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Production of Kr and Xe isotopes by interaction of Th with 0.15—24 Gev protons
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Cross sections and thick-target recoil properties of several Kr and Xe isotopes formed
in the interaction of "Th with 0.1S—24 GeV protons have been determined in order to
study their variations with mass product and incident energy. High sensitivity mass spec-
trometry has been used to measure noble gas isotopic composition and concentration.
The recoil technique, combined with a mathematical formalism based on the two-step
model, permits the determination of some characteristics of the nuclear reactions; i.e., the
range B, the mean kinetic energy ( T ), the observed products and the excitation energy
E*, and the residual nucleus after intranuclear cascade. The results are discussed in
terms of fission and deep spallation mechanism. Fission contributes noticeably to the for-
mation of neutron-excess products at all incident energies, while deep spallation concerns
the most neutron-deficient isotopes at energies beyond 1 GeV. This last mechanism is
described in terms of coherent interaction between incident protons and target nucleus.

NUCLEAR REACTIONS Measured o., 28'(F+B) and F/B of vari-
ous Kr and Xe nuclides formed in interaction of 2 Th with 0.1S—24

GeV protons.

I. INTRODUCTION

The production of neutron-deficient isotopes
with A -80—140 formed in the interaction of high
energy protons with U has been extensively in-

vestigated. ' ' One of the most important results
of these experiments is the discovery of a striking
change in recoil properties of these nuclides be-

tween 1 and S GeV. Over this energy interval, the
mean range and kinetic energy decrease by a factor
of about 2. In addition, the forward to backward
ratio (F/B) of these neutron deficient nuclides goes
through a maximum in the neighborhood of 3
GeV, after which it decreases with increasing ener-

gy. In contrast, neutron-excess isotopes have
slightly and monotically decreasing F/B and range
variations with in'creasing incident energy, which
are characteristic of fission over a large energy
span (0.6—28 GeV).

Moreover, the angular distributions of neutron-
deficient products formed in U (Refs. 13 and 14)
change from forward peaked to sideward peaked
between 3 and 11.5 GeV, while the momentum
transfer derived from the forward-backward asym-
metry approaches zero at the highest energies.

For about 15 years, deep spallation has been
essentially interpreted in the framework of a classi-
cal, two-step ~odel, in terms of fission, spallation,
and fragmentation, or a combination of these pro-
cesses. But, in that=context, it was very difficult to
explain the continuous decrease of F/B beyond 3
GeV, the fall of the ranges beyond 1 GeV, and the
striking change of angular distributions.

%ith the growing body of experimental results
and the appearance of new concepts in heavy ion
reactions and high-energy physics, other models
have been proposed for deep spallation. Although
these models vary, they are all based on a collec-
tive interaction between incident proton and target
nucleus.

Even if these new representations of deep spalla-
tion do not explain everything, they have aroused
still further interest in the interactions of complex
nuclei with high-energy protons. Except for very
rare experiments, the greatest part of these in-
teractions have been studied by means of radioac-
tive isotopes. Consequently, it would seem to be
interesting to consider stable nuclides covering a
broad mass range, for a given Z, in order to obtain
information concerning both neutron-excess and
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deficient isotopes. With this aim, we have deter-
mined the cross sections and recoil properties of
various krypton and xenon nuclides formed in tho-
rium, using protons of 0.15, 1, 2.5, and 24 GeV.

II. EXPERIMENTAL PROCEDURE

ducing precisely measured quantities of air,
prepared in an independent system composed of
several known volumes and a capacitance manome-
ter. The isotope ratios were subjected to several
corrections, occasioned by memory or pumping ef-
fects or isotopic discrimination in the mass spec-
trometer. Hydrocarbon ions were always negligi-
ble, except at masses 78 and 81.

The thick-target —thick-catchers technique is
well known and has been described in previous re-

ports from this laboratory. ' '" The target stacks
consisted of 50 pm thorium foil, sandwiched be-

tween two pairs of 50 pm aluminum foil. The
first pair served as recoil catchers and the second
pair as guard foils. Several aluminum foils were

added at different locations in the stacks to serve

as beam monitors.
The irradiations were carried out in the follow-

ing accelerators: Orsay (0.15 GeV), CERN (24
GeV), and Saturne I and II (1.05 and 2.5 GeV). At
0.15 and 1.05 GeV, the internal beam was used.
The external beam was used at 2.5 and 24 GeV.

