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The isotopic distributions of Rb and Cs from the fission of 2@U, +Th, and ~U induced by
40- to 60-MeV protons have been measured by means of an on-line mass spectrometer. The
Rb isotopic distributions have a Gaussian shape, but those of Cs are somewhat asymmetrical.
As the proton bombarding energy increases, the neutron-excess sides of the distributions re-
main approximately fixed while the neutron-deficient sides shift to lower mass numbers. The
distributions also show significant variations with the neutron-to-proton ratio of the target.

All the isotopic cross sections show a significant odd-even structure, with the formation of
even neutron isotopes being favored. The effect is more pronounced for the neutron-rich iso-
topes. A similar structure is found to occur in Rb and Cs distributions from fission induced
by thermal neutrons, 155-MeV protons, and 24-GeV protons, as well as in the Na and K cross
sections from 24-GeV-proton reactions with a variety of targets. The odd-even effect in the
Rb and Cs distributions can be accounted for by a 10 to 15% neutron-pairing effect in the
prompt yields and a 2 to 3/0 pairing effect in the neutron emission.

From the mean mass numbers of the Rb and Cs distributions, the average total number of
emitted neutrons has been estimated for each reaction. This information, together with other
results on neutron emission as a function of fragment mass, has allowed the mean mass num-
bers to be corrected for prompt neutron emission. These corrected values differ by about
one mass unit from the values predicted by the unchanged-charge-density mechanism and are
consistent with the same mechanism of charge division as that operating in thermal-neutron
fission,

INTRODUCTION

The usefulness of an on-line mass spectrometer
in the study of nuclear-reaction products has been
demonstrated in previous publications. " In the
present paper we report the Rb and Cs isotopic
cross sections from the fission of 'MU, ~Th, and
'"U induced by 40- to 60-MeV protons. In connec-
tion with the same experiment, the half-lives of
the new isotopes 9 Rb, Sr, and 6Cs were
also measured and are reported elsewhere. ' Pre-
vious cross-section measurements in this energy
range have consisted of radiochemical investiga-
tions' ' of the fission of '"U '"Th '"U '"Pu
and '"U induced by 20- to 85-MeV protons. The
on-line mass spectrometer has the advantage of
allowing independent-yield measurements of essen-
tially all the isotopes of a given element with a
high degree of precision.

Sufficiently precise data can allow the observa-
tion of neutron-pairing effects in the isotopic dis-
tributions. Several authors have reported the ex-
istence of pairing effects in thermal-neutron and
spontaneous fission. Thomas and Vandenbosch'
demonstrated how structure in fragment kinetic en-
ergy distributions could be correlated with pairing
terms in the mass surface. Wahl, Norris, Rouse,
and Williams' showed that in the thermal-neutron

fission of "'U the yields of even-Z elements are
higher than those of odd-Z elements by as much as
40%. These authors found little evidence for a sim-
ilar dependence of isotonic yields on neutron num-
ber, probably because the effect was obscured by
neutron emission. Konecny, Gunther, Siegert, and
Winter' measured independent yields at various
values of the fragment kinetic energy in the ther-
mal-neutron fission of '"U. For high kinetic ener-
gies they found that the yields of even-even frag-
ments are favored over those of odd-odd fragments.
A number of authors" "have observed a pro-
nounced odd-even effect in the cross sections of
light products from high-energy nuclear reactions.

Since Rb and Cs are nearly complementary in
the fission reactions studied, their isotopic dis-
tributions give information on the charge-distribu-
tion mechanism at medium energies. It is not
clear whether this mechanism is the same as that
of low-energy fission, or whether a new process
begins to play a role at higher excitation energies.
In thermal-neutron and spontaneous fission there
is a rearrangement of the nuclear charge such that
the heavy fragment has a higher neutron-to-proton
ratio than the light fragment. This rearrangement
of charge has been described in terms of various
models such as equal charge displacement (ECD),"
minimum potential energy, "maximum energy re-
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lease, "or maximum excitation energy. " This
same charge-distribution mechanism appears to
be valid for excitation energies &20 MeV. ' On

the other hand, there is some evidence that at
higher excitation energies fission occurs so quick-
ly that the two fragments are left with the same
neutron-to-proton ratio as the fissioning parent
[unchanged charge density (UCD)]. Colby and

Cobble" reported that their results from the 20-
to 40-MeV He-induced fission of 'U, ' U, and
'"U were consistent with UCD and inconsistent
with ECD. Benjamin, Marsden, Porile, and Yaffe'
found that their results from the 20- to 85-MeV-
proton fission of Th and U lay between the pre-
dictions of UCD and ECD, but closer to UCD. On

the other hand, McHugh and Michel" obtained re-
sults from the He-induced fission of "Th and '3'U

that were inconsistent with the UCD mechanism.
Briefly, the present investigation was undertaken

to study the variations of isotopic distributions
with bombarding energy and target. As a result
we have obtained information on neutron-pairing
effects and the charge-distribution mechanism at
medium energies.

