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We have studied fission product yields using 19.8 MeV proton induced fission of a thin 234U
target and the on-line mass separator IGISOL. The nonselectivity of the separation method used
with respect to Z has allowed accurate determination of the yields of symmetric fission for the
first time. The cumulative yields for the elements from Z = 40 (Zr) up to Z = 47 (Ag) have
been determined from the beta- and gamma-radioactivity measurements. The independent fission
product yield distributions for elements Tc, Ru, and Rh are obtained from the experimental data.
An improved theoretical model for calculating mass and independent yields is described and applied.
It is found that the charge splitting for the primary fragments differs from that obtained with the
unchanged charge division model at moderate excitation energies of compound nuclei. A comparison
of the calculated and experimental fission product yields shows that the model presented can be
applied for predictions of cross sections for very neutron-rich nuclei in the light particle induced

fission.

PACS number(s): 25.85.Ge, 24.10.—i, 23.20.—g, 23.40.—s

I. INTRODUCTION

There are only few mass and charge distributions mea-
sured with on-line mass separators for a nearly symmet-
ric mass division of fission products [1-3]. However, there
are some studies of cumulative mass distributions taking
advantage of gamma spectroscopy without mass separa-
tion [4,5]. The ion guide isotope separation technique
IGISOL, employed in this work, is fast and allows direct
determination of both independent and cumulative yields
of nuclei on the neutron rich side of the isotopic fission
product distribution. Moreover, when using thermal-
neutron-induced fission and spontaneous fission one can-
not reliably determine nuclear charge and mass disper-
sion parameters for symmetric products because of their
low production rates. As more energy is brought into the
system, for instance, by charged particles, the symmetric
component in the mass distribution is enhanced [6].

In this paper we continue our study of isotopic distribu-
tions initiated in Ref. [1], in which we measured charge
dispersion for the mass chains A = 110, 112, 114, and
presented preliminary cumulative isotopic distributions
for elements ranging from Tc to Ag. These experiments
were carried out in the mass region A = 108-120 using
20 MeV protons and a set of four, 20 mg/cm?, 238U tar-
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gets. In this paper we use only one target in the setup
to define the excitation energy better and to allow larger
opening angle of fission fragments to be captured by the
ion guide system. Moreover, a significant improvement
on the knowledge of the decay schemes of nuclei of inter-
est has been obtained recently, largely due to the exper-
imental work at the IGISOL facility. This allows now a
more reliable extraction of the yields than before. The
covered mass region A = 96-120 is broader than in our
earlier experiment and allows us to compare yields in the
asymmetric and symmetric mass region not only by mass
but also isotopicwise.

Ton guide based on-line mass separation technique is
ideally suited for the measurements of the broad isotopic
distributions. It has a very short delay time of a few
ms, independent of Z of the nuclide. Hence, it covers the
shortest possible beta-decay half-lives of fission products.
The radioactive ion beam implanted at the counter po-
sition is free from decay products, only primary product
ions are separated and corrections for the radioactive de-
cays are minimized. The transmission efficiency of the
technique is not absolutely independent of Z, but small
deviations due to slightly different ionic recombination
probabilities as well as chemical reactions exist. For these
reasons, high precision measurements on yields are pos-
sible only for isotope chains.

Present work was undertaken to study the parameters
of the isotopic distributions and to obtain information on
the charge-division mechanism, on competition between
different fission modes and on influence of pre- and post-
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fission neutron emission. The deduced parameters: the
average mass, the width, and the asymmetry parame-
ter are of importance for prediction of the yields of very
neutron-rich nuclei. The experimental results are ana-
lyzed in the framework of the theoretical model intro-
duced in Ref. [5] and used here in a more advanced form.
In the present form the model includes consideration of
different chances for fission, a new approach in the sys-
tematics of fission product yields and inclusion of shell
effects in neutron emission process. The results of the
calculations of the mass yields and the isotopic fission
product distribution and their comparison with experi-
mental results are presented in this paper.