The total proton flux through a target was cal-
culated by means of the monitor reaction

Al (p, 3p 3n) Na, for which the cross sections'
are 17.2, 15.3, 11.7, and 10 mb, respectively, at
0.15, 1.05, 2.5, and 2.4 GeV. The integrated flux
employed varied from 0.3 to 3 X 10' protons. It
was ascertained from the monitor measurements
that the targets were properly aligned and that the
flux was homogeneous within the stack to better
than 5% (1—5%). An interval of several months,
at least, separated the irradiations from the
analysis.

The techniques employed for the measurement
of krypton and xenon produced by nuclear reac-
tions have been described elsewhere. ' ' Krypton
and xenon were extracted by melting the target (or
catcher) under a vacuum in a molybdenum cruci-
ble, heated by electronic bombardment
(600—1800'C, depending on the metal). The ex-
tracted gases were purified by means of two titani-
um getters and one copper oxyde-palladium getter.
Krypton and xenon were analyzed in a 60' sector,
12 cm radius mass spectrometer (a modified MI-
CROMASS 12) with which accurate isotope ratios
could be obtained with 10 (and sometimes less
than 10 ) to 10" atoms of each species, thanks to
the small internal volume of the instrument and its
excellent behavior under static vacuum conditions.

The mass spectrometer was calibrated by intro-

III. RECOIL PROPERTIES DETERMINATION

The following mathematical formalism for the
analysis of thick-target —thick-catchers experi-
ments yields the range R of the reaction products
and the excitation energy E*of the cascade residu-
al nucleus.

A. Mathematical treatment

The analysis of the data is carried out using the
two-step vector model of high-energy reactions, as
first developed by Sugarman et al. ' ' In the first
phase of the interaction, the incident particle col-
lides with the nucleus of the target nucleus, caus-
ing the emission of cascade particles. An inter-
mediate excited nucleus remains which has a velo-

city v.
In the second phase, the intermediate excited nu-

cleus emits particles or fission fragments until
krypton or xenon isotopes are finally formed. As a
result of this second phase, the recoiling final ion
has acquired an additional velocity V. The angular
distribution of V in the moving system is assumed
to be symmetrical about 90' to the beam direction.
The two vectors v and V are assumed to be un-
correlated.

The final velocity vector of a reaction product is
the resultant vector v+V. The relation between
the range and the recoil velocity can be conven-
iently expressed in the laboratory system:

R~,b
——E

~

v+V
~

. N is a constant characteristic
of the nuclear reaction; %=1 for fission and N=2
for spallation.

The mathematical development of the thick-
target —thick-catcher recoil experiment theory will

express the forward and backward activities, E and

8, as developed in Refs. 12 and 15:
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If g is replaced by q, relat—ion (1) gives the ex-
pression for B [denoted (la)].

In these equations, R is the mean range in the
target material corresponding to the velocity V, q
is the ratio of the cascade velocity to the second
step velocity V (the perpendicular component of
the cascade velocity, vq, is assumed to be zero),
b la is the anisotropy parameter, and W is the tar-
get thickness.

I

Northclj ffe-Schilhng tables.
The mean kinetic energy ( T ) has been calculat-

ed with the Northcliffe-Schilling range-energy rela-
tions. The range had to be corrected for scatter-
ing.

C. Average excitation energy
of residual cascade nucleus

B. Range and kinetic energy

Assuming b la =0 relations (1) and (la) give

2W(E~B)=F(R,r),N ),
W(F B)=G(R,g, N)—,

and the ratio Q„& is only a function of g and N:

Q,g 2W(F+B)l(F——B) . —

In a computer calculation, N was varied from 1

to 2 in steps of 0.1 and g from 0 to 1 in steps of
0.01. The g and X values are considered accept-
able if (Q„&—Q,„z)/Q,„z & l%%uo,'Eqs. (1) and (la)
then lead to two different values of R. Acceptable
combinations of R and X must, moreover, satisfy
the range-energy relation R =XV (in the c.rn. sys-
tem). The range finally adopted is the one that
corresponds to the value of N obtained from the

P
=0.8

ECN PCN
(2)

was satisfied for many targets and bombarding en-

ergies up to 1.8 GeV. In Eq. (2), Pc& and Ecz
are, respectively, the momentum and excitation en-

ergy of a hypothetical compound nucleus formed
by the fusion of proton and target nucleus. Kauf-
man et al. have tested this correlation at 3 GeV
and have found it valid for this case also.

