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Passing mass separated recoil fission particles through a AE Si-surface barrier detector the nuclear charge
distributions of fission products were measured in the mass chains 79 to 100. The average nuclear charge as
well as the second, third, and fourth moment of the nuclear charge distribution reveal odd-even and shell

effects.
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odd-even effect.

I. INTRODUCTION

The knowledge of nuclear charge distributions
of fission products from *°U(n,,, f) has been based
for many years on radiochemical methods.' In
most cases only a few of the independent yields
could be determined for each isobaric chain. The
general features, however, were still seen, and
it was concluded that fission products with even
proton numbers are produced more abundantly
than fission products with odd ones.!

A quite different approach to determine nuclear
charge distributions was to use recoil separators.
With such a separator the nuclear charge distri-
butions of fission products were determined for a
few masses A as a function of the excitation of the
fragments.? From these results it was seen that
in even A nuclei, the formation of even-even nuclei
is favored at low excitation energy since the small
amount of energy available reduces the probability
of breaking nucleon pairs which is necessary to
form odd-odd nuclei. With the low intensity avail-
able at that mass separator only nuclear charge
sensitive detectors with large areas could be
used such as nuclear emulsions or gas and scin-
tillation counters® to record the total number of
B rays emitted from one fission product and from
its daughters. Attempts to observe the nuclear
charge dependent energy deposit in an 8 um thick
AE Si-surface barrier detector gave no results
due to the small area available and due to the
low particle intensity. Experiments with a gas
filled magnetic recoil separator had much higher
intensities. However, at this separator a separa-
tion of neighboring masses was not possible be-
cause of the limited mass resolving power. There-
fore only results averaged over several masses
could be obtained.*

When the new recoil mass separator LOHENGRIN
in Grenoble came into operation® the 8 pm thick

AFE Si-detector mentioned above was employed
successfully® to separate neighboring nuclear
charges. More recently another method had also
been used to observe the nuclear charge dependent
energy loss in thin foils by determining the vel-
ocity of the slowed down fission products.” Both
methods were applied successfully to determine
the nuclear charge distributions of fission products
of the light group provided by LOHENGRIN. From
such measurements new features of the nuclear
charge distributions were derived.”™*

II. EXPERIMENTAL PROCEDURE TO DETERMINE
NUCLEAR CHARGE DISTRIBUTIONS

The recoil separator LOHENGRIN installed at
the high flux reactor in Grenoble separates fission
products according to their masses, kinetic en-
ergies, and ionic charges.® It is a modified ver-
sion?® of the classical Kauffmann-Thomson para-
bola spectrograph. For properly chosen param-
eters it has a mass resolving power of A/AA =800
and an energy resolving power of E/AE =300, both
resolutions being taken for full width at 1/10 of
the maximum [FW(1/10)M|. This mass resolving
power is high enough to separate neighboring
mass to charge ratios of fission products.

To determine the nuclear charge distribution of
fission products of one mass and fixed energy, the
particles were shot through a AE Si-surface bar-
rier detector recording the individual energy loss.
For measurements which identify nuclear charges
of fission products by energy loss the high energy
resolving power of 300 used here turned out to be
essential. To minimize the effect of a thickness
variation of the detector, its thickness was chosen
to be 8 um which corresponds to about half of the
penetration depth of fission products. As an ex-
ample, the resulting pulse height distribution is
shown in Fig. 1 for particles of mass A =97.
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FIG. 1. The signal obtained from a AE Si-surface barrier detector irradiated by monoenergetic fission products of
mass 97. One can clearly distinguish the peaks due to ®’Y and ®’Sr. The peak due to *'Rb is still noticeable as a
shoulder.