EXPERIMENTAL METHOD

A. Mass Spectrometer

The operation of the on-line mass spectrometer
ha, s been described in detail elsewherex, 2, xx, 2s and

only the basic features are given here. In this in-
strument the target chamber and the ion source
are combined in a single unit. The target material
is evaporated in the form of a. salt onto a number
of graphite strips (usually about 20, each measur-
ing 15@4.3 mm' in area and 70 p in thickness).
The bundle of graphite strips is then enclosed in a
Ta cylinder and the whole assembly is heated up to
2000'C by Joule effect. During an irradiation by a
beam of high-energy particles, recoiling reaction
products are stopped in the hot graphite. The alka-
li products diffuse out quickly and are ionized by
surface ionization. The ions are then extracted
through a slit in the Ta cylinder and analyzed in a
conventional mass spectrometer with a 90' sector
magnet and a 30-cm radius. Finally the ions pass
through a detector slit and are individually counted
by means of an electron multiplier. Because of the
high diffusion rates and low ionization potentials of
the alkali elements, a high degree of chemical se-
lectivity is obtained for these elements.

B. Irradiations

Targets consisting of l to 3 mg/cm' of 2MU, "2Th,
and ' 'U were irradiated in an external proton beam
of the Grenoble isochronous cyclotron. Proton
bombarding energies used were 40, 50, and 60

MeV. The beam intensity on the target was about

2 p.A and this was pulsed to give an irradiation
lasting 100 msec every 4.8 sec.

C. Recording of Mass Spectra
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FIG. 1. Scheme of irradiation and scanning. Time ze-
ro is the beginning of the proton pulse. The times during
which spectra A and 8 were recorded are indicated by
vertical dashed lines.

A mass range of about four mass units in the Rb

region or five mass units in the Cs region was
scanned at one time by means of a triangular modu-

lation of the ion accelerating voltage. A rather
fast modulation of 40 cps was used because of the

rapid diffusion rates of Rb and Cs and because of
the time-dependent background between each pro-
ton pulse. The mass spectra taken during each
scan were stored in a multiscaler memory whose

cycling period was synchronized with the high-volt-
age sweep. The general scheme of irradiation and

voltage scanning is shown in Fig. 1. Mass spec-
tra corresponding to two different time intervals
in the irradiation cycle were stored in different
subgroups of the multiscaler memory. The first
spectrum (spectrum A) was recorded during and

immediately following the proton beam burst. This
spectrum contained most of the independently pro-
duced Rb or Cs. The second spectrum (spectrum
B) was recorded shortly before the beginning of
the next beam burst and contained slowly diffusing
Rb or Cs plus any steady-state contribution from
cumulative yields and natural contamination. The
difference between spectrum A and spectrum B
thus yielded directly the relative independent
yields.

The spectrum for a certain mass range was re-
corded over a period of 10 to 30 min in order to
accumulate an adequate number of counts. The
next mass range was then obtained by changing the
magnetic field. There was always at least one
mass overlap between one range and the next for
normalization purposes. In this way the relative
independent yields were obtained for an entire iso-
topic distribution.
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D. Corrections for Mass Discrimination RESULTS

The scanning of the accelerating voltage of the
mass spectrometer leads to a bias in favor of
lighter masses. By means of electrical and mag-
netic scanning of the same spectrum of stable iso-
topes, this bias was measured to be (0.58 + 0.05@
for a lg mass difference, and an appropriate cor-
rection was applied to all the experimental data.
Any mass discrimination due to differences in re-
coil ranges of different isotopes was estimated to
be less than 2% between the lightest and heaviest
isotopes of a given element, and this effect has
been neglected in the experimental results.

Throughout the experiment it was assumed that
all isotopes of a given element diffuse out of the
target at the same rate. In an earlier experiment
Chaumont" found that any discrimination due to dif-
ferent diffusion rates between "Rb and "Rb was
less than 2%. However, the fact that the ion cur-
rent varies nonlinearly during a mass scan leads
to a distortion of the mass spectra and consequent
errors of 0.5 to 1k in the yield ratios of consecu-
tive isotopes. Corrections for this effect were
made from measured diffusion curves, i.e., re-
cordings of the ion current of a stable or long-
lived isotope as a function of time after the beam
burst (see Ref. 11). Corrections were also made
for the radioactiv'e decay of the shortest-lived iso-
topes during diffusion out of the target.

The independent cross sections for the formation
of Rb isotopes are presented in Table I, and those
for the formation of Cs isotopes are presented in
Table II. The quoted errors indicate the precision
of the measurements within a given isotopic distri-
bution. The Rb yields were normalized at mass 86
and the Cs yields at mass 132, 134, 136, and 138
to the radiochemical cross sections of Davies and
Yaffe' in the case of '~U, and to the data of Benja-
min, Marsden, Porile, and Yaffe' in the case of

Th. The Cs yields from 2 5U were normalized to
the measurements of Saha, Tomita, and Yaffe' at
mass 131, 132, 134, and 136. No Rb cross sec-
tions are available for "'U. Since the Rb distri-
butions from ~'U and "U have about the same
width, the values in Table I have been normalized
so that the area of the distribution from '"U is the
same as that from ~ U at 50 Me&. All the 'U
cross sections have been corrected for the fact
that the "'U targets contained V% "'U. The Cs nor-
malizations at the different mass numbers agreed
within the expected errors, and the over-all nor-
malization errors for the Cs cross sections are
8% for 8U, 12$ for "Th, and 9% for '"U. For
the Rb normalizations at mass 86, the errors are
29, 28, and 35%, respectively, for 'MU at the
three energies, and 34% for '"Th.