The velocity U imparted to the target nucleus by
cascade can be determined from T= —,AV and g.
Intranuclear cascade calculations have shown a
correlation between momentum component P„
transferred to the target nucleus and parallel to the
beam and the average excitation energy E*, of cas-
cade residues. Using Metropolis calculations,
Porile " found that the relation
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IV. RESULTS

A. Cross sections

Table I gives the cross sections for various kryp-
ton and xenon isotopes formed in thorium at 0.15,
1, 2.5, and 24 GeV. The last column gives the ra-
tio O.z 5/0.0 i5 of cross sections at 2.5 and 0.15 GeV.
This ratio is of interest when comparing neutron-

excess and neutron-deficient nuclides. All the
cross sections are cumulative. In general, each
value is the average of three independent measure-

ments. The uncertainties have been determined as
explained elsewhere: The total uncertainty of a
cross section measurement is generally from
10—20%. The mean of the independent measure-
ments x; is then calculated, weighting each of these
by the inverse of the square of its uncertainty, M;.
Thus 0. is given by

g (x/bx )/g(1/bx)
l

The uncertainty given in Table I is the standard
deviation from the mean of the independent mea-
surements, or the quantity

ho+[+(1/M) ]'

whichever is the larger.

B. Recoil properties

Table II gives the experimental values of the
forward-to-backward ratio I'/8. This ratio
represents a measure of the forward momentum
transferred to the target nucleus in the reaction
which leads to the isotope considered.

Table III gives the values of the experimental
ranges in the target material, 2W(I'+8) in
mg/cm . The ranges have been corrected for
scattering at the target-catcher interface and for
edge effects.

Table IV gives mean kinetic energy ( T) (in
MeV) calculated by the method described in Sec.
II B above. In Table V, experimental values of this
parameter are compared with those calculated
theoretically, E, by Nix and Swiatecki, according
to the liquid drop model. The ratio ( T) /E is a
good test for fission.

Table VI gives the values (in MeV) of the excita-
tion energies of the residual cascade nuclei leading
to the various isotopes considered in this work.
The errors given in Tables II to IV are the root
mean square deviations observed for repeated ex-
periments.

TABLE I. Cumulative krypton and xenon nuclides cross sections, in mb, measured in thorium bombarded with 0.15,
1, 2.5, and 24 GeV protons. The last column gives the cross sections ratio, o.25/0. 0 i5, at 2.5 and 0.15 GeV.

Isotope 0.15
Proton energy (GeV)

1 2.5 24 2.5/0. 15

Kr 78
80
81
82
83
84
85
86

0.23 +0.02
0.050+0.006
2.17 +0.23

14.4 +1.5
17.0 +1.8
5.76 +0.62

17.9 +1.9

0.35+0.06
8.0 +0.7
4.44+0.76

16.5 +1.4
28.0 +3.5
28.7 +4.1

10.1+1.5
21.2 +4.0

1.1+0.2
9.7+1.7
7.1+1.3

15.2+3.0
21.8+3.4
20.4+3.1

6.2+ 1.0
8.8+ 1.3

2.1+0.3
10.7+1.4
9.3+1.2

15.6+2.6
20.6+3.6
18.7+3.4
5.5+1.0

10.7+2.0

17+3
45+9

7.0 +2.1

1.5 +0.4
1.2 +0.3
1.1 +0.3
0.49+0.12

Xe 124
126
128
129
130
131
132
134
136

0.020+0.006
1.42 +0.23
7.5 +1.2
3.2 +0.5

13.1 +2.1 .

21.9 +3.5
21.0 +3.3
14.7 +2.3
9.1 +1.4

2.06+0.33
7.1 +0.8

12.1 +1.5
8.4 +0.9

11.6 +2.5
18.9 +4.0
14.1+3.8
9.0+2.5
6.3+1.6

6.3+1.1
9.5+1.8

12.2+2.2
10.3+1.8
5.6+1.0

15.2+2.9
7.3+1.4
5.4+1.0
3.9+0.8

7.2+1.1
11.3+1.7
13.2+2.0
11.7+1.7
6.2+1.1

17.9+2.6
9.1+1.7
6.7+1.2
5.9+1.1

315+142
6.8 +2.3
1.6 +0.5
3.2 +1.1
0.43+0.14
0.69+0.23
0.43+0.14
0.37+0.12
0.43+0.15
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TABLE II. Experimental values of the forward to backward ratio F/8 for krypton and
xenon isotopes formed in thorium bombarded with 0.15, 1, 2.5, and 24 GeV protons.

