the reaction

TABLE I. Irradiation conditions.

Beam ion

12C4+
12C6+
12C6+
12C6+

20Ne10+

20Ne io+

Total
kinetic
energy
(GeV)

1.0
3.0
4.8

12
8.0

20

Total
flux

particles

4 34~10"
8.38 @10"
6.23 / 10
9 13~10
3.76 &( 10"
1.09~ 10"

Irradiation
period
(min)

120
1605
821.5
750

1074
859

Target
thickness
(mg/cm )

46.8
37.4, 46.0

56.1

37.1, 44.8
33.5

25.3, 63.7, 118.7

Catcher
material

Aluminum
Mylar
Mylar
Mylar
Mylar
Mylar
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FIG. 2. The independent yield distributions from the reaction of 1.0 GeV ' C with U. The plotted points are the experimental
values and the solid lines are the fitted Gaussian charge distributions.
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TABLE II. Formation cross sections (mb) of nuclides formed by the reaction of 86—1000 MeV/nucleon ' C and
MeV/nucleon Ne. Independent yields are indicated by (I); others are cumulative.

400—1000

Nuclide 86

' C energy
{MeV/nucleon)

250 400 1000

Ne energy
(MeV/nucleon)

400 1000

Na
Mg

42K

43K

44Scm

44S~
4'Sc(I)
"Ca

Sc(I)
48V

Mn
"Mn
59F

Zn
"As

Zn
"aa
73Qa

3Se
74As(I)
"Se
76As(I)

Br
'Rb
. r

82Rbm

Rb
Rb(I)

86Zr
86Ym

87Ym

87Y

87Kr
88Kr
88Z.
89Zr
9 m

90Nb

"Sr
92Sr
93Mo
93TC

"Tc
"Zr
95Tc

Nb(I)
"Tc(I)
"Zr
"Ru
"Mo
99Rhm

'00Rh
101Rhm

103Ru
'"Rh
'"Ru

0.19+0.09

1.3 +0.2
0.86+0.09
1.3 +0.2
0.17+0.02

4.4 +0.3
1.2 +0.3

2.9 +0.5

4.8 +0.5
2.9 +0.2

2.7 +1.0

8.4 +1.2

8.1 +0.6
12 +1

7.6 +1.2

4.0 +0.4
5.7 +0.6

35 +2

12 +2
3.9 +0.4

1.7 +0.5
34 +2

4.8 +0.7
4.3 +0.6
57 k4
52 +8

14
5.0
4.6

+1
+0.2
+0.8

1.6
4.0
7.2
4.3
1.4
7.3
5.9
9.3
6.4

+0.2
+0.4
+0.6
+0.8
+0.2
+0.5
+0.4
+0.8
+ 1.5

10.1
5.3

12.9
19
0.6
3.5

12.0

+0.4
+0.7
+0.6
+2
+0.2
+0.8
+0.6

15
9.7
6.7
9.3

13;4
3.4
30
26
3.1

1.9
1.7

42
5.3

14.2
5.8

32
4.0
46
1.8
4.3
5.9

66

+2
+0.8
+0.4
+0.5
+1.1
+0.6
+2
+2
+0.3
+0.4
+0.3
+2
+0.5
+0.4
+0.4
+2
+0.3
+2
+0.4
+0.3
+0.5
+3

