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Three-dimensional charge dispersion curves from interactions of 11—29 GeV protons with
uranium
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Experimental nuclear charge-dispersion curves from interactions of 11—29 GeV protons with '"U have

been used in the construction of three-dimensional charge-dispersion curves. They show the yield variation
with mass number A. Neutron-deficient products are distributed over the entire mass range with a peak at
A near 87, while the yield of neutron-excessive products is distributed only in the relatively narrow mass

region between A = 70 and A = 150 and has a maximum around A = 115. An isobaric yield curve has
been obtained by summing up each of the charge-dispersion curves and shows a peak, rather than the flat

top, in the mass region A = 80 to 140 reported previously. The mass yield curves of neutron-excessive and
neutron-deficient products are obtained by a decomposition of the charge-dispersion curve with two

Gaussians, and the mechanism of formation is suggested.

NUCLEAB REACTIONS High energy proton-induced nuclear fission, fragmenta-
tion, spallation, isobaric yield and three-dimensional charge dispersion curves.

Since the double humped isobaric charge-disper-
sion yield from interaction of "'U with Ge& pro-
tons has been observed near A=130,' this indi-
cates that at least two different mechanisms could
be involved in such a reaction. One is charac-
terized by low deposition energy yields of neutron-
excessive products known from binary fission pro-
cesses. The other is characterized by high depo-
sition energy from a fast break process and, fol-
lowing evaporation of neutrons, yields neutron-de-
ficient products. This process is believed to oc-

cur from fragmentation rather than spallation. '
These two distinct mechanisms have been con-
firmed by recoil range experiments. ' Recently
Chu et al."showed that the charge-dispersion
curves (CDC) for light and heavy isobars at A= 45
and A. = 170, respectively, have only single peaks.
Therefore it is quite interesting to find how the
two mechanisms contribute to each isobaric
charge dispersion yield and how they vary with A.

In the last several years, a number of isobaric
charge dispersion curves have been reported for
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FIG. 1. Three-dimensional charge-dispersion curves of interaction of uranium with'11-29 GeV protons.
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TABLE I. Summary of cross sections from reported
CDC's.

TABLE II. Isobaric cross sections for the interaction
of 11-29 GeV protons with uranium.

Nuclide N/Z 0 (mb) Nuclide N/Z 0 (mb)
Mass number

Isobaric yield
(mb) Reference

47K
19

4'Ca

21
47Sc

4?T i22

47'
23

72
30Zn

31
72Ga

72
32Ge

As33

72Se

"Se

3578r

87„Kr
3s77Rb

3sSr87

3687

40Z r
s71N

iii TC

'),'au

i i iPd

iiiAg

i i iCd

iii I49

"'Sn
50

"„'Sb

1.474 0.39

1.350

1.238

1.8
6.3

1.136 4.1

1.043

1.400

1 .323

1.250

1.182

1.118

1.559

1.486

1.417

1.351

1.289

1,231

1.175

0.31

3.2

5.8

3.4

0.5

1.2

4.7

4.6

6.1

7.2

5.7

1.122 0.34

1.581 0.28

l.523

1.467

1.413

1.362

1 ~ 313

1.265

1.220

1.176

1.9

5.4

9.0

7.9

4.8

3.7

2.0

0.5

"'Sn
50

131Sb
51

131T
52

131I
53

131Xe
54

131Cs
55

Ba56

"'La
"'Ce

58

131pr59

'4'Ba
56

'47La
57

'47Ce
5s e

147pr

147N
60

'47rm
61 m

Smm

"'Zu
63

'«Gd

'4'Tb
65

147Dy

'70mb
70

'70Lu
71

Hf72

170Ta73

170~
74

170Re
75

1.620 0.4

1.569 2.1

1.519 4.0

1.472 3.1

1.426 2.2

1.382 2.3

1.339 2.9

1.298 3.0

1.259 2.0

1.220 1.1
1.625 0.30

1.579 0.74

1.534 0.93

1.492 0.72

1.450 0.45

1.410 0.28

l.371 0.33

1.333 0.91

1.297 1.9
1.262 2.3

1.227 0.39

1.428 0.072

1.394 0.52

1.361 2.3

1.329 2.7

1.297 0.78

1.267 0.038

the interaction of '"U with protons of energies in
the region 11.5 to 29 QeV. They are A=45 mea-
sured by Chu et al.' at 28.5 QeV; A= 74 determined
by Kaufman' at 18 QeV, A= 111 by Panontin and
Porile' at 11.5 GeV, A= 131 by Yu and Porile' at
11.5 QeV, A= 147 and A = 170 by Chu et al. ' at 28
GeV, plus the CDC at A = 87 obtained from trans-
formation of the isotopic yield distribution of Rb
isotopes measured by Chanmont' at 24 QeV to the
CDC with the method described in Ref. 3, a total
of seven known CDC. At proton energies greater
than 10 QeV the yield is essentially independent
of bombarding energy. '" Therefore these CD
curves allow us to construct a three-dimensional
charge-dispersion curve by plotting the yield ver-

47
72

'87
111
131
147
170

12.9
15.5
32.3
35.0
23.4
9.1
5.1

Ref. 4
Ref. 6
Ref. 8
Ref. 7
Ref. 3
Ref. 5
Ref. 5

sus A and N/Z. From it one can see the variation
with A of the products from the two mechanisms
in a CDC.