Isotope 0.15
Proton energy (GeV)

1 2.5

Kr 78
80
81
82

83
84
85
86

1.13+0.08

1.14+0.10

1.09+0.08
1.09+0.05
1.10+0.07
1.10+0.OS

1.33+0.07
1.27+0.08
1.36+0.12
1.26+0.08

1.23+0.04
1.21+0.05
1.21+0.06
1.14+0.09

1.63+0.15
1.35+0.10
1.54+0.11
1.31+0.07
1.28+0.12
1.15+0.08
1.16+0.05
1.08+0.09

1.16+0.07
1.16+0.10
1.12+0.15
1.13+0.09
1.10+0.08
1.11+0.03
1.05+0.07
1.07+0.06

Xe 124
126
128
129
130
131
132
134
136

1.23+0.05
1.23+0.04
1.22+0.07
1.13+0.03
1.17+0.05
1.14+0.03
1.11+0.05
1.11+0.07

1.44+0.06
1.35+0.06
1.24+0.03
1.29+0.07
1.15+0.04
1.19+0.08
1.09+0.07
1.09+0.04
1.10+0.04

1.57+0.05
1.48+0.06
1.40+0.08
1.35+0.03
1.15+0.07
1.31+0.09
1.11+0.04
1.06+0.07
1.13+0.03

1.33+0.03
1.25+0.05
1.28+0.09
1.16+0.03
1.08+0.04
1.20+0.07
1.10+0.06
1.05+0.04
1.07+0.04

TABLE III. Experimental recoil ranges in units of mg/cm' [2WlF+8)] of krypton and

xenon isotopes formed in thorium with 0.15, 1, 2.S, and 24 GeV protons. The data have

been corrected for scattering.

Isotope 0.15
Proton energy (GeV)
1 2.5

Kr 78
80
81
82
83
84
85
86-

9.10+0.72

10.36+0.68
11.OS+0.46
11.14+0.59
10.55+0.40
10.97+0.52

8.47+0.64
10.39+0.48
10.13+0.79
10.01+0.41
10.02+0.36
10.00+0.43
9.82+0.34
9.86+0.65

5.49+0.56
8.05+0.63
7.75+0.48
8.62+0.41
8.82+0.57
9.11+0.42
9.29+0.37
9.99+0.51

4.67+.42
7.06+0.37
6.63+0.26
8.19+0.41
8.47+0.32
8.88+0.36
9.72+0.61
9.34+0.34

Xe 124
126
128
129
130
131
132
134
136

7.69+0.24
7.80+0.18
7.68+0.31
8.08+0.25
8.30+0.28
8.19+0.33
8 ~ 11+0.24
8.11+0.30

7.00+0.34
7.04+0.39
7.46+0.27
7.54+0.34
7.66+0.27
6.77+0.36
7.14+0.28
8.11+0.29
8.10+0.33

5.16+0.22
5.68+0.24
6.10+0.23
6.23+0.33
8.32+0.41
6.71+0.46
8.17+0.27
8.29+0.24
7.78+0.29

3.83+0.17
4.53+0.14
5.32+0.36
5.84+0.19
8.10+0.30
6.99+0.44
8.18+0.35
8.08+0.33
7.90+0.30
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TABLE IV. Mean kinetic energy ( T ) (in MeV), of krypton and xenon isotopes formed in

thorium bombarded with 0.15, 1, 2.5, and 24 GeV protons.

Isotope 0.15
Proton energy (GeV)