48

1.0 +0.1

1.7 +0.7
4.6 +0.5
2.2 +0.3
3.4 +0.1

0.84+0.05
0.51+0.06
13 +4
6.8 +0.3

35 +
10.2+
10 +
4.6+
2.3+
3.2+
8.7+
3.4+
5.8+
1.8+
1.0+

13 k
10.5+

2.7+
5.1+
8.6+
7.0+
2.0+
7.1+

7.2%
4.5+
4.5+
9.4+
7.5+

12.5+
23 +
0.8+

16.1+

16.9+
9.1+

12.9+
14.4+
6.8+
31'+
28 +
3.9+

3.0+
46 +
6.6+

12.1+
6.4+

40 +

34

4.7+
8.8+
60+
53 +
42

3
0.6
2
1.2
0.3
1.3
1.1
0.3
0.4
0.2
0.2
4
0.8

0.5
0.8
1.0
2.3
0.3
1.1

1.0
0.8
2.1

0.7
0.9
1.4
3
0.3

0.5

2.3
1.5
1.1
1.8
0.9
3
3
0.4

0.5
4
0.6
0.7
0.6
3

0.4
0.8
5
5
3

55 +
17.0+

3.6+

12.3+
2.9+
6.5+
3.2+
1.4+
8.9+

11.3+

4.5+
4.5+
7.5+
4.9+
2.4+
9.1+

13.4+
11.1+
6.7+
6.9+
8.5+
5.9+

16.4+
30 +

4.8+
18 +

14 +
12 +

10.3+
13.8+
13.9+
6.3+
29 +
27 +
3.8+

2.6+
41 +
6.8+

11.2+
6.5+
31 +
6.1+
50 +
3.5+
4.6+
9.4+
60 +
58 +
42 +

4
0.9

0.4

1.5
0.6
0.5
0.3
0.7
3.0
1.2

0.8
1.1
1.1
1.1
0.6
1.0
2.9
2.7
1.2
1.0
0.9
2.0
1.5
4

1.5
2

7
3
1.1
1.3
2.1

1.2
3
4
0.5

0.5
3
0.9
0.6
0.8
4
1.0
4
0.7
1.6
0.9
6
6
2

49 2
15.5+
13
6.2+
3.2+

3
0.7
2
1.1
0.4

14.4+
3.4+
7.3k
3.0+
1.6+

11 +
11.0+

0.9
0.6
0.5
0.2
0.2
3
0.8

11 +
10 +
2.6+

2
2
0.3

11.9+
13.8+

0.8
1.3

6.1+
11.4+
6.6+
20 +
16 +

0.6
0.7
0.9
2
3

19 +
19 +

15 +
11 +
14 +
16 +
7.7+
39 +
34 +
4.6+
3.5+
2.7+
60 +
7.6+
17 +
7.9+

46 +
7.1+
59 +
1.6+
6.3+
7.5+
81 +

3
1

1

2
1.0
3
3
0.4
1.1
0.6
4
0.7
1

0.8
4
0.8
4
0.7
0.6
1.0
4

73 +10
57+ 4

70 +
20.5+
20 +
9.2+
4.8+

3
0.6
1

1.3
0.4

8.2+
3.9+
2.1+
16 +
12 +

0.4
0.3
0.3
3
2

5.3+
7.0+

11.2+
9.3+

0.4
1.0
1.2
1.5

11.6+
9.9+

13.7+
8.2+
6.6+

10.4+
9.2+
25 +
28 +

0.9
2.6
2.3
1.5
1.9
0.6
1.0
3
4

25 +
17 +

17 +
14 +
16 +
16 +
8.4+

40 +
34 +
5.9+
4.2+
5.0+
50 +
9.5+

14.9+
7.5+

44 +
8.6+

56 +

2
2
1

2
0.7
2
4
0.5
1.5
0.5
3
0.6
0.7
0.6
4
1.0
3

7.6+
11.1+
82 +
75 +
57 +

0.6
0.8
7
5
3

4.1+ 1.3
16+ 2
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Nuclide

Rh(I)
106Agm(I)
1 10Agm(I)
110Inm

111Cdm

111In
112pd

114Inm(I)
1&5Cd

Cd
117Snm

118Sbm

119Tem

120Sb(I)
120I

121Te
121I

121Tem

Sb(I)
123I

123Tem

124Sb(I)
124I(I)
125Sn

»6Sb
126I(I)
127Sb

127Xe
127CS

128Sb

128B~

129Sb

129CS

130I(I)
131I

131B~
132C

133I

133Ce
134CS

135I

135C

136CS(I)
138prm

139B&

139C

140B&

142LR

143C

145EU

147EU

147Gd
'" EU(I)
149Gd
151Tb

155Dy
157D

161Er
166Yb

4.2 +0.2
10.6 +0.5

5.0 +0.7

9.1 +0.8

10.7 +1.1

4.6 +0.3
7.3 +0.8

6.9 +0.8
9.7 +1.1

5.7 +1.3
9.5 +0.6
7.5 +0.9
5.1 +0.6
6.4 +0.4
7.9 +0.9
9.5 +0.8
15 +1

2.3 +0.6

17.7 +1.4
16.8 +1.1

3.4 +0.4

4.7 +0.3

9.2 +0.9
9.6 +0.8

9.2 +1.2
2.3 +0.2
3.8 +0.5

1.3 +0.2
2.3 +0.4

2.2 +0.4
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TABLE II. ( Continued ).
' C energy

(MeV/nucleon)
250 400

Ne energy
(MeV/nucleon)