The pulse height distribution for one nuclear
charge was found to be Gaussian with no detectable
tailing within the statistical limits. The obtained
nuclear charge resolving power was 43 [full width
at half maximum (FWHM)] or 24 [FW(1/10)M] for
particles of 90 MeV energy. If very low yields
have to be recorded in the wings of much more
abundant ones the unfolding procedure becomes
difficult and increasingly less reproducible. As
it was shown in Ref. 6 the reproducibility for
yields of several percent was rather good. Below
that limit the reproducibility is less satisfying and

550

demands an increase of the statistical error given
in Table I by perhaps 0.3%. However, none of the
following results depend on these very low yields.

III. RESULTS AND DISCUSSION

The measured nuclear charge distribution for
each isobar was obtained by unfolding the mea-
sured pulse height distribution by a set of equally
spaced Gaussians of constant half width fitted to
the data. This fitting procedure was applied to
the data of each isobar for varying kinetic energies
and varying ionic charges.
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A. Moments of the nuclear charge distribution

For each mass number the yields obtained for
the different nuclear charges are listed in Table
I. These yields were averaged for each isobar
over the kinetic energies and ionic charges with
the isobaric yields for the different kinetic ener-
gies and ionic charges being used as weighting
factors as in Refs. 8 and 9. In order that the
contributing kinetic energies U and ionic charges
q can be traced back we have listed in Table II
the U and g values of all measurements that were
used for the averaging process.

In cases where a strong dependence of the nu-
clear charge distribution was observed for dif-
ferent kinetic energies and ionic charges, up to
21 measurements were performed for one iso-
baric chain. In that extremal case about one-half
of the total yield of one mass contributed to the
final result.

For nuclear physics it is of no direct interest
to measure the influence of the ionic charge on
the yield of particles of one nuclear charge with-
in one isobaric chain. It is necessary, however,
to record this dependence since, for a given mass
and kinetic energy, the ratio of the yields of two
adjacent nuclear charges can change by a factor
of 2 if the ionic charge is one unit away from its
average value.® This can be of special importance
if the average nuclear charge has a noninteger
value or if at that ionic charge no pure beam of
fission products can be obtained due to the separa-
tion principle of the recoil separator.®

The yield for the different nuclear charges
Y(A,Z) as well as the average nuclear charges
Z,(A) is given in Table I for the isobars A =79
to A =100. The values for A =90 to A =100 are
here slightly improved over the data reported in
Ref. 8 by using additional measurements. For
comparison the radiochemically obtained nuclear
charge yields are given in brackets according to
arecent compilation.®''” The general agreement is
good.

There is also partial agreement between the data
presented here and those for fission products of
selected kinetic energy and ionic charge as given
in Ref. 13. As is expressed there, an agreement
cannot be expected a priori. The better agreement
between the data presented here and those given
in Ref. 17 can be expected from the averaging pro-
cess. Such a comparison shows for instance that
the average nuclear charges given in Ref. 13 have
the tendency to be higher than those of Ref. 17 or
those presented here.

From the observed nuclear charge distributions
a correction factor for Wahl’s normal distribution
could be derived similarly as in Ref. 17. Follow-

ing this idea the yield Y of the nuclear charge Z
in the mass chain A should be described by

Y(A,Z)=Yyum(A,Z)(1+0.195,+0.045), 1)

where Yy, (A,Z) is Wahl’s normal distribution'
and d, and 6, are equal to +1 or -1 depending on
whether A has an even or an odd proton or neutron
number, respectively. As can be seen from Eq.
(1), the enhancement due to an even neutron num-
ber thus is about five times smaller than the en-
hancement due to an even proton number. The
result of both correction factors should be more
exact than the correction factor (1+0.256,), given
in Ref. 17, which took into account only the proton
pairing.

While the detailed results for the nuclear charge
distribution are listed in Table I all interesting
features of it are displayed in Fig. 2 as a function
of the post-neutron emission mass. All lines
shown are drawn to guide the eye.