1 2.5 24

Kr 78
80
81
82
83
84
85
86

63.1+9.6

81.8+ 10.6
89.3+7.4
92.8+9.7
82.4+6.3
86.9+8.3

60.2+8.4
88.2+7.8

83.8+12.9
81.9+6.7
78.6+5.7
78.8+6.8
74.7+5.1

72.3+9.4

25.6+4.3
51.2+7.0
48.0+5.9
58.S+5.4
60.7+7 4
63.8+5.5
68.0+S.3
70.2+7.3

18.8+2.6
39.7+3.4
34.6+2.6
51.7+5.2
54.3+4.1

58.7+4.6
68.7+8.8
6.37+4.3

Xe 124
126
128
129
130
131
132
134
136

54.9+3.0
55.9+2.2
5S.1+3.7
61.0+3.3
60.9+3.6
59.5+4.1

58.1+3.0
57.6+3.6

47.6+4.4
48.0+5.1

53.0+3.7
51.5+4.4
55.6+3.5
43.8+4.2
48.3+3.5
58.6+3.5
57.5+4.0

28.4+2.0
32.8+2.3
37.1+2.4
38.1+3.5
64.7+6.2
42.7+5.2
62.0+4.0
63.2+3.6
55.2+4.0

18.4+1.2
23.6+1.1
29.8+3.3
34.2+1.9
62.2+4.5
46.4+5.4
62.0+5.1

59.8+4.8
55.9+4.1

V. DISCUSSION

Table VII shows the variation of N/Z ratios for
&r and ' 4 ' 6xe around the stability line.

Effects from N/Z will be emphasized in the fol-
lowing discussion.

A. Cross sections, E/8 ratios,
and experimental ranges 2W(I'+8)

Differences of production mechanisms between
neutron deficient and neutron excess isotopes not-
ably concern cross sections, I'/8 ratios, and experi-

TABLE V. ( T ) /E ratio of experimental to calculated kinetic energy (see text).

Isotope 0.15
Proton energy (GeV)

1 2.5

Kr 78
80
81
82
83
84
85
86

0.65+0.10

0.84+0.11
0.91+0.08
0.95+0.10
0.85+0.06
0.90+0.09

0.62+0.09
0.90+0.08
0.86+0.13
0.84+0.07
0.80+0.06
0.81+0.07
0.77+0.05
0.75+0.10

0.26+0.04
0.62+0.08
0.49+0.06
0.60+0.06
0.62+0.08
0.65+0.06
0.70+0.05
0.72+0.08

0.19+0.03
0.41+0.04
0.35+0.03
0.53+0.05
O.S6+0.04
0.60+0.05
0.71+0.09
0.66+0.04

Xe 124
126
128
129
130
131
132
134
136

0.72+0.04
0.76+0.03
0.75+0.05
0.85+0.05
0.85+0.05
0.85+0.06
0.85+0.04
0.86+0.05

0.63+0.06
0.63+0.07
0.72+0.05
0.70+0.06
0.78+0.05
0.61+0.06
0.69+0.05
0.85+0.05
0.86+0.06

0.37+0.03
0.43+0.03
0.51+0.03
0.52+0.05
0.90+0.09
0.60+0.07
0.88+0.06
0.92+0.05
0.83+0.06

0.24+0.02
0.31+0.01
0.41+0.05
0.47+0.03
0.87+0.06
0.65+0.08
0.88+0.07
0.87+0.07
0.84+0.06
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TABLE VI. Excitation energies E* (in MeV) of residual cascade nuclei, leading to kryp-
ton and xenon isotopes, formed by interaction of thorium with 0.15, 1, 2.5, and 24 GeV pro-
tons.

Isotope 0.15
Proton energy (GeV)

1 2.5

Kr 78
80
81
82
83
84
85
86

61+10

74+16
51+ 11
52+ 7
54+ 8
55+ 7

294+ 50
303+ 48
385+103
284+ 36
244+ 28
229+ 28
222+ 24
139+ 30

443+92
409+69
552+78
402+48
356+60
205+29
243+30
109+28

142+23
204+31
158+30
180+34
142+26
183+19
197+31
126+19

Xe 124
126
128
129
130
131
132
134
136

75+ 8

74+ 7
73+ 10
46+ 4
58+ 6
47+ 4
37+ 5
37+ 6

252+ 34
210+ 27
173+ 19
167+ 24
80+ 9

117+ 17
63+ 8
69+ 8
71+ 8

306+33
283+34
260+31
236+31
140+26
231+43
125+11
125+19
119+13

183+19
161+18
211+37
150+15
101+ 9
195+34
120+15
117+13
94+ 9

mental ranges 2W'(F+B). A good representation
of these differences is obtained by showing on the
same graph the variation of these three experimen-
tal data with incident energy, as Biswas and
Porile" have done for cerium, lanthanum, and
barium isotopes. The results obtained for the eight
krypton isotopes and the nine xenon isotopes stud-
ied here are presented in Fig. 1 (Kr) and Fig. 2