400 1000

+1.9
+0.2
+0.6

13.4
4.8
9.3

15.7+
5.4+

12.9+
6.4+

3.5
0.4
1.4
0.9

4.4+
8.4+

0.4
2.6 11 +

4.5+
7.0+

10.1+
64 +

5
1.0
2. 1

0.7
6

7.6+
10 +

12.9+
83 k

1.3
4
0.6
7

9.0
8.2

46

+ 1.8
+0.5
+3

12 k 2
81 +12

9.7+
53 +

0.9
4

26
41
10.5
6.2
4.8
6.5
5.0
9.6

10.4

+2
+3
+0.8
+0.3
+0.3
+0.6
+0.3
+0.6
+2.4

18+2
43 +18
9.0+ 0.6
6.0+ 0.4
5.3+ 06

21+2
31 +10
9.4+ 0.8
4.5+ 0.5

27 +
2.36.4+

6.31
6.0+
8.0+

0.4 0.6
0.5
0.8

6.3+

1.77.1+
2.2
1

2

4.0+
12 +
13 +

12 +
13

12.8+8.6+
9.1+

1.0
1.3

11.1
11.5

+0.7
+ 1.8

6.6+
13.5+

0.8
2.4

9.4+
15 +

0.9
3

11 +
21

10 +
20 +

+0.5
+0.4
+0.5
+0.2
+0.5
+0.5
+0.7

10.5
6.8
6.3
6.5
6.7

12.2
13.8

8.6+
5.0+

9.5+
4.9+
7.5+
5.7+

1.0
0.6
1.5
0.6

1.0
0.7

13.4+
7.0+
9.0+
8.4+
7.5+

15.4+
17.3+

0.9
0.6
2.1

0.5
0.5
1.3
1.4

11.1 +
6.4+

0.8
0.6

7.3k 0.44.5+
10.2+
11.7+
13.1+
15 +
3.2+
4.7+

0.4
1.5
1.0
2.7
2
0.6
0.5

16.1 k 0.811.7+ 0.9

19 +1

0.4
1.2
1.4
1.6
0.5
3
2
1.3
1

0.4

13 +
4.6+
4.4+
6.8+

15.3+
6.9+
23 +
18 +
5.1+
14 +
4.2+

4.1+
6.4+
5.6+

21
6.3+
27 +
20 +
3.9+
16 +

5 +

1.4
1.6
1.2
3
0.5
2
1

1.5
3
1

+0.5
+0.5
+0.9
+0.9
+0.3
+1
+1.1
+0.9
+0.9
+0.7

3.9
4.3
6.2

18.1
6.6

21
19.6
3.9

16.9
4.0

7.2+
10.8+
22 +
9.6+
29 +
19 +

8 +
28
8+

1.9
1.3
2
0.7
2
1

3
1

1

19 +
3.5+

21 +
21 +
6.3+
17 +
4.0+

2
0.4
2
3
1.5
2
0.9

1

1.4
0.6
1.5

1

1.1
0.5
0.7

22
9.5 +
5.6+
4.9+

2
0.9
0.6
1.1
6

15 +
9.1+
4.0+
3.3+

23 +

16 +
8.6+
5.2+
3.5+

1

2.4
0.4
1.0

13.5
6.7
5.5
2.9

+0.8
+0.8
+0.2
+0.3

16 +
8.3+
6.6+
3.3+

21 +15.2+ 0.9+0.8
+6
+0.8
+0.4
+0.8
+0.5

13.3
14
11.8
8.2

10.2
7.1

18+ 1

11+1
20+9

14 +
10.2+
15 +
8.5+

2
0.7
2
0.6

2.1

0.8
11.2+
9.3+

11.6+
9.5+
8.8+
7.8 k

1.7
0.7
3.4
0.8 11.2+ 1.9

0.8
3

9.3+
8 4

9 4+ 0.91.1
1.6
0.8
1.0

+0.6
+ 1.6

8.2
14.5

7.5+
12.1+
4.4+
8.3+

23 +
9 +

12 +
17 k
14 +

2.

2
2
3

6.5+
9.0+
14 +
9 +

2.7
0.9
5
2

10.2++0.8
+ 1.2
+0.6

8.1

9.8
9.1 0.99.0+
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TABLE II. ( Continued).