1. Average nuclear charge

The average nuclear charge Z,(A) for different
masses is displayed in Fig. 2(a). Even nuclear
charges are indicated by thin horizontal lines.
The change of the average nuclear charge with
mass is smallest if it is close to an even charge
value and largest in the middle between two even
values. As an example, two slopes are indicated
by dashed lines. The average slope in the mass
region of Fig. 2(a) at even proton numbers is

AZ, /DA =0.33+0.02
and
AZ,/0A=0.53+0.03

at odd proton numbers. This indicates that the
average nuclear charge Z, stays close to an even
value as long as possible. When it leaves this
value it changes rapidly to the next even proton
number.

In the best established region of radiochemical
results (A =89 to A =95) the average nuclear
charges Z, were averaged for the radiochemical
data as well as for our data of Table I. The result
was that the average of our Z, was about 0.006
charge units higher than the average of the radio-
chemically obtained Z, of Ref. 16. This is a re-
markable agreement between radiochemical data
and the here reported results. The values of Z,
for A <89 were not taken into account since there
were several changes from Ref. 16 to Ref. 17.

2. Width of the nuclear charge distributions

The rms widths o of the nuclear charge distri-
butions are plotted in Fig. 2(b). As reported al-
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FIG. 2. Different aspects of the nuclear charge distri-
bution of fission products are shown graphically as func-
tions of the particle mass. (a) The average nuclear
charge is plotted. Note the steeper slopes at odd Z,
and the not so steep ones at even Z,. (b) The rms
width o of the nuclear charge distributions is shown.
Note the minimal ¢ (most narrow distribution) at A =80,
90, 100 which have even-even center nuclei in the nu-
clear charge distributions and the maximal ¢ (most
wide distributions) at A =82, 88, 92,98 which have odd-
odd center nuclei in the nuclear charge distributions.

(c) The skewness of the nuclear charge distributions is
shown. For Z, being an integer value the skewness
always vanishes indicating that in these cases the nu-
clear charge distribution is symmetric. (d) The excess
of the nuclear charge distributions is shown. For A =80,
85, 90,95, 100 the excess is largest. Together with the
vanishing skewness at these masses this indicates a
maximal deviation of the nuclear charge distribution
from a Gaussian for mass chains characterized by an
even proton center nucleus.

ready in Ref. 8 the nuclear charge distributions
are especially narrow when their central nuclear
charge falls on an even proton number, resulting
in especially small values for o.

This regular variation of o with the mass A is

found to continue!! in the mass range 79=A4 =89
beyond the already reported region 90 =4 =100.
The o values for A =84 and A =85, however, are
somewhat off the expected curve. This deviation
can be attributed® to the influence of the N =50
shell. For A =84 the yield of the central nucleus
84Se, is favored not only because of its even pro-
ton and even neutron number, but in addition be-
cause of its closed neutron shell N =50. Thus an
exceptionally narrow nuclear charge distribution
results for A =84 and thus an exceptionally small
.

This effect is indicated by the downward arrow
in Fig. 2(b). For A =85 the even proton number
favors $3Se,, whereas the N =50 shell favors the
neighboring nucleus $¥Br,,, thus causing a larger
width of the nuclear charge distribution indicated
by the upward arrow in Fig. 2(b). The broken
curve in that region indicates the expected o values
without the influence of the N =50 shell.