II. EXPERIMENTAL METHOD

Present experiments used the 10.0 mg/cm? natural U
target which is basically composed of 23¥U. The maxi-
mum energy of the MC-20 cyclotron, used in this work,
was 20 MeV for protons with typical intensities of 0.5-1
pA. The IGISOL facility [7,8] was used to separate nu-
clides belonging to the mass chain of interest from other
fission products. The U target was covered with a 0.2
mg/cm? Al foil on both sides. A 0.9 mg/cm? Ni foil sep-
arated the target chamber from the thermalizing gas cell
of the IGISOL system, as shown in Fig. 1. Radioactive
ions thermalized in 100 mbar helium attain an electric
charge of +1 and are extracted by gas flow through a dif-
ferentially pumped electrode system for acceleration to
40 keV. The accelerated ions are then separated accord-
ing to their mass in the 55° dipole magnet with a bending
radius of 1.5 m. The mass resolving power of the system,
M/AM, was typically about 400. More details of the
method used can be found in Ref. [8].

AN

FIG. 1. Experimental setup of the target system and the
ion guide. (1) Uranium target, (2) beam windows, (3) nickel
foil, (4) stopping chamber, (5) exit aperture, (6) skimmer
electrode, (7) singly charged fission product ions.
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Beams of fission product ions were implanted on a 0.6
cm wide collector tape, which was directly viewed by-
a set of beta- and gamma-ray detectors. The yield of
a specific isotope was extracted from the measured ra-
dioactivity after corrections for the detection efficiency
and the branching of the observed v transitions. The
production rate was then obtained by dividing the yield
with the integrated beam current. The counting setup
composed of a 50% Ge detector, a planar 10 mm thick
Ge x-ray detector, and a 1 mm thick plastic AE detector
positioned in front of the large Ge detector. The size and
the position of the separator beam spot was well defined
and the distance of it from the -y detector was kept as 7
mm. Typically the 8-coincident gamma-ray spectra were
recorded with both Ge detectors and in some cases also
low energy singles gamma spectra were useful. In the
peak analysis an automatic peak search procedure was
used [9]. Typically, the spectra were recorded in satu-
ration mode, i.e., without moving the activity from the
counting position. Measuring times varied from 0.5 to 4
hours per mass number. As an example, we give in Fig. 2
a spectrum taken at mass A = 114, which demonstrates
the sensitivity of our technique; evidence of isobars with
Z = 44, 45, 46, and 47 can be seen in the spectrum.

Scanning of the wide mass range, A = 96-120, required
stable operation of the system. The beam in the MC-20
cyclotron was stable only to +25%. For this reason, the
integrated beam current was determined using the y(3)
yield. A TDC (time to digital converter) unit gave a time
of occurrence label on each () event. One projection
of the events was showing constantly the total time pro-
file of the TDC or the counting rate, which effectively
monitored both the separator and the cyclotron beam
operation. The cyclotron beam current was measured
several times during each run and so we could compare
the total counting rate and the cyclotron beam current
at these times.

III. EFFECT OF ENERGY AND ANGULAR
DISTRIBUTION OF FRAGMENTS ON THE
OBSERVED YIELDS

Two fission fragments are created with a total kinetic
energy TKE which the lighter fragment shares with the
heavier one. The initial kinetic energy of a fragment de-
pends on its mass A according to the simple relation
E = (239 — vpe — A)/(239 — vpre)TKE, where vp, is
the prefission neutron multiplicity and TKE=176.7 MeV
[10]. To be accurate the TKE=TKE(AL, Ag) is slightly
dependent on the fragment masses. Prompt neutron and
v emission of the fragments do not appreciably alter the
kinetic energy and angular distributions of the fission
fragments.

Due to the large initial energy only a small fraction
of fission fragments, i.e., about 1%, are stopped in he-
lium in our set up. According to Northcliffe and Schilling
[11] only fragments with energy below about 350 keV are
stopped at a helium pressure of 100 mbar within the vol-
ume of the thermalizing chamber shown in Fig. 1. This
necessitated the use of a thick target approach. The ini-
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tial position of the fragments produced in the target and
stopped in helium, as well as of those with higher final
energy, were calculated with the modified TRIM computer
program [8,12] which utilizes Monte Carlo simulation. It
was assumed that the fragments (A, Z, E) are produced
uniformly throughout the target with an isotropic angu-
lar distribution. Due to the effect of the multiple scatter-
ing, mainly in the target itself, the distributions showed
to be broader the smaller the final energies of the frag-
ments are. For those ions, whose final energy was below
350 keV, the initial site distribution was practically con-
stant from the surface to the back of the target. Taking
into account that the ions had lost about 100 MeV in
collisions inside the target we can assume that the setup
accepts all initial scattering angles with equal weights.
Thus a preferred scattering angle in fission as a function
of fragment mass had no chance to interfere with our
observations in the experiment.