In some cases it was not possible to measure the

TABLE I. Rb cross sections (mb). Values in parentheses are interpolated. The quoted errors indicate only the pre-
cision of the measurements. Normalization errors are given in the text.

238

p energy 40 MeV

238U

50 MeV

238U

60 MeV

232Th

50 MeV

235U a

50 MeV

85
86
87
88
89
90
91
92
93
94
95
96
97
98

0.070+0.003
(0.433)

1.69 + 0.02
3.32 +0.02
6.26 +0.03
9.09 +0.03
8.77 + 0.03
6.85 +0.04
3.34 +0.02
1.51 + 0.01
0.419+0.006
0.117+0.002
0.014+0.001

0.150+0.012
(1.03)

3.16 + 0.06
7.45 ~0.07

12.65 + 0.08
17.75 +0.09
16.04 +0.08
12.19 +0.10
5.91 +0.06
2.67 +0.03
0.758 + 0.011
0.210+0.004
0.028 + 0.001

0.30 +0.08
(2.03)

5.27 +0.28
10.78 + 0.13
17.42 +0.15
22.38 +0.15
20.12 + 0.13
14.92 +0.15
7.31 +0.08
3.28 +0.05

(1.16)
0.27 + 0.02
0.06 + 0.02

0.06
0.30
1.43
4.52
8.77

12.84
14.51
10.80
6.39
2.35
0.89
0.210
0.054

+ 0.03
+0.03
+0.06
+ 0.08
+0.06
+0.06
+ 0.06
+0.11
+0 07
+0.04
+0.02
+ 0.008
~0.005

0.34 + 0.02
0.84 + 0.02

(3.06)
7.38 +0.06

12.97 +0.07
16.36 +0.07
17.00 ~0.07
11.83 +0.10
6.80 + 0.07
2.36 +0.04
0.76 + 0.02
0.215 + 0.009
0.052+ 0.005

Total

Width b

41.88

91.511+ 0.003

1.818 + 0.002

80.00

91.402 + 0.005

1.826 + 0.004

105.86

91.295+ 0.013

1.925+ 0.010

63.12

90.747+ 0.007

1.762+ 0.006

80.00

90.425 + 0.006

1.833 + 0.003

Normalized to give the same area as the Rb distribution from 2 U at 50 MeV.
b Standard deviation of the distribution.
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independent yields of Rb at mass 87 and of Cs at
mass 133, 135, and 137. This was due to high cu-
mulative yields at these masses and anomalous en-
hanced diffusion of the cumulative components dur-
ing proton irradiation. The problem was most se-
rious for the '38U target, which had had a long his-
tory of irradiation and thus had accumulated large
amounts of Rb and Cs at these masses. This diffi-
culty did not occur at other masses, where the cu-
mulative yields are much lower and where the half-
lives of the alkalis are much shorter. The values
enclosed in parentheses in Tables I and II have
been interpolated or extrapolated from smooth
curves drawn through the data points. These val-
ues were needed to allow integration of the total
distributions.

For each distribution Tables I and II show the to-
tal elemental cross section along with mean mass
number (A) and the "width" or standard deviahon
of the distribution. The errors in the quantities
(A) and "width" depend only on the precision of
the mass-spectrometric measurements, and hence
are very small.

The Rb distributions from '38U at the three bom-
barding energies are shown in Fig. 2, and from the
three targets at a bombarding energy of 50 MeV in
Fig. 3. The distributions are quite symmetrical,
and it was found that they could be well represented
by Gaussian curves. The Cs distributions from

'asU at the three bombarding energies are shown

in Fig. 4, and from the three targets at a bombard-
ing energy of 50 MeV in Fig. 5. These distribu-
tions are broader and decidedly less symmetrical
than those of Rb. In particular, the Cs distribu-
tions have a pronounced shoulder on the heavy-
mass side.

Variations with Bombarding Energy

Even over the narrow energy range of 40 to 60
MeV, there is a distinct energy dependence. In
Fig. 4 it is apparent that, as the bombarding ener-
gy increases, the heavy-mass side of the Cs dis-
tributions remains approximately fixed, while the
light-mass side shifts downward toward more neu-
tron-deficient isotopes. In Fig. 2, the cross sec-
tions of the neutron-deficient Rb isotopes increase
more rapidly with bombarding energy than those
of the neutron-rich isotopes, and there is a net dis-
placement of the centers of the distribution to low-
er mass numbers.

These trends can be expressed more quantitative-
ly in terms of the mean mass numbers (A) and
standard deviations of the distributions. In Fig. 6
the quantities ((A) -Z}/Z, which are the average
neutron-to-proton ratios of the isotopic distribu-
tions, are plotted as functions of bombarding ener-
gy for MU fission and '"Th fission. Figure 7

TABLE II. Cs cross sections (mb). Values in parentheses are interpolated or extrapolated. The quoted errors in-
dicate only the precision of the measurements. Normalization errors are given in the text.