Nuclide

' C energy
(MeV/nucleon)

250 400 1000

Ne energy
(MeV/nucleon)

400 1000

169Yb
171L

173Hg

182Re
18 OS
184Ir

'"Au
192Hg

201pb

202Bi

203pb

203B1

204B1

205B1

206po

207po
209At

'"At
230p
' pa(I)

233p

234pq
237+

2.2 +0.9
1.5 +0.2

2.2 +0.7

0.9 +0.4

2.4 +0.2
1.9 +0.2

1.2 +0.1

2.6 +0.9
6.7 +0.6

97 +8

10.6 +0.6
6.1 +0.5
8.1 +0.7

5.1 +1.8
3.6 +0.4
4.6 +1.2

3.8 +0.6
2.7 +0.3
3.9 +0.6

3.0 +1.3
4.8 +0.3
6.8 +0.4
4.7 +0.3
3.7 +0.6
3.2 +0.3
2.3 +0.1

2.6 +0.2
8.3 +0.6
15 +1
18 +1
129 +7

7.4+ 0.9
8.6+ 1 ~ 1

4.2+ 1.1
4.4+ 0.5

4.9+ 0.8
3.4+ 0.6
7.3+ 1.5
3.6+ 0.4
1.8+ 0.5
6.1+ 0.7
8.5+ 0.8
5.5+ 0.8
5.2+ 0.9
3.6+ 0.3
3.3+ 0.3

9.5+ 1.1
18+2

146+ 9

11+2
16+2

15+5
4.4+ 1.0
4.8+ 2.4

4.2+ 0.7
4.2+ 0.6
5.0+ 1.1

2.8+ 0.9
5.5+ 0.6

5.2+ 0.6

3.3+ 0.7
2.5+ 0.3

9.4+ 1.8
17+ 2
17+ 2
170+ 19

10.3+ 0.8
8+2

8.6+ 0.7

4.4+ 0.5

10.2+ 1.3
4.0+ 0.5
4.1+ 0.4
6.9+ 1.1
4.6+ 0.5

5.8+ 0.6
8.1+ 0.9
6.8+ 0.7
8.6+ 1.4
5.4+ 0.4
3.3+ 0.3
3.1+ 0.8
12+1
20+ 2
21+ 2

10+2
9.0+ 0.9

23 + 3
5.7+ 1.4

15+2
6.1+ 1.9
6.2+ 0.6
8.7+ 2.3
6.2+ 0.9

9.2+ 0.9
14+2
8.4+ 0.8

5.1+ 0.5
4.6+ 0.6

9.6+ 1.0
23 4 2
23+ 3
234+37

of 77 MeV/nucleon ' C with U. For the light mass
(g3 & 3 & 92) fission products, it was not possible to
resolve the two components of the distribution observed in
proton-induced I2, 2I and I2C-induced fragmentation of

U. It had been shown previously ' that two separate
reaction mechanisms, deep spallation and low energy
binary fission, contribute to the production of the n-
deficient and n-rich components of these charge distribu-
tions.

The isobaric yield distributions obtained from integra-
tion of the independent yield distributions are shown in
Figs. 8 and 9. The solid curves shown in the figures are
drawn to guide the eye through the total isobaric yields.
The error bars on the integrated data points reflect only
the measurement statistics and do not take into account
any errors due to uncertainties in the absolute beam flux
(estimated to be approximately 15%), contributions due to
secondary reactions (possibly as large as 10%%uo), or those
introduced in the charge distribution curve fitting process.
Morrissey et al. have suggested that individual isobaric
yields may have systematic uncertainties, due to the fit-
ting process, of approximately 25%. The uncertainties in
the isobaric yields are dominated by the latter source of
error, with the typical uncertainty being approximately
30%.

All of the experimental isobaric mass yield curves have
some features in common. Most of the cross section is as-
sociated with the neutron excessive fragments found in

the fission mass region, formed as the result of fission of a
uranium-like nucleus. These fragments are similar to
those that are formed in low-energy proton-induced or
alpha-particle-induced fission of uranium. Another large
isobaric yield is associated with the neutron deficient
yields in this mass region. These products may have been
produced both in high-excitation-energy fission events and
by deep-spallation processes. In all of the reactions. stud-
ied, the mass yield curve rises for near-target products, as
expected. These products are formed in peripheral reac-
tions and have large cross sections.