The fraction of ions stopped in helium compared to
the number of incident products in fission was calculated
with the same TRIM program for six fission fragments
(A, Z, E) covering the mass window A = 96-120. The
probability of surviving of fragments from the target and
through the Al and Ni foils into helium was found to be
practically independent on the mass A and the nuclear
charge Z. A critical judgment of the absolute accuracy of
the TRIM calculation in this rather extreme special case is
very difficult and experimental verification of the results
is not possible in practice. However, only relative differ-
ences are important and were found to be insignificant.
In particular, the effect of the actual TKE distribution
was found to be small.

The anisotropy W (0°)/W (90°) of the initial angular
distribution W (#) of a fragment with respect to the beam
axis, varies as a function of the fragment mass from 1.0
to 1.4 being at its minimum for symmetric mass division
in the case of low energy proton induced fission of ura-
nium [13]. It means that both light and heavy products
are favored at the § = 0° scattering angle as compared
to symmetric mass division. The geometry in our exper-
imental setup favored slightly the § = 90° emission angle
and hence the symmetric mass division. However, multi-

ple collisions of fission fragments in slowing down to low
energy in the thick 23%U target smooth out the angular
distribution as described above.

IV. RESULTS

Identification of the v peaks was based on our earlier
work with IGISOL [14-27] and on the available literature,
mainly included in Nuclear Data Sheets. The intensities
of all the observed v peaks following the 3 decay of a par-
ticular nucleus were included in the isotope yield analysis.
In the calculation of independent as well as cumulative
yields the determination varied from nuclide to nuclide.
In some cases nuclear structure considerations exclude
the existence of a strong ground state branch [1]. The
yields of isomers and their decay modes were considered.
In this work we used continuous cyclotron and separator
beams so nuclide identification based on half-life was not
possible, but the yields were corrected according to half-
life whenever necessary. Actually, recording decay events
after the irradiation was performed in some cases. If the
highest observed Z for a given mass number is signifi-
cantly above the average Z we get a good estimate for
the mass yield without any significant model-dependent
corrections due to the charge distribution.

Cumulative mass yields measured with a single 233U
target using proton energy of 19.8 MeV together with the
calculated values are shown in Fig. 3. The yield of the
nuclide with the highest observed Z in each mass num-
ber was taken as an approximation to the total cumu-
lative yield. These nuclides were 9%10°Nb, 104,105,106 ¢
108,109,110,111,112R},  apd 115,116,117,118 Ay Ty this proce-
dure the Z of the measured nuclide had to be higher
than the most probable Z of the charge distribution of
the isobar. If this condition was not fulfilled we marked
the value as a lower limit for the total cumulative yield.
The oxide yields of the ions produced as oxides have been
added to the yields of the atomic ions. The elements from
Y to Tc have been observed to form oxides in the system
[8]. For this reason, a liquid nitrogen cooled activated
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FIG. 3. Cumulative mass yields near the symmetric fission
for 19.8 MeV p+738U. The theoretical points are calculated as
described in Sec. V. The experimental points are from Table
I

charcoal trap was used in all experiments to increase the
purity of helium and reduce the oxide formation. A com-
parison of the experimental data of Fig. 3 with the data
of Ref. [5] shows that there is a slight dependence of the
efficiency of the separated elements on Z. Within the
elements studied this efficiency fluctuation is less than a
factor of 2.

Cumulative isotopic yields are given in Table I for Y,
Zr, Nb, Mo, Tc, Ru, Rh, and Ag. The yields for Nb
and Pd isotopes could not be extracted due to the lack
of knowledge about the absolute beta branching ratios
of several isotopes. For this reason, the independent iso-
topic yields could be extracted only for Tc, Ru, and Rh.
They will be discussed later. The yields are given in
atoms/s normalized to the beam current of 1 pA. Typ-
ically the intensity of the beam was between 0.5 and 1
pA. The variation of the beam intensity did not have any
observable effect on the efficiency of the separator.

V. THEORETICAL MODEL

Here we will describe the theoretical model used in our
calculation of independent and cumulative fission prod-
uct cross sections in light particle-induced fission of heavy
nuclei. This model was first described in Ref. [5]. In the
following we introduce some improvements to the original
version. To describe the probabilities of fission product
formation in particle-induced fission there is a need to
consider a few more physical effects important in the fis-
sion process.

(1) Emission of the prefission light particles and con-

TABLE I. Cumulative fission yields of isotopes for the elements with Z = 39-47 as measured at the focal point of the IGISOL
separator in units of atoms/uC using the reaction 19.8 MeV p+238U. The errors in parentheses include 10% uncertainty in the
efficiency calibration and the statistical error. The values given inside brackets are lower limits only due to the uncertainty in

the branching ratio.