Target 238U

p energy 40 MeV

238U

50 MeV

238U

60 MeV

232Th

50 MeV

235U

50 MeV

130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146

Total

width ~

0.032 + 0.006
0.177+0.008

(0 .950)
3.27 ~ 0.05

(8 .54)
17.24 ~ 0.11

(21.50)
22.52 + 0 .19
20,53 + 0.12
14.30 + 0.15
9.56 + 0.11
4.19 + 0.06
1.98 + 0.05
0.360 + 0.017
0.113+0.008
0.031+0.007

127.00

138.056 +0.011

2.099+0.009

0.09 + 0.01
0.56 + 0.03

(2.35)
6.50 + 0.09

(15.0)
24.4 + 0.2

(27.4)
22.8 + 0.3
19.6 + 0.4
13.4 + 0.3
10.1 + 0.2
4.89 + 0.13
2.54 +0.06
0.72 + 0.03
0.20 + 0.02

150.0

137.680 + 0.014

2.266+ 0.009

(0.35)
1.04 + 0.12

(3.50)
8 .58 +0.04

(16.6)
23.6 +0.5

(25.9)
21.2 +0.8
16.g + 0.4
11.9 + 0.4
8.8 +0.3
4.6 + 0.2
2.5 +0.2

(1.1)
(0.5)

146.5

137.491 +0.024

2.413 + 0.015

0.45 +0.04
1.41 +0.08
4.78 + 0.18

11.8 + 0.3
18.9 +0 2

(21.8)
21.2 +0.4
14.8 + 0.3
9.0 + 0.3
5.9 + 0.2
2.45 + 0.12
1.06 + 0.09

(o.3o)

113.8

137.504 + 0.015

2.062 + 0.010

0.11 + 0.02
0.93 ~ 0.04
3.11 + 0.08
7.g2 +0.16

13.0 + 0.2
18.9 + 0.3
19.2 ~ 0.3
20.7 + 0.3
14.7 + 0.3
7.47 + 0.18
4.56 + 0.16
2.70 + 0.10
1.00 + 0.05
0.30 + 0.05
0.04 +0.02

114.6

136.231+ 0.013

2.198+ 0.008

Standard deviation of the distribution.
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Variations with Target

In Figs. 3 and 5 the distributions from ' 'U fis-
sion have about the same width as those from '~U
fission, but are shifted to lower mass numbers.
On the other hand, the distributions from 2S~Th fis-
sion are distinctly narrower than those from '~U.
This narrowness is also evident in Fig. 7. In Fig.

widths of the distributions. Yaffe4 has reported an
analogous shift of the most-probable charge to-
wards stability, and a broadening of charge-distri-
bution curves with increasing bombarding energy
in the range 20 to 85 MeV.

Two further observations are worth noting here.
First of all, there is a considerable gap in Fig. 6
between the N/Z ratios of Cs distributions and
those of Rb distributions, with the Cs distributions
being more neutron rich. The magnitude of this
gap does not appear to change with energy. Second-
ly, in thermal-neutron fission, the Rb and Cs dis-
tributions both have the same standard deviation"
of 1.52+0.03 mass units. However, it is apparent
from Fig. 7 that the Cs distributions broaden much
more quickly with increasing bombarding energy.
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8 the average neutron-to-proton ratios of the prod-
uct distributions at a bombarding energy of 50 MeV
are plotted as a function of the N/Z ratios of the
targets. It is clear that a more neutron-rich tar-
get leads to more neutron-rich products. However,
the relationship is far from being linear as one
might at first expect. The average N/Z ratio of Rb
from "'Th is too low, and that of Cs from "'Th is
too high. Hence it would be unwise to make inter-
polations for other fissioning nuclei from this type
of graph. All three targets show a wide gap be-
tween the average N/Z ratios of Cs distributions
and those of Rb distributions.

Odd-Even Effect

l2- 235U

„0 MeVn 232Th

50 M

shown in Fig. 10. The experimental data of
Chaumont" have been used to compute the third
differences from fission by thermal neutrons, 155-
MeV protons, and 24-GeV protons. From these
graphs it is evident that a small but significant odd-
even effect exists in all of the Rb and Cs isotopic
distributions measured up to the present. This ef-
fect varies more or less smoothly with mass num-
ber, but shows no apparent dependence on target
or bombarding energy. The effect is 10% or higher

It is already apparent in Figs. 2 to 5 that there
is a slight odd-even structure in the Rb and Cs
cross sections, particularly for the neutron-rich
isotopes. The tendency is for the yields of the
even-neutron (odd-mass) isotopes to be favored.
In order to make this structure more evident we
shall employ a method of differences. Let Lo Lg,
L„and L, be the natural logarithms of the rela-
tive isotopic yields at the mass numbers A, A+1,
A+2, and A+3. We then define the third difference
for this mass interval as:

D~-=~(-I)"[(L~ -Lo) -3(L2 —L,)].
If L, to L, lie on a parabola (i.e. , the data are
Gaussian) then it is easily shown that the third dif-
ference is exactly zero. Suppose now that the loga-
rithms of the yields of odd-mass isotopes all lie
above a smooth parabola by an amount A, and those
of even-mass isotopes all lie below this curve by
an equal amount. Then, starting with a mass inter-
val where A is even, we replace Lo by Lo —~, etc.
in Eg. (1) and the third difference becomes
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For the next consecutive mass interval, which
starts at A+1, the third difference will also be
+ Q.