(Xe).
In the case of the krypton isotopes, the behavior

of the three parameters o, F/B, and 2W(F+B)
changes progressively from that of neutron-
deficient (increasing cross sections, F/B ratios
showing a maximum at about 2.5 GeV, and de-
creasing ranges between 1 and 24 GeV) to that of

neutron-excess nuclides.
Kr, Kr, 'Kr, and Kr all show the charac-

teristics of neutron-deficient isotopes, but not to
the same extent. Specifically, these characteristics
are less pronounced for Kr (particularly for the
fall of the ranges beyond 1 GeV) than for the oth-
er three isotopes. Kr and Kr represent two
transition isotopes. Their cross sections seem to go
through a maximum at about 1 GeV and the
values at 2.5 and 24 GeV are intermediate between
those at 0.15 and 1 GeV. The maximum at 2.5
GeV for the I'/8 ratios is less distinct, as is the
fall in the ranges beyond 1 GeV.

Kr and Kr exhibit the classical behavior of
neutron-excess isotopes: slight decrease or constan-

TABLE VII. Variation around the stability line of N/Z ratios for Kr and '

Kr 78 80 Stability 83 84 85

N/Z 1.17 1.22 1.25 1.28 1.292 1.31 1.33 1.36 1.39

128 Stability 130 132 134 136

N/Z 1.30 1.33 1.37 1.39 1.393 1.41 1.43 1.44 1.48 1.52
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FIG. 1. Incident energy dependence of o. (left), F/B
(middle), and range (right) of krypton isotopes formed

by interaction for ' Th with high-energy protons.
Numbers in brackets are the X/Z ratios of the product
nucleus.

cy of F/B ratios and ranges between 0.15 and 24
GeV. With regard to cross sections, another
parameter may be used to differentiate neutron-
deficient and neutron-excess products, i.e., the ratio
o2 5/~0 j5 of the cross section at 2.5 and 0.15 GeV.
For krypton isotopes, this ratio decreases with in-

creasing neutron number, the greatest value being
that for 'Kr. It may be noted that the neutron-
deficient characteristics of this isotope (increasing
cross sections, maximum of F/B, and decrease of
ranges) are more pronounced than for Kr. This
is due to the fact that 'Kr is protected towards

P isobars, which is not the case of Kr.
In the case of xenon isotopes, the situation is

clearer still: ' Xe, ' Xe, ' Xe, and ' Xe show
the behavior of neutron-deficient nuclides, these
characteristics being all the more marked as these
isotopes are neutron poor. ' Xe, ' Xe, ' Xe,

136
Xe

( 1.52)
3

1 10

1.2 -i

1

1.0
1 10

Ep (GeV )

9-

10

FIG. 2. Incident energy dependence of cr (left), F/B
(middle), and range (right) of xenon isotopes formed by
interaction for ' Th with high-energy protons. Num-

bers in brackets are the X/Z ratios of the product nu-

cleus.

Xe, and, to a lesser extent, ' 'Xe exhibit the
characteristics of neutron-excess nuclides. The
' 'Xe excitation function is similar to those of oth-
er neutron-rich isotopes, but the F/B ratios seem

to go through a slight maximum at 2.5 GeV and
the range falls by about 15% between 0.15 and 1

GeV.
The ratios cr2 5/oo ~5 (Table I) show that the dis-

tinction between neutron-deficient and neutron-

excess nuclides is sharper for xenon than for kryp-
ton. For xenon, all the values of this ratio are
higher than 1.5 for neutron-poor isotopes and
smaller than 0.7 for neutron-rich isotopes; the fall
of this ratio from ' Xe to ' Xe approaches a fac-
tor of about 8.
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B. Test for fission: ratios (T)/E
As indicated above, the comparison between ex-

perimental kinetic energies ( T) and those calculat-
ed theoretically, E, by Nix and Swiatecki pro-
vides an interesting indication of the fission contri-
bution. However, agreement between experimental
and calculated values does not mean that the pro-
duction mechanism is necessarily binary fission,
but simply that the results are consistent with such
a process.

As expected, all the values ( T) /E (Table V) are
less than unity, since in the calculations, the target
nucleus is assumed to be the fissioning nucleus.
The mass difference due to nucleons lost during
the cascade step and to prefission evaporation is
not taken into account.