The energy dependence of the fragmentation of urani-
um by heavy ions is demonstrated in Fig. 10. The isobar-
ic yield curves for the four ' C projectile energies are su-
perimposed, along with the two energies of Ne. In the
case of the 1.0 GeV ' C projectile there is a large peak in
the fission mass region, with rather low yields everywhere
else except near to the target mass number. In this system
the neutron deficient yields in the fission mass region are
much larger than the spallation yields at larger mass num-
bers. This indicates that these nuclei are more likely to
have been produced by the fission of a highly excited sys-
tem than by a deep-spallation process. Two changes in
the yield patterns occur as the ' C bombarding energy in-
creases. Large increases in the production of both the
light (A &60) and heavy (145&2 &210) fragments are
observed.

The increase in the production of light fragments con-
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Fragment mass
Number range

(and type)

TABLE III. Charge dispersion parameters.

Zmp Reaction'

24—28 (all)
42—59 (all)

65—77 (all)

81—93 (n deficient)
82—92 (n rich)
93—106 (n deficient)

95—110 (n rich)
110—124 (n deficient)

112—128 (n rich)
127—139 (n deficient)

130—143 (n rich)

145—161 (all)

166—175 (all)
184—192 (all)
201—210 (all)
230—237 (all)

0.405A + 1.25
0.405A + 2.0
0.405A + 2.0
0.405 A + 2.25
0.405A + 2.25
0.405 A + 2.25
0.405A + 2.5
0.405A + 2.5
0.405 A + 3.25
0.405A + 1.5
0.405A + 3 ~ 5
0.405A + 3.75
0.405 A + 1.25
0.405 A + 3.0
0.405A + 3.5
0.405 A + 0.75
0.405A + 2.75
0.405A + 3.0
0.405 A —0.5
0.405 A —1.0

—0.00026A +0.45A
—0.00026A +0.45A
—0.00026A +0.45A
—0.00026A +0.45A
—0.00026A +0.45A
—0.00026A +0.45A

+2.75
+3.0
+2.25
+2.75
+2.75
+0.25

0.4
0.6
0.8
0.8
0.9
0.9
1.0
1.1
0.8
0.8
0.8
0.9
0.8
0.9
0.9
1.0
0.9
0.9
0.9
0.9
0.8
0.8
0.8
0.7
0.7
0.6

b, c,d,f,g
a
b

d, d,f
a
b

ci4f~g
a, b, c,d f g
b, c,d,f,g
a
b, c,d,f,g
a, b, c,d,f,g
a
b, c,d,f,g
a, b, c,d,f,g
a
b, c,d,f,g
a
b, c,d,f,g
a
b, c,d,f,g
a, b, c,d,f,g
b, c,d,f,g
a, b, c,d f g
a, b, c,d,f,g

'a, b, c, and d = 1.0, 3.0, 4.8, and 12 GeV ' C; f and g =8.0 and 20 CxeV 20Ne.

tinues up to an energy of -8 GeV, as shown earlier. The
yields of heavy fragments (160&2 &200) also increase
rapidly as the projectile energy increases from 1.0 to 3.0
GeV, and then increase more slowly at higher energies.
No evidence is seen for a very large peak in the yielc}s of
mass number 160 to 180 fragments, as originally reported
for the reaction of 25.2 GeV ' C with U. A remeasure-

ment and reanalysis of the data for that system confirms
the conclusions of this work.

The isobaric yields for the two Ne projectile energies
are similar. This is consistent with the previously ob-

10

C3
~ ~
C5

O
Ch

10

10

10O

10

10

—3.0
I10 0

1.0 GeV ' C

-4.8GeV~ C

G.V ~2C

80 160
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240 0 80
I

160 240
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10'—
E

2Q GeV Ne
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FICx. 8. The mass yield distributions for the reaction of 1.0,
3.0, 4.8, and 12 GeV ' C with U. The plotted points are the

total (isobaric) yields. The solid lines are to guide the eye.

Product mass number A

FIG. 9. The mass yield distributions for the reaction of 8.0
and 20 GeV Ne with U.
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for these high energy reactions. Campi and Hufner have
had some success in fitting experimental data by treating
the first step of the reaction with Glauber theory and the
second by solution of the Master equation. Their results,
in fact, are quite similar to those from the intranuclear
cascade model. Light fragment production and correla-
tions have been approximated using a relativistic hydro-
dynamic model in which the reaction is assumed to be
completely collective in nature. However, this work has
not yet been extended to predict the formation of large
target fragments.