Thus if the yields of odd-mass isotopes are fa-
vored, the third differences will be consistently
greater than zero and will yield directly the aver-
age fractional odd-even effect for each interval of
four masses. In this treatment, it is not necessary
to assume that the logarithms of the yields are
best fitted by a parabolic curve. If the "best"
curve were to have a finite third derivative, then
the third differences would show regular oscilla-
tions because of the (-1)"term Correcti. ons could
easily be made for such an effect. The resulting
third differences for all Rb distributions are shown
in Fig. 9, and those for all Cs distributions are

78.5 82.5 86.5
MASS NUMBER

I

90.5
I I

94.5

FIG. 9. Percent odd-even effect in the Rb distributions.
The third difference for each mass interval A to A+ 3 is
plotted at the midpoint of this interval, i.e., at mass A
+1.5. In each case a smooth curve has been drawn by eye
through the computed points. Open circles represent
third differences containing one or more interpolated or
extrapolated yields. These points have been given less
weight when drawing the smooth curve. In some cases,
points with poor statistics near the edges of the distribu-
tions have been omitted. In the case of 2+Th+ 50 MeV p,
the point at mass 88.5 does include a measurement for
8~Rb. However, even a slight influence on this measure-
ment from the enhanced diffusion effect would show up
dramatically on the third difference. For that reason one
cannot draw any conclusion from the anomalous value that
appears at this mass.
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FIG. 12. Percent odd-even effect in Na distributions.
As before, the third difference for each mass interval A
to A+ 3 is plotted at A+ 1.5. The dashed lines indicate
the unweighted averages in each case.
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FIG. 11. Percent odd-even effect in K distributions.
See the caption of Fig. 9. The dashed line on the graph
for the V target indicates an anomalously high value at
39.5, undoubtedly caused by natural X contamination.

for the most neutron-rich isotopes, but levels off
to a value of about 2% near the maxima of the dis-
tributions. Some graphs show a tendency to in-
crease on the neutron-deficient side, but this is
not reproduced in all cases.

Figure 11 shows the third differences for the K
distributions measured for 24-GeV-proton reac-
tions by Chaumont. " The odd-even effect, partic-
ularly in the case of the Ta target, shows a behav-
ior similar to that of the Rb and Cs distributions.

Figure 12 shows the third differences for the Na
distributions measured for 10- and 24-GeV-proton

reactions by Thibault. " Here the odd-even effect
is much larger, but shows no obvious mass depen-
dence. The dashed line on each graph indicates
the unweighted average of the third differences.
This average varies from 10 to 20%. There is an
oscillation of points about the average values
which probably results from the fact that the Na
isotopic distributions are narrow and that the ef-
fect of the third derivative is significant over a
range of four masses.

DISCUSSION

A. Cascade-Evaporation Model

Although it is questionable whether Monte Carlo
cascade calculations make accurate predictions for
incident proton energies in the range of 40 to 60
MeV, certain features of the isotopic distributions
can be understood, at least qualitatively, in terms
of a prompt nuclear cascade followed by particle
evaporation. We have adapted a Monte Carlo cas-
cade calculation originally developed by Cohen, '4

to this energy region. It predicts a strong compo-
nent of compound-nuclear events (25 to 60%r of all
events) in which the nucleus receives the maximum
possible excitation energy. In addition, (p, xn) cas-
cade events lead to a spectrum of excitation ener-
gies which extends down to zero. The persistence
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of these low deposition energy events could explain
why the neutron-rich side of the isotopic distribu-
tions remains more or less fixed with increasing
bombarding energy. Qn the other hand, the pro-
gressively higher excitation energies available
with increasing bombarding energy lead to greater
neutron evaporation, and hence to increasingly
higher yields of neutron-deficient isotopes. Thus
the isotopic distributions appear to broaden toward
lower masses as the bombarding energy increases.

Furthermore, if we assume that for each excita-
tion energy the center of the isotopic distribution
is proportional to the atomic number of the ele-
ment, then the broadening of the Cs distributions
due to the spread in excitation energies should be
55/37 times greater than the broadening of the Rb
distributions. We do observe greater widths for
the Cs distributions although the factor 55/37 does
not appear to be exactly reproduced. It is possible
that the broader valley of P stability in the Cs re-
gion also plays a role in the greater widths of the
Cs distributions.

B. Analysis of Odd-Even Effect

An odd-even effect which favors even-neutron
species in the isotopic distribution could have two
possible origins:
(1) a preference in the nuclear division itself for
fragments with even numbers of neutrons, because
of the higher Q values involved;
(2) a tendency for odd-neutron prompt fragments
to evaporate slightly more neutrons than even-neu-
tron prompt fragments.

In the first case, neutron emission from the
prompt fragments will tend to smear out any struc-
ture originally present at the moment of scission.
However, this structure will tend to be preserved
on the neutron-rich side of the isotopic distribution.
This is because the yields of the neutron-rich frag-

ments are decreasing very quickly with increasing
neutron number, and neutron evaporation from
higher-mass isotopes has very little effect on the
observed yield of the isotope atmass A. Expressed
differently, the observed yields of the neutron-rich
isotopes result from events in which very few if
any neutrons are emitted. On the other hand, near
the maximum of the isotopic distribution, the yields
of adjacent isotopes are about equal, and neutron
emission from higher-mass isotopes becomes
more effective in smearing out pairing structure.
The mass dependence of the observed odd-even ef-
fects reported here would seem to support the first
case as the origin of the pairing structure. In the
second case, a pairing effect in the neutron emis-
sion leads to a structure which is nearly constant
with mass.