Though the main variation of the rms width in
the nuclear charge distributions is due to the pro-
ton pairing, there is some influence from the neu-
tron pairing too. For even proton numbers ac-
companied by even neutron numbers (4 being 80,
90,100) the central nuclide is favored causing the
distributions to be especially narrow and the cor-
responding ¢ values to be especially low. When
only the proton pairing favors the central nuclide
and the neutron pairing favors both neighbors
[A =85 (the N =50 shell effect being subtracted)
and A =95] one finds larger o values. For odd
proton numbers cof the central nuclide rather wide
nuclear charge distributions must be expected. If
such a central nuclide has additionally an odd neu-
tron number, the nuclear charge distribution is
widest (A =82,88,92,98). Thus, on the general
periodicity of 5 mass units, a 6-4-6 periodicity
is superimposed. This periodicity is well estab-
lished not only on the average but also in going
from one mass to the next one. To see this we
may go from any one of the masses (A being 82,
88,92, 98) each characterized by an odd-odd center
nuclide to the neighbor which is characterized by
a center nuclide for which the proton number is
still odd but the neutron number is even, i.e.,
from A =82 to A =83, from A =88 to A =87, from
A=92toA=93, and from A =98 to A =97. In three
cases we find a reduced ¢ and thus a narrower
nuclear charge distribution as postulated by the
6-4-6 periodicity due to the neutron odd-even ef-
fect.

In general the width 20 of the nuclear charge
distribution seems to increase slightly with mass
A or nuclear charge Z [see the slightly inclined
lines I, I, II in Fig. 2(b)] so that the relative
widths 0/A or 0/Z are nearly constant. This can
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be explained by the fact that for increasing mass
or nuclear charge the relative change in all pro-
perties decreases in going from one nuclide to
any of its neighbors. For the same available en-
ergy among heavier masses the energetically less
favored nuclides get a bigger chance to be formed
compared to lighter nuclei. Apart from this gen-
eral trend all the details of Fig. 2(b) are explain-
able by proton and neutron pairing. The contri-
bution from neutron pairing cannot be separated
at that stage into that due to the fission process
and that due to neutron evaporation.

Another interesting feature of Fig. 2(b) is the
increase of o around A =90 above the general
trend indicated by the slightly inclined thin lines
marked with roman numerals I to IIl. This local
effect is hard to explainby a corresponding change
in the preference for one nuclear charge. One idea
might be that in this region more energy is avail-
able for pair breaking than in other areas so that
around A =90 larger widths of the nuclear charge
distributions must be expected. Another, in our
view more probable, explanation would be that
the neutron odd-even effect observed after the
neutron evaporation depends on the average num-
ber of evaporated neutrons. As long as zero or
two neutrons are emitted one naturally expects
no effect, but as soon as only one neutron is emit-
ted, one observes with higher yield a nucleus
which originally had an even neutron number but
which now has an odd one. Around the mass 90
the most probable number of evaporated neutrons'®
is around 1; thus a slightly wider nuclear charge
distribution could be expected in this region.

3. Skewness of the nuclear charge distributions

The skewness S=p,/0° (with p, being the third
moment) of the nuclear charge distributions is
plotted in Fig. 2(c). The skewness is 0 if the value
of the average nuclear charge Z, has integer values
(even or odd) corresponding to average mass
values of about 80, 82.5, 85, 87.5, 90, 92.5, 95,
97.5, and 100. For mass values in between, the
skewness is largest with a sign that favors the
next even nuclear charge. It can be concluded
therefore that the skewness of the nuclear charge
distribution is a result of the proton pairing. The
skewness oscillates around zero in this mass in-
terval. In other words, the nuclear charge dis-
tribution on the average is symmetric. The ten-
dency for the average nuclear charge to jump to
the next even proton number is as strong as that
to stick to the former one.

In the skewness of the nuclear charge distribu-
tion clearly the effect of the N =50 shell can also
be seen. For A =83 we would expect already a

negative skewness, expressing the fact that al-
ready the next higher nuclear charge is favored.
We find, however, a still positive skewness since
the $3As,, nucleus favored by N =50 lies on the
left side of the nuclear charge distribution. For
A =84 we would expect a reasonable negative
skewness; we find, however, a rather large nega-
tive one. Here the favored nucleus with N =50,
i.e., ¥Br, lies at the side of the higher nuclear
charge. The rapid change of the skewness be-
tween A =83 and A =84 thus can be attributed to
the influence of the N =50 neutron shell [see also
the arrows in Fig. 2(c)].