For krypton as well as for xenon, this ratio is
greater than 0.60 for all isotopes at 0.15 and 1

GeV. It seems reasonable to suppose that fission is
the main mechanism leading to all these isotopes at
energies up to 1 GeV. However, for relatively low
energies (0.15 and 1 GeV), we note in many cases
that the values of (T)/E are a little smaller for
neutron-deficient than for neutron-excess nuclide.
This fact may be explained by assuming that the
fissioning nuclei responsible for neutron-poor iso-
topes are lighter than those leading to neutron-rich
products. Such a hypothesis is confirmed by the
excitation energies of residual cascade nuclei (Table
VI). Tables IV and VI show —essentially for xenon
at 1 GeV—that lower kinetic energies (neutron de-
ficient case) correspond to higher excitation ener-

gies, and that the reverse is true for neutron-excess
isotopes. High excitation energies correspond to
lighter cascade and fissioning nuclei than do low
excitation energies. Consequently, neutron-
deficient fission fragments have less kinetic energy
than neutron excess. This appears in Fig. 3.

Differences between neutron-poor and neutron-
rich nuclides become important at 2.5 and still
more so at 24 GeV. This is apparent in Fig. 4,
which represents the variations of ( T) /E with in-
cident energy for six xenon isotopes: ' Xe, ' Xe,
and ' Xe have (T)/E ratios approximately con-
stant, whatever the incident energy. Consequently,
for such nuclides, fission may be the principal
mechanism responsible for their formation over the
whole energy range considered. The behavior of

Xe, Xe, and Xe js very different: Their
( T) /E values decrease with increasing incident
energy, particularly between 1 and 2.5 GeV. For
such nuclides, fission may not be significant
beyond 1 GeV. This will be discussed below. For

(T)
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FIG. 3. Variation of mean kinetic energy and excita-
tion energy with isotope mass 3 for some xenon nu-
clides.
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FIG. 4. Incident energy dependence of experimental
to calculated kinetic energy ( T)/E ratio for six xenon
isotopes (' Xe, '~6Xe, ' Xe, "Xe, "~Xe, and "6Xe).

xenon, in conclusion, all the isotopes seem to be
mainly produced by fission at 0.15 and 1 GeV. At
2.5 and 24 GeV, only the most neutron-excess nu-
clides, ' Xe, ' Xe, ' Xe, ' Xe and, to a lesser ex-
tent ' 'Xe (because of cumulative effects of p+ iso-
bars), are still formed by the same mechanism.

For krypton as well, fission may be involved for
all isotopes at 0.15 and 1 GeV. At 24 GeV, how-
ever, the fission contribution increases with mass
number, but the distinction between neutron defi-
cient and neutron excess isotopes is less marked
than for xenon. This is due to cumulative effects
from both the p+ and p sides of the stability line
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FIG. 5. Incident energy dependence of cross sections
and excitation energies for four neutron deficient iso-
topes.

which contribute to the production of some nu-

clides ( Kr, Kr, and Kr).

C. Neutron-deficient isotopes
at 2.5 and 24 GeV

It has been seen above that the values of the
average excitation energies of the residual cascade
nuclei can be obtained from measured recoil data.
It is very instructive to compare, for neutron defi-
cient isotopes, the shape of the excitation functions
with the variation of the excitation energy E*
versus incident energy. Figure 5 shows results for

Kr, 'Kr, ' Xe, and ' Xe. %hereas the excita-
tion functions are increasing even at 2.5 and 24
GeV, the average excitation energies go through a
maximum at about 2.5 GeV, then decrease strong-
ly. This behavior is not understandable in the
framework of the conventional two step model.
Porile and Sugarman showed that the shift of the
excitation functions toward the formation of high-
energy reaction products (here neutron deficient