On the basis of the first case, a preliminary cal-
culation has been performed of the odd-even effect
in the Rb distribution from "U at 50 MeV. An
original pairing effect of constant magnitude was
assumed with respect to a smooth prompt curve
which was chosen so as to reproduce a Gaussian
fit to the observed yields after neutron emission
had been taken into consideration. The probability
P„of emitting n neutrons was assumed to be the
same for all isotopes, and to be given by the Pois-
son law

vP=—e'
n't

where v is the average number of emitted neutrons
from the Rb fragments. From the structured
prompt yields and the assumed neutron-distribu-
tion function the secondary yields were calculated
and then analyzed by the third-difference formula.
Taking v = 1.6 from Table III, we obtain the solid
curve in Fig. 13 for an effect 6 =+18' in the
prompt yields. This calculation reproduces the
general trend in the observed odd-even effect in

TABLE III. Number of emitted neutrons and charge-distribution mechanism.

Target 238U

p energy 40 MeV

238U.

50 MeV

238U

60 MeV 50 MeV

235U

50 MeV

Vp

~c
V@

Vi

~e
(A' (Rb))
(A'(Cs))
hA (Rb)
QA (Cs)
ZZ(ab)
4 Z(Cs)

7.00+0.04
0.35

2 06+1.6

1.53
3.06

93.04
141.12

—1.10 + 0.16
+1.19+0.16
+0.44+ 0.06
W.48 + 0.06

7.53+0.06
0.51

16+1+8

1.62
3.24

93.02
140.92

-1.03 + 0.16
+1.12 +0.16
&.41 + 0.06
-0.45 + 0.06

7.86 + 0.09
0.60

2.70", ,'
1.52
3.04

92.82
140.53

-0.99+ 0.16
+1.09 + 0.16
+0.40+ 0.06
-0.44 +0.06

7.33 + 0.06
0.50

2.19+0 96

1.55
3.09

92.30
140.59

-1.37 +0.16
+1.36+0.16
+0.55+0.06
-0.54+ 0.06

6.98 + 0.06
0.51

183+ '

1.55
3.09

91.97
139.32

-1.01+ 0.15
+1.11+ 0.15
+0.40+ 0.06
-0.44+ 0.06
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C. Total Number of Neutrons Emitted

From the (A) values in Tables I and II it is pos-
sible to calculate the average total number of emit-
ted neutrons, at least for the mass divisions stud-
ied, for each combination of target and bombarding
energy. This analysis is somewhat complicated by
the fact that Rb and Cs are not exactly complemen-
tary products as happened to be the case in the
thermal-neutron fission of "'U." However, in the
energy range of 40 to 60 MeV the probability of

l2
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U
U
LIJ 8-
UJ

LIJ
i

Ci
CI
O
I-
Z.'
LLI

CL
UJ
CL

88.5 90.5 92.5
MASS NUMBER

94.5 96.5

FlG. 13. Analysis of the odd-even effect in the Rb dis-
tribution from the fission of U by 50-MeV protons. The
points are computed from the experimental data, and are
the same as in Fig. 9. The solid curve shows the results
of the calculation for v =1.6, A=+18%, and no pairing ef-
fect in neutron emission; and the dashed curve for v =1.6,
4=+12%, and a +2.5% effect in neutron emission.

the region of high masses, but descends too quick-
ly to zero and fails to account for the 2 to 3% effect
near the yield maximum. A more satisfactory re-
sult is obtained by assuming a mixture of the first
and second cases. The Poisson distribution was
slightly modified to allow a a2.5% va, riation in P„,
depending on whether the emission of n neutrons
left the final nucleus with an even or odd total num-
ber of neutrons. The dashed curve in Fig. 13
shows the results of this calculation with b =+12%
in the prompt yields.

It is possible that the Poisson law does not give
a realistic distribution of the number of neutrons
emitted. A more exact calculation would make use
of neutron-evaporation theory and an appropriate
distribution of excitation energies for each isotope.
However, the precision of the third differences
computed from the experimental data probably
does not justify a more detailed analysis at this
time. In conclusion we feel that there is a 10 to
15% neutron pairing effect in the Rb and Cs prompt
yields and probably also a 2 to 3% pairing effect in
the neutron emission. We do not yet understand
the apparent increase in the odd-even effect to-
ward the neutron-deficient yields in some cases.

charged-particle emission is small; nearly all of
the events are of the compound-nucleus or of the

(p, xn)-cascade type. Thus in the case of uranium
targets the fissioning nucleus is almost certainly
some isotope of neptunium, and in the case of tho-
rium targets some isotope of protactinium.

If the fissioning nucleus is Np, then the comple-
ment of a Rb fragment is a Ba fragment, and that
of a Cs fragment is one of Sr. Furthermore, since
Ba is only one charge unit removed from Cs, the
mean mass number of Ba fragments can be esti-
mated as follows:

(A(Ba)) = ~(A(Cs));

similarly, we have

(A(Sr)) = Q (A(Rb)) .

This gives two expressions for v~, the total num-
ber of neutrons emitted both before and after fis-
sion:

v =A +1 —(A(Rb)) -~~(A(Cs))

and

vr =A, + 1 —(A(Cs)) —~387 (A(Rb)),

where A, is the mass number of the target nucleus.
The resulting v~ values from the two expressions
agree to within 0.04 neutrons. The two results are
averaged to give the number of emitted neutrons
for a mass ratio of about 1.5. A similar procedure
is followed for the Th target, except that Rb is
now paired with Xe, and Cs with Kr. The first
line of Table III shows the resulting v~ value for
each combination of target and bombarding energy.