4. Excess of the nuclear charge distribution

The excess E =(p,/0%) -3 (with p, being the
fourth moment) of the nuclear charge distributions
is shown in Fig. 2(d). For A being 80, 85, 90, 95,
and 100 the excess is largest indicating that the
nuclear charge distribution is sharper peaked than
a Gaussian if the central nucleus has an even pro-
ton number. Between these values, when the cen-
tral nucleus is not favored, the excess comes to
0. For A being 83, 87, 93, and 97 the skewness
and the excess are smallest; therefore, the nu-
clear charge distribution of these isobars is clos-
est to a Gaussian. Contrary to the average skew-
ness the average excess is not zero over the in-
vestigated mass interval, indicating that the nu-
clear charge distributions on the average are
sharper peaked than a Gaussian.

The excess at around A =90 is especially low.
This is in agreement with the conclusion drawn
from the rms width of the nuclear charge distri-
bution of Fig. 2(b). As the pairing energy should
stay constant to first order one may try to explain
this observation as in Sec. IIIA 2 either by assum-
ing that the available excitation energy is higher
for these masses or by assuming that for masses
around A =90 about one neutron is evaporated thus
washing out the neutron odd-even effect to some
extent.

The influence of the proton pairing can be seen
up to the fourth moment. When the average nuclear
charge is even (indicated by the vertical lines in
Figs. 2) the rms width is smallest and the excess
is largest. The skewness is 0 if the average nu-
clear charge Z, is even (preferred), or if it is
exactly between two preferred even values, i.e.,
Z, is odd. The sign of the skewness shows that
the next even proton number is strongly preferred.

B. Distributions derived from the nuclear charge measurements

1. Wahl’s diagram

In Fig. 3 the conventional Wahl diagram is
shown. The average nuclear charge is plotted
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FIG. 3. Wahl’s diagram is shown for all observed Z,.
The dotted curves represent the corresponding AZ as
calculated in Ref. 19. The agreement is satisfying with-
in the assumptions of the theory. More clearly than
from the theoretical curve the small AZ values can be
seen to occur for the even proton center nuclei with
A =80, 85, 90, 95, 100.

against the pre-neutron emission mass. Included
alsointhis figure are theoretical values obtained in
Ref. 19. In order that this diagram can be direct-
ly compared with other diagrams of this type we
have used Wahl’s prescription together with the
values of the average number of evaporating neu-
trons as a function of mass. In the preceding sec-
tion we have seen how deeply the proton and neu-
tron pairing influences the moments of the nuclear
charge distribution. Therefore it can also be ex-
pected that the average nuclear charge shows a
corresponding pattern. Attention to this point was
first drawn in Ref. 10, where the average nuclear
charge was given for fission products of selected
kinetic energy and ionic charge. The data of Ref.
8 as well as the data here, which both reveal the
effect a little more clearly, represent fission par-
ticles of all ionic charges and kinetic energies.
This plot therefore should give the same pattern
as for data obtained by radiochemical methods.
For comparison the corresponding values calcula-
ted in Ref. 19 are shown, which exhibit similar
structure.

2. Element and isotone yields

The yields for different elements summed over
all contributing mass chains given in Fig. 4 were
shown already.®#1%:!3:'6 The chain yields in our
case were taken from Ref. 20. In Ref. 9 as well
as for the curve of Fig. 4 we have used for the
masses 101 to 106 our results taken at the average
kinetic energies and close to average ionic charge.
The averaged proton odd-even effect of Fig. 4 is

2ZY(Z =even)
2Y(Z =even) + ZY(Z =odd)

=1.22+0.01 2)

which is in perfect agreement with Refs. 13 and 16.

The yields for different isotones summed over
all contributing mass chains given in Fig. 5 were
shown in Ref. 9 and later in Ref. 13. The chain
yields in our case again were taken from Ref. 20.
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FIG. 4. The element (a) and the isotone (b) yields are
shown as a function of proton and neutron numbers,
respectively. Note the about constant odd-even effect
for the element yield and the (with N) increasing odd-
even effect for the isotone yield.