A. Intranuclear cascade model

)00 j I l I

0 40 80 120 160 200 240

Product mass number A

FIG. 10. (a} A comparison of the mass yield curves for ' C-
induced reactions. The solid, dotted, dashed, and dash-dotted
curves represent total projectile kinetic energies of 1.0, 3.0, 4.8,
and 12 GeV, respectively. (b} A comparison of the mass yield
curves for ¹induced reactions. The dotted and dashed
curves represent total projectile kinetic energies of 8.0 and 20
GeV, respectively.

served feature of target fragmentation in which the in-
clusive production cross sections become asymptotically
energy independent at beam energies between 0.43 and
1.0A GeV. The production of light fragments and heavy
fragments seems to increase between the two projectile en-
ergies, although the increase is within the experimental
uncertainties for the heavy fragments.

IV. THEORETICAL MODEL PREDICTIONS

To interpret the different behavior of the components
of the mass yield distributions, we compare the predic-
tions of theoretical models with the experimental results.
Two divergent models of high-energy heavy-ion-induced
reactions will be considered: an intranuclear cascade
model " and the nuclear firestreak model. These two
models represent somewhat different views of relativistic
nuclear collisions, with the intranuclear cascade model
picturing the interaction as uncorrelated collisions be-
tween individual nucleons from the two nuclei (including
scattering through the remainder of the nuclei), while the
nuclear firestreak model assumes that the interaction con-
sists of inelastic collisions of "tubes of nuclear matter"
within the overlap region. Each of these models is based
upon the assumption that the nuclear reaction occurs as a
two-step process, as originally proposed by Serber. Dur-
ing the first step, the fast projectile-target interaction
occurs which creates excited primary projectile and target
remnants. The second step consists of a slow statistical
deexcitation of these remnants by particle emission and by
fission.

Alternate theoretical approaches have been suggested

The version of the intranuclear cascade (INC) model
that we have used is that of Yariv and Fraenkel. This
model has been described previously, and only the main
assumptions need to be noted here.

(a) The target and projectile nuclei are assumed to
behave as cold Fermi gases contained in potential wells.
Their nuclear density distributions are approximated by a
step function consisting of eight constant density regions.

(b) The reaction kinematics are treated within the
framework of relativistic classical mechanics, with all cal-
culations being performed in the target rest frame, where

the projectile is Lorentz contracted.
(c) Within the computation, the multiple collision pro-

cess is handled in stepwise time fashion. Interactions be-

tween cascade particles were not allowed; hence nucleon-
nucleon correlations were disregarded.

(d) Pion production and absorption were included and
occurred via the delta (3,3) resonance

N+N~A3 3+N,

A3 3~~+N,
where N is a nucleon and ~ is a pion. Nucleon-nucleon
and pion-nucleon scattering cross sections were interpolat-

ed from on-mass-shell, free-particle data.
(e) Effects of the Pauli principle were included.
(f) During the development of the cascade process, the

densities of the nuclear Fermi seas were depleted. Each
cascade particle was followed until it left the nucleus or
until its energy fell below the separation energy.

Typically, 500 or more complete cascades were per-
formed at geometrically weighted impact parameters. A
record of the residual mass, charge, excitation energy,
recoil momentum, and angular momentum of the projec-
tile and target remnants was kept for each collision. The
deexcitation of the target remnants formed in the primary
interaction was calculated using the Monte Carlo statisti-
cal evaporation code described in Sec. IV C.

B. Nuclear firestreak model

The simplest macroscopic model of RHI collisions is

the abrasion-ablation model. ' However, the application
of this model to target fragmentation calculations is ham-

pered by the unrealistic expectation that the excitation en-

ergy of the fragments is that due to the deformation
only. In addition, the simple "clean cut" geometry must
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be another oversimplification since there is significant
momentum transfer to most target fragments and there
exists some projectile energy dependence of the fragment
yields.

Myers introduced a "firestreak" model that retains
the collective nature of the nuclear interaction and at-
tempted to eliminate the unrealistic assumptions of the
abrasion-ablation model. We have extended the nuclear
firestreak model of Myers to include production of pri-
mary projectile and target remnants. In our formalism,
the colliding nuclei are assumed to have diffuse surfaces,
generated by folding a short-range (Yukawa) function into
the conventional sharp-sphere density distribution. The
nuclear density is divided among a mesh of tubes and the
collision is considered to occur in a "tube-on-tube" sense,
that is, tubes of nuclear matter from the target and projec-
tile undergo collinear inelastic collisions.