A small error is introduced in expressions (2)
and (3) because the UCD mechanism is not strictly
valid (see next section), and hence the mean mass
number for each element is not exactly proportion-
al to the nuclear charge. However, the errors go
in opposite directions for the light and heavy frag-
ments and thus tend to cancel in the average value
of v~. A second small error occurs because the
number of prompt neutrons increases with frag-
ment mass and, for example, is higher for the
mass (A(Ba)) than for (A(Cs)). This leads to an
estimated correction of +0.05 neutrons, which has
been applied to the v~ values in Table III. Finally,
a small correction has been applied because of the
finite probability of emitting protons during the
prompt cascade. The number of cascade protons
varies from 0.01 per fission event at 40 MeV to
0.05 per fission event at 60 MeV, according to the
Monte Carlo calculation of Sec. A. The quoted er-
rors in the v~ values of Table III include the un-
certainties in these corrections.
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Av —-AD+1 —(~+ vz),

and its nuclear charge is

Z~ =Zo+1,

(4)

where Ao and Z, are the mass and charge of the
target nucleus, v~ is the number of neutrons per
fission event emitted during the prompt cascade,
and v~ is the number of neutrons evaporated be-
fore fission. The number v~ has been estimated
from the Monte Carlo calculations of Sec. A and is
shown in Table III for each combination of target
and bombarding energy. The calculation of the
number v~ begins with the spectrum of cascade
products and assumes that each evaporated neu-
tron carries off an amount of excitation energy
equal to its binding energy plus 2-MeV kinetic en-
ergy. The fission-width-to-neutron-emission-
width ratios, I'z/I'„, are calculated by means of a
statistical model, "and the resulting values of v~
are given in Table III. The lower limits in v~ are
obtained by using instead the 1 i/I'„values of Van-
denbosch and Huizenga, "who assume that I"i/I'„
is independent of excitation energy. However,
Cheifetz et a L."find better agreement with their
neutron-emission measurements in 155-MeV-pro-
ton fission by means of the same statistical model
used here. This model predicts that I i/I'„de-
creases with increasing excitation energy. The
upper limits in v~ are obtained by assuming that
only three of the total number of neutrons v~ are
emitted after fission. (Even in the thermal-neu-
tron fission of "'U, 2.5 neutrons are emitted af-
ter fission. ) We shall eventually show that the fi-
nal results are insensitive to these possible vari-
ations in v~. However, it is necessary & keep
three significant figures throughout Table III in
order to show that the errors cancel.

The numbers of neutrons v~ and v„emitted after
fission from the light and heavy fragments, respec-
tively, must now be determined. The sum af these
quantities is given by

Vg + Vg = Vr —(Vc+ Vg), (6)

D. Charge-Distribution Mechanism

The wide gap between the N/Z ratios of the Cs
and the Rb distributions evident in Figs. 6 and 8
already indicates that the UCD mechanism may
not be valid in fission at these energies. However,
before conclusions can be drawn about the charge-
distribution mechanism in proton-induced fission
at these energies, the average fissioning nucleus
must be determined and the mean mass numbers
of the Rb and Cs isotopic distributions must be
corrected for post-fission neutron emission. If
the small contribution from proton emission is ne-
glected, then the mass of the fissioning nucleus is

where v& has been estimated in Sec. C. Further-
more, the ratio v„/vi can be interpolated from
existing experimental data. In the 12-MeV-proton
fission of "'U, Cheifetz and FraenkeP' find vs/vi
-1.5 for a mass ratio of 1.5, i.e., the approxi-
mate ratio of the masses of Cs and Rb fragments.
Cheifetz et a/. 27 find that vv/vi increases to about
2.2 for the same mass ratio in the 155-MeV-pro-
ton fission of "'U. The measurements of Britt and
Whetstonea' on the 30-MeV ~He-indluced fission of
"'U indicate vs/v~ -1.7 for this mass ratio. We
are thus led to assume a value of 2.0 + 0.3 in 40- to
60-MeV proton-induced fission. The resulting val-
ues of vi and vH are shown in Table III along with
(A'(Rb)) and (A'(Cs)), the mean mass numbers of
the prompt Rb and Cs isotopic distributions, i.e.,
the experimental mean masses corrected for post-
fission neutron emission. Since our experimental
data consist of isotopic rather than isobaric dis-
tributions, we have chosen to calculate the most-
probable mass for a given element rather than to
follow the conventional procedure of calculating
the most-probable charge at a given mass number.
The prediction of UCD for the most-probable
prompt mass of an element with atomic number Z
is

Auto(Z) = (Z/Zv)Av

where A~ and Z~ have been substituted fram expres-
sions (4) and (6).