In the construction of the three-dimensional CD
curves, we first have to unify the abscissa from
Z,«-Z, Z„-Z, and Z&-Z to N/Z. The reason we
choose N/Z instead of Z„-Z is because these CD
curves cover a large range of A. We avoid the
discontinuity of the shells, and using the N/Z as
abscissa shows better agreement with experimen-
tal data through transformations. ' Therefore we
use it together with the yields that are taken from
reported CD curves, rather than individual exper-
iments. 'The results are given in Table I and pre-
sented in Fig. 1. Summing up each CDC gives an
isobaric yield of A which we list in 'Table II and

plot in Fig. 2.
Figure 1 contains the three dimensional charge-

dispersion curves. From it we can see that the
neutron-excessive products start to contribute at
A around 70 and reach a maximum at A = 111,then
fa11 away at A= 170, forming a Gaussianlike peak
along the A axis. The distribution of neutron-ex-
cessive products is much like. that from the inter-
action of low-energy protons with "'U which has
been confirmed as a binary fission process by the
mica-track technique" and by recoil range mea-
surements. ' On the other hand, the neutron-defi-
cient products observed from light to heavy nu-
clides cover the entire range of A. According to
general trends of spallation, one expects the yields
to drop or, at most, stay constant with decreasing
mass number A.. Both the BNL group' and the
Chicago group" believe that a flat distribution of
spallation yield over the entire range of A is to be
expected, but from Fig. 1 we can see that the dis-
tribution of the neutron-deficient yields does not
confirm this. They are distributed over the entire
mass region but also form a peak with maximum
around A = 90. This distribution cannot be inter-
preted by either the mechanism of spallation or of
fission. From recoil range measurements and
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FIG. 2. Isobaric yield curve from the interaction of
uranium with 11-29 GeV protons. The dashed line is
taken from Ref. 5.. The dot-dashed lines are the isobar
yield curves of neutron-excessive and neutron-deficient
products.

angular distribution of '"Ba, the Purdue group
explained that the products could be formed by a
fragmentation process. '9 However, this process
has not been fully specified at this time.

For further study of these yields, a nonlinear
least square program has been used to decompose
each CDC to fit the experimental points with the
sum of two Gaussians in the following expression

o(Z) =o,„(ne) exp]-[Z -Z~(ne)J'/2S'(ne)}

+ o ~(nd) exp(-[Z -Z~(nd)J'/2S'(nd)),

where (ne) refers to the neutron-excessive Gaus-
sian and (nd) to the neutron-deficient one. The

Gaussian parameters were obtained by a number
of iterations and are summarized in Table III.
The mass yield curve of neutron-deficient Gaus-
sian and neutron-excessive Gaussian are plotted
as dot-dashed curves shown in Fig. 2, where the
solid curve in the figure represents the isobaric
yield curve obtained by summing up each CDC.
Since we have a few more CD curves reported
recently, it makes the isobaric yieM curve a little
different from the one reported by Chu et al.' The
solid curve (contrast the da.shed curve) shows es-
sentially a peak rather than a flat top in the re-
gion A=80 and A=140.

The results of these curves provide some inter-
esting information about the two mechanisms.
'They show that the neutron-excessive products are
produced in a narrow mass region between A = 70
and A=150 and have a peak at half of the target
mass, indicating that they could be formed through
oscillation of the two nearly equal size fragments
before splitting. With the recoil range data, these
products known are formed through a binary fis-
sionlike process.

Qn the other hand, the neutron-deficient products
cover the entire mass region. The mass yield
curve shows a peak at around A= 90, and a trend
falling to a constant at A ~ 150, where@ = 6 mb. Qn
the light fragments region the curve becomes flat
a.t A = 70 to A = 40 and then rises sharply as A de-
creases. There are a number of mechanisms that
have been suggested to yield these products such
as: the shock wave approximation, " the double
center oscillator process, "and the gluon multi-
nuclear process, "etc. From the forward-to-
backward recoil range ratio of "Na, "'Ba, and
"Sc which show a peak at 1-4 GeV,""'we feel
these yields are most likely formed through the
creation and decay of a vector meson inside the
target nuclide, causing the fast break of the target
into two or more parts. That would induce yields

TABLE III. Charge-dispersion parameters.

72 87 131 147 170

0 m~(nd)
Zp(nd)
N/ZI
FTHM
0~ (nd)

(ne)
Z&(ne)
N/Zp
FTHM
o ~& (ne)
P(r~

6.3
20.98
1.24
2.05

12.97

12.97

5.8
32.0
1.25
2.13

12.94
1.8

30.0
1.40
1.37
2.6

15.54

7.4
37.99
1.29
3.50

24.24
4.50

35.22
1.47
1.82
8.10

32.34

2.6
49.12
1.26
2.31
6.5
9.2

46.24
1.41
2.90

28.5
35.00

2.96
56.46
1.32
2.31

13.49
3.81

52.21
1.51
2.44
9.88

23.37

2.54
64.44
1.27
2.34
6.04
1.02

58.14

3.30
3.58
9.62

2.78
72.65
1.34
2.42
6.41

6.41
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characterized by fragmentation or deep spallation-
like products.
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