Also here we have used, for the masses 101 to
106, our results taken at the average kinetic en-
ergies and close to average ionic charges.

The average neutron odd-even effect of Fig. 5 is

2T Y(N =even)
ZY(N =even) + ZY(N =odd)

=1.09+0.01. 3)

The corresponding value in Ref. 13 was 1.08+0.01,
whereas in Ref. 16 this value was only found to be
smaller than 1.03 for the range of N=52 to N =57.

The odd-even effects of Figs. 4 and 5 prevail if,
for the different isobaric chains, the same iso-
baric yields were always assumed. Thus it seems
clear that the observed odd-even effects are really
due to the number of protons and neutrons but not
due to possibly preferred combinations of them
which should favor certain mass numbers over
others.

3. Variation of the proton and neutron odd-even effect
with mass

The odd-even effect of the element distribution
and of the isotone distribution can be seen qual-
itatively in Fig. 4 (dashed curves). To get a more
quantitative picture the odd-even effect has been
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FIG. 5. The proton and neutron odd-even effects.
Note that no clear minimum is seen for the proton odd-
even effect; however, a clear minimum shows up in
the neutron odd-even effect.

calculated from Fig. 4 according to Ref. 21. The
results are shown in Fig. 5. They must be com-
pared to corresponding results of Ref. 13 which
were obtained from fission products of selected
kinetic energy and ionic charge. It can be ex-
pected that these additional conditions and the
approximation used there lead to different results.
From our measurements it must be concluded
that the proton odd-even effect is almost indepen-
dent of the proton number. It certainly does not
show such an expressed minimum as in Ref. 13
around the most probable mass split. This min-
imum was attributed there to a higher excitation
energy which should be available for nuclei close
to the most probable mass split. In addition to the
small not very significant minimum around the
most probable mass split (Z ~38) we find an also
quite low value of the proton odd-even effect for
Z ~ 34 where the mass yield has dropped to one-
fifth. Therefore, other influences are present
which are at least as strong as that one due to

the most probable mass split.

The neutron odd-even effect in our measure-
ments shows a peak around N=50.3. A correspond-
ing maximum is found in Ref. 13 at N=51.0. At
least part of the peak reported here is due to the
N =50 shell. The calculation of the odd-even effect
asks for four consecutive isotone yields and smears
out the effect of a closed neutron shell over four
neutron numbers. The effect of such a closed
neutron shell thus can be seen much more pre-
cisely from the moments of the nuclear charge
distribution as is demonstrated above.

The neutron odd-even effect is much smaller
than the proton odd-even effect, especially be-
tween N =52 and N=56. This can be attributed to
the neutron evaporation which washes out the pri-
mary hitherto unknown neutron odd-even effect.
How much this effect is washed out may very well
depend on the average number of emitted neutrons
as outlined in Sec. IIIA 2. It can be expected that
this effect contributes to the dependence of the
neutron odd-even effect and gives some underlying
trend.

IV. SUMMARY

The measurement of the nuclear charge distri-
butions averaged over kinetic energy and ionic
charge has revealed how strong the influence of
the odd-even effect in fission is and how far it
can be followed. The rms widths of the nuclear
charge distributions are mainly governed by the
proton pairing effect. Smaller details are explained
by the neutron pairing and by the influence of the
N =50 shell. The skewness of the nuclear charge
distributions is due to proton pairing and due to
the N =50 shell. The excess of the nuclear charge
distributions is caused by proton pairing and shows
that the average nuclear charge distribution is
sharper peaked than a Gaussian. The already ac-
cepted'® proton odd-even effect in the element dis-
tribution is confirmed with higher precision. The
neutron odd-even effect already shown in Ref. 9
is established without approximations and addition-
al conditions for the whole fission process.
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