In Table III the rows titled hA{Rb) and hA(Cs) in-
dicate the differences between the mean prompt
masses (A'(Z)) and the UCD predictions AUcn(Z).
The quoted errors in the differences result from
the uncertainty of +0.3 in the ratio v„/vi. If the
upper or the lower limits on the v~ values are
taken instead of the central values, then the re-
sulting differences still faQ within the range of
their quoted errors. The reason for this is that
the quantities (A'(Z)) and AUcn(Z) both contain vs
[see expressions (6) and {'I)], and that the errors
in v~ tend to cancel when the difference is taken
between (A'(Z)) and A„'cn(Z). It is apparent that
all the mean prompt mass numbers Of the Rb dis-
tributions are lower than the UCD predictions, and
that the mean prompt mass numbers of the Cs dis-
tributions are higher by about the same amount.
The average difference from UCQ for the fission
of the uranium isotopes is abut 1.10 mass unite,
and that for the fission of '"Th is about 1.4. In
order to obtain agreement with UCD in case of ura-
nium fission, it would be necessary to add 1.10
neutrons to vi and to subtract the same number
from v„. This would give a ratio v„/vz -0.8,
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which is inconsistent with all the experimental
measurements of v as a function of fragment mass
in the medium-energy region.

In the thermal-neutron fission of 3'U Chaumont"
has found -1.16+0.11 and +1.15 +0.14 mass units,
respectively, for the differences between the mean

prompt masses of the Rb and Cs distributions and

the UCD predictions. These values are in excel-
lent agreement with our mass differences in the
40- to 60-MeV-proton fission of uranium isotopes.
The mass differences aA(Rb) and aA(Cs) have
been converted to charge differences by multiply-
ing by 0.4, the average charge-to-mass ratio, and

are shown as nZ(Rb) and EZ(Cs} in Table III. The
results for the fission of the uranium isotopes vary
between 0.4 and 0.5, which agree well with the
average charge differences obtained from the ther-
mal-neutron fission of '"U by radiochemical' and

by physical' 3' methods. As one final comparison,
we have carried out calculations for the fission of
'"U by 50-MeV protons based on the assumption of
ECD,"which has enjoyed considerable success in
thermal-neutron fission. First of all, the most-
probable charges were calculated by ECD for the
mean prompt masses of the Rb and Cs distribu-
tions. These most-probable charges were then
compared with the UCD predictions, and the differ-
ences, Z -Z", were+0. $6 for Rb and -0.32
for Cs. These values are in reasonable agreement
with +0.41~0.06 and -0.45 +0.06 obtained for this
reaction in Table III. ECD calculations for the
other reactions studied give similar results. In
particular, there is no tendency for the experimen-
tal results to lie between the UCD and ECD predic-
tions as some authors have suggested. 4' "

It must be pointed out that conclusions on the
charge-distribution mechanism at these energies
are sensitive to assumptions made about the divi-

sion of excitation energy between the light and

heavy fragments. Colby and Cobble, "as well as
Benjamin, Marsden, Porile, and Yaffe, ' assumed
that the excitation energy is divided in proportion
to the fragment masses; whereas the recent neu-
tron-emission measurements" ' would indicate
that the heavy fragment receives even more than
its share of the excitation energy on a proportion-
ality basis. These authors were thus led to under-
estimate the number of neutrons emitted from the
heavy fragments and, since their measurements
were mainly concerned with heavy fragments, they
obtained results which lay closer to the UCD pre-
dictions.

In this paper we are led to conclude that the
charge-distribution mechanisms operating in ther-
mal-neutron fission can account equally well for
the Rb and Cs cross sections in 40- to 60-MeV-
proton fission. This conclusion is based on our
precise independent-yield measurements of both

light and heavy fragments, as well as on the most
recent measurements of neutron emission as a
function of fragment mass.
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Neutron Radius of Pb from 166-Mev Alpha-Particle Scattering
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The elastic scattering of n particles is analyzed with an optical potential obtained by a
simple folding of the nuclear-matter distribution with an G. -nucleon interaction. The Pb
neutron-matter radius is extracted using the charge-distribution parameters. The result
r~= 5.75 +0.09 fm is compared with other determinations and some theoretical calculations.

The proton distribution in nuclei has been ob-
tained from elastic electron scattering or from
muonic x-ray spectra. The rms charge radius
r, = (r, ') '~2 and the surface thickness of the
charge distributions are relatively well known. '
The situation is quite different for neutron distri-
butions. If r~, r„, and r are, respectively, the
rms radii of proton, neutron, and neutron-matter
distributions, we have (r~') =(r, ') -0.64 fm'
and (r„') =(r ') -0.64 fm', the difference cor-
responding to the nucleon dimension. Different
methods have been used for the determination of

by means of sometimes questionable approxi-
mations. As a consequence, the theoretical re-
sults are sometimes inconsistent. The most strik-
ing example is that of '~Pb, where the experimen-
tal ~ values vary between 5.44 and 6.35 fm. For
theoretical calculations, one needs a. more precise
determination.

The 166-MeV z-particle beam of the Qrsay
synchrocyclotron was used to measure the elastic
scattering differential cross section. It has been
shown previously' ' that it is possible to calculate
an optical potential for 166-MeV a particles which
gives a good fit to differential cross sections. The
real part of that potential is given by the equation

V ~~, (r ) = U~ V(r, r )p(r)dr,

where p(r) is the matter distribution of the nucleus,
and V(r, r ) is an a-nucleon effective interaction
obtained from a nucleon-nucleon interaction
V(r, r )= V, exp{-[(r-r )/p]'j, with V, =-37
MeV and p, =2 fm. For simplicity, the imaginary
part of the optical potential is supposed to be pro-
portional to the real part, i.e., W,'p, (r„)= (U, /UR)
x V R, (r ). It has been shown previously that this