Previously, Gosset et al. have included chemical
equilibrium considerations in the Myers model for the cal-
culation of the spectra of pions, protons, and light nuclei
produced in RHI-induced reactions. The resulting cross
sections were generally too large compared to experimen-
tal data. We found a similar effect in our calculation of
target fragment cross sections due to collisions between
tubes having a very low density (from the diffuse tails of
the density distribution). We have attempted to address
this problem within the model by introducing a natural
cutoff to the tube-on-tube collisions. The flux of nucleons
through a firestreak tube of nuclear matter can be written
in a Beer-Lambert sense as

I=Ioe (3)

C. Statistical deexcitation

Each of these models requires the calculation of the sta-
tistical deexcitation of the primary fragments before com-
paring the model predictions to data. In the deexcitation
calculation, fragments were assumed to decay by particle
emission and by fission. So as not to obscure any differ-
ences in predictions of the models for the primary reac-
tion, an identical deexcitation calculation was performed
for each. We used a form of the DFF computer code of
Dostrovsky et al. " for this calculation. The computation

where I/Io is the ratio of emergent to incident intensity,
p is the density of matter in the tube of length l, and 0. is
an average nucleon-nucleon cross section (taken to be 30
mb). This quantity can be calculated on a tube-by-tube
basis and is used to suppress collisions involving low den-
sity or short (peripheral) tubes (for which I/Io & 1/e).

If two tubes of sufficient density collide they are as-
sumed to fuse and equilibrate their kinetic and thermal
energies. If the resulting kinetic energy of a fused tube is
less than its binding energy in the target remnant, the tube
is captured (contributing to the remnant's energy, mass,
and momenta) or, if the kinetic energy is greater than the
binding energy, the tube will escape. Additional excita-
tion energy, due to the surface deformation of the target
remnant, was included. The deexcitation step of the reac-
tion was handled in identical fashion to that of the INC
model.

Xexp[2a„' (E* B„)' —2a/ (—E* E/)'~ —], (4)

where I / and I „are the fission and neutron emission
widths, respectively, 3 is the mass number of the nucleus,
E is the excitation energy, B„ is the neutron binding en-

ergy, Ef is the fission barrier height, and Ko is the fami-
liar projection of the nuclear angular momentum upon the
nuclear symmetry axis.

The ratio of the level of density parameter at the fission
saddle point, a/, to that at the equilibrium deformation,
a„, was assumed to slowly vary as a function of excitation
energy above the barrier according to the relation

a//a„= [1+0.I/log)0(E" EJ )] . — (5)

The fission barrier heights were chosen using the ap-
proximate formulae from Cohen and Swiatecki

E~ ——0.38(0.75 X)E, for —, &X—& —,

E& 0.83(1.0—X)'E,——for —,
' &X&1,

for which the fissionability parameter, X, is given by

Z2

(6)

(7)

50.88M ( 1 —1.7826

and the spherical surface energy is taken to be

E, =17.803 i

The variation of the width of the fission mass distribu-
tion as a function of the mass, charge, and excitation ener-
gy of the fissioning system was taken from the liquid drop
model of Nix.

Several thousand deexcitation chains were followed for
each model calculation. In general, ten deexcitations were
performed for each primary INC and for each mb of fire-
streak cross section. The results of these simulations are
compared to the data in Sec. IV D.

D. Comparisons of predictions with data

The mass yield distributions predicted by the intranu-
clear cascade and the nuclear firestreak models after deex-
citation of the primary fragments are presented in Figs.
11 and 12 together with the experimental results previous-

was performed in the following manner.
(a) Deexcitation is assumed to occur by the statistical

evaporation of neutrons, protons, deuterons, tritons, He,
and alpha particles in competition with fission.

(b) Fermi-gas level densities with pairing corrections
and a level density parameter of a =A /20 were used.

(c) The spins of the fragments were low and angular
momentum effects were ignored.

A more realistic treatment of fission competition was
included in the code. In this treatment, the excitation en-
ergy dependence of the ratio of fission to particle emission
widths is taken to be

4~". (E —B„)f
Koa„[2a/ (E" Ey—) 1]—
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FIG. 11. The mass yi.eld distributions predicted by the two

theoretical models are compared with the experimental results

from ' C-induced reactions with U. The solid lines are the ex-

perimental curves, while the solid and dashed histograms corre-

spond to the intranuclear cascade and nuclear firestreak model

calculations.