isotopes) could only be explained if, after a strong
increase up to a few GeV, the excitation energy
should remain essentially constant. Figure 5, how-
ever, shows the opposite behavior for E*. A possi-
ble explanation lies in the possibility that the P, -E*
relation [Eq. (2)] breaks down for neutron-deficient
production. This relation is assumed to hold up to
1.8 GeV even up to 3 GeV. Although some au-
thors have maintained that it was incorrect to use
it beyond a few GeV, valid results for E~ are ob-
tained from Eq. (2) when E~ & 3 GeV for several
high-energy nuclear reactions such as neutron-rich
production by GeV fission. Consequently, this re-
lation may be used at high energy in some cases.
On the other hand, as mentioned above, the P,-E~
correlation was obtained from classical cascade cal-
culations. Thus, the breakdown of this correla-
tion beyond 2.5 GeV may mean that, at such ener-
gies, the classical cascade model ceases to be valid
for neutron-deficient nuclides production. This as-
sumption is corroborated by some experimental
features pointed out by several workers. ' One
of these is the behavior of multiplicity ratio
R~ ——(n)~l(n), where (n)z and (n) are, respec-
tively, the average number of charged particles
emitted in particle-nucleus collisions and in
particle-particle collisions. This ratio Rz is nearly
independent of incident energy and increases by a
factor of only about 2 from hydrogen to urani-
um. If secondary particles effectively participat-
ed in an intranuclear cascade, Rz would increase
more sharply with target mass. Consequently, it
has been supposed that the fast secondary particles
do not interfere in the cascade step. This assump-
tion is the basis of several collective models, such
as the energy flux model, the collective tube
model, ' and the effective target model. All
these models share the idea of a collective interac-
tion between the incident particle and the target
nucleus. According to these models, a highly rela-
tivistic particle may act collectively with the nu-
cleons of the target along its path, in contrast to a
conventional intranuclear cascade consisting of a
number of collisions with individual quasifree nu-
cleons.

Several authors"' ' have tried to apply these
new concepts of high-energy physics to proton-
nucleus interactions at a few GeV, particularly in
an attempt to understand deep spallation reactions.
According to these authors, the collective interac-
tion between incident proton and target nucleus in-
volves the ejection of a "tube" of nuclear matter in
the forward direction, leaving behind a highly un-
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stable residual nucleus. This residue may break up
in two or more fragments, preferentially emitted
transversely to the beam direction. Since the eject-
ed tube carries off the greater part of the momen-
tum of the incident proton, relatively little is
transferred to the spectator residue. Thus, the ob-
served products resulting from deexcitation of
these fragments would have low F/B values and
sideways-peaked angular distributions. These
features have been observed in various experiments.

Such a collective interaction model qualitatively
explains some observed phenomena in deep spalla-
tion reactions. But, as mentioned by Pandian and
Porile, ' several major problems remain. Certain
experimental results, such as the decrease of the
ranges of neutron-deficient products, show that ex-
tensive mass loss occurs prior to breakup. This
phenomenon is, currently, not well understood
without the intervention of an important momen-
tum transfer which is in the opposite to the experi-
mental observations.

In the actual state of our knowledges, it is very
difficult to have a clear idea of the nature of deep
spallation reactions and, particularly of the produc-
tion of neutron-deficient isotopes. However, per-
ceptible progress has been realized in recent years.
It appears now that the transition between fission
and deep spallation for neutron-deficient nuclides
may be understood as a change of the first step of
the reaction from a classical intranuclear cascade
to a collective interaction. The nature of the latter
is not yet very clear. Moreover, it seems that the
impact parameter of the initial collision plays an
important role in the later evolution of the interac-
tion. A collective interaction involves a sufficient
amount of nuclear matter along the incident pro-
ton direction. Central, or near central, collisions
should cause such processes. In contrast, periph-
eral collisions would still lead to classical intranu-
clear cascade and, thus, to be responsible of binary
fission.

VI. CONCLUSIONS

The thick-target —thick-catcher technique and
mass spectrometry measurements have been used
to study the production of various krypton and xe-
non isotopes. The incident energy dependence of
cross sections, F/B ratios, and experimental ranges
2W(F+B) and the comparison between experimen-
tal and calculated kinetic energies are compatible
with the following two mechanisms. Fission is re-

sponsible for the formation of all the isotopes at
0.15 and 1 GeV, then only for that of the most
neutron excess (

' Kr and ' ' Xe) at 2.5 and
24 GeV. Deep spallation becomes the principal
mechanism for most neutron-deficient nuclides
( ' ' 'Kr and ' ' ' ' Xe) beyond 1 GeV. For
xenon isotopes the deep spallation contribution
depends on the NlZ ratio, but the separation is
distinct between neutron-excess and neutron-
deficient products. Such is not the case for kryp-
ton, since Kr represents, in some way, a tran-
sition group between neutron-rich and neutron-
poor nuclides. The transition between fission and
deep spallation is interpreted as a change in the na-
ture of the first step of the nuclear reaction from a
classical intranuclear cascade to a collective in-
teraction between incident proton and target nu-
cleus.
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