ly described. Both models reproduce the experimental
yield curves reasonably well. Note that the magnitude
and the shapes of the cross sections are correct. For the
1.0 GeV ' C experiment the calculations follow the shape
and approximate size of the fission mass distribution but
underestimate the heavy fragment yields at mass numbers
175 to 225. However, it should be kept in mind that the
predicted yields of those nuclei that survive fission in this
region are quite sensitive to the choice of the af /a„ratio.
A decrease in this ratio could increase the heavy fragment
yields significantly. ' %"hen the projectile energy is in-
creased to 3.0 GeV, both models predict an increased yield
of the heavy fragments, so that the predicted values ap-
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FIG. 12. The mass yield distributions predicted by the two

theoretical models are compared with the experimental results

from Ne-induced reactions with U.

proach the experimental values. Further increases in pro-
jectile energy have little effect upon the theoretical yields
of these heavy fragments (due to fission competition), but
do result in excess yields of fragments with mass numbers
between 50 and 80. Neither model predicts the appear-
ance of fragments with mass numbers less than 50, which
is so apparent in the experimental data. This failure may
be attributed to the lack of an appropriate production
model for these fragments.

Two differences between the results from the nuclear
firestreak and INC model predictions can be noted. The
nuclear firestreak calculation generally predicts somewhat
larger yields for those mass numbers at and below the fis-
sion peak. This is due to the larger excitation energies
that are deposited during the first step of the reaction in
the former model, which result in larger numbers of parti-
cles being emitted in the deexcitation step, leading to a
low mass tail to the fission distribution. The other differ-
ence between the two models is the apparent lack of large
near-target yields predicted by the firestreak model at
most projectile energies. This is simply an artifact of the
deexcitation calculation in which each primary fragment
was assumed to have a single average excitation energy
rather than a distribution of excitation energies. (Thus
there were no "lower-than-average" excitation energies
used in the calculation and no near-target fragments were
formed. ) A correction could be made for this by the use
of a discrete distribution of excitation energies for the
near-target primary fragments.

It is interesting to know why two models as conceptual-
ly dissimilar as the intranuclear cascade and nuclear fire-
streak models should give such similar results. This can
be interpreted as being due to the following factors. First,
it is the deexcitation process which takes place in the
common second step of the reaction that is responsible for
the general shape of the mass yield distribution. As long
as the excitation energies deposited in the first step are
comparable, the resulting shapes of the yield distributions
will be quite similar. Second, many of the features of
RHI-induced reactions are simply dependent upon the
geometry of the collision, which is treated nearly identi-
cally in both models. Finally, the mean free path of a cas-
cade nucleon in a nucleus is short enough at these energies
so that its interaction is quite inelastic, giving results
which approach those obtained as a consequence of the
assumption of a completely inelastic interaction, which is
inherent in the nuclear firestreak model.

While the intranuclear cascade and nuclear firestreak
model results reproduce much of the character of the ex-
perimental data for these reactions, neither model accu-
rately satisfies the hypothesis of limiting fragmentation.
This is a consequence of the fact that both models predict
that the excitation energies of the fragment precursors
continue to increase throughout the measured projectile
energy range. Yet these models do demonstrate the validi-

ty of the concepts of factorization and a dependence upon
the total kinetic energy for the results of the reactions.

V. CONCI. USIONS

Several conclusions about the RHI-induced fragmenta-
tion of U can be drawn from this study. The light frag-
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ment (A & 60) yields increase rapidly with increasing pro-
jectile energy until -5 to 8 GeV with only smaller in-
creases in yield with increasing projectile energy beyond
this. This is consistent with the origin of these fragments
in a high deposition energy process.

The yields of n-rich fragments (80 (A ( 145) are energy
independent from 1—20 GeV, consistent with their origin
in low energy fission of a uranium-like species. The n-
deficient fragments (80&A &145) have excitation func-
tions consistent with their origin in either a deep spalla-
tion or high energy fission process. (At a ' C projectile
energy of 1.0 GeV, the n-deficient fragments appear to
originate primarily from a fission rather than a spallation
process. ) The characteristics of both classes of these frag-
ments with 80 & A & 145 are similar to those fragments
produced in the high energy proton-induced fragmenta-
tion of U.

The excitation functions of the heavy fragments with
160(A &200 are similar to those of the light fragments.
No large yields of these fragments were observed for any
system studied, contrary to a previous report.

Both the intranuclear cascade model and the nuclear

firestreak model satisfactorily predict the observed yields
of fragments with A ~ 80. This success can be taken to
indicate that the general pattern of yields of these frag-
ments is governed by the excitation energy deposited in
the nucleus during the first step of the reaction and the
geometry of the collision.
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