A Y(Z=39) Zr(Z=40) Nb(Z=41)

Mo(Z = 42)

Tc(Z=43) Ru(Z=44) Rh(Z=45) Ag(Z=47)

96 201

97 365

98

99 387(42) 561
100 483(53) 699

101 264(35)
102 198(23)
103 [18.2(23)]

104 35(7) 173(24)
105 162(25)

218(24)
268(30)

106 115(14) 274(31)
107 26.6(32) 220(25)
108 163(19)
109 91(11)
110 34.5(42)

220(26)
177(20)
[55.9(67))
104(13)

255(29)
303(35)
171(26)

111 [1.66(29)] 94(12)
112 3.08(52) 100(12) 319(45)
113 19.9(26) 132(16)
114 119(15)
115 24.1(39)

222(25)

[298(36))
[462(57)]
213(25)

116 20.3(31) 210(25)
117 267(30)
118 212(31)
119 116(16)
120 78(11)
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tributions of different fission channels.

(2) Attenuation of nuclear shell effects with increas-
ing excitation energy of compound nuclei which leads to
changes in the relative yields of symmetric and asym-
metric fission modes and in the mechanism of sharing
excitation energy between fission fragments.

(3) Influence of excitation energy of compound nuclei

|

opf(A, Z, Ep) = Z /
Ac,Zc

dEcYpost(Ay Z7 Ac; Zc)

on the mechanism of charge division between the fission
fragments and on odd-even effects in the fission fragment
formation probabilities.

The formation cross section of a product with mass
number A and charge number Z in fission induced by
protons with bombarding energy E,, can be expressed in
the form [5]

dan (At? Zs, EP’ Ac’ ch Ec)
dE.

; (1)

where subscripts t and c refer to target and compound nuclei, respectively, do,s/dE, is a fission cross section of a
compound nucleus at the excitation energy E. for different fission chances over which the summing is carried out,
Y05t is an independent yield of the postneutron emission fragments. The partial fission cross sections do,s/dE,. for
the proton bombarding energies up to 30 MeV are calculated in the framework of the cascade evaporating statistical
model with accounting preequilibrium neutron emission as in Ref. [28]. The independent fission product yields Y ost
are formed in the process of neutron emission from the primary fission fragments. The charge distribution of the
isobaric chain for the primary fragments is assumed to have Gaussian form with the dispersion approximated by the

expression

0%(A,E.) = 0.10 + 0.025E}/? + 5.4,

The average charge of a fragment in an isobaric chain is
expected to deviate from the unchanged charge density
value

Z(A) = A% +6Z(A). (3)

C

The results of Ref. [29] and our calculations of indepen-
dent fission product cross sections [5] show that even at a
few tens MeV of compound nucleus excitation energy the
mechanism of charge division differs from the unchanged
charge density (UCD) model predictions. Small devia-
tions in Z — Zycp values have nearly no influence on
the isobaric cumulative yields, but the independent iso-
topic and charge distributions are very sensitive to these
deviations. In these calculations we used the values of
8Z(A) obtained from the fits of the calculated and the
experimental independent cross sections [5] and from the
independent yields of the isobaric chains with A = 110,
112, and 114 [1].

The preneutron fragment mass distribution is approx-
imated by the superposition of seven Gaussian distribu-
tions:

Ypre(A7 Ac’ ch Ec) = Ns(Acv ch Ec)ys (A7 Ac, Zc’ Ec)
+Na(Ac, Ze, Ee, )ya(A, Ae,y Ze, Ec),
(4)
where y, and y, are symmetric and asymmetric compo-
nents with weights N, and N,, respectively. The asym-
metric component is considered as superposition of three

components corresponding to different nuclear shells in
the fragments:

Ya = Ya1 + FyaZ + Dya:}- (5)

Each asymmetric component consists of two Gaussians

—0.08, A even, N even,

+0.08, A even, N odd, (2)
—0.04, A odd, N odd,

+0.04, A odd, N even.

representing the heavy and light fragment mass groups.
The component y,; is connected with the magic numbers
Z = 50 and N = 82 in the heavy fragments and y,3 is
influenced by the nuclear shells Z = 28 and N = 50 in
the light fragments. The asymmetric mode y,» is sup-
posed to be connected with the “deformed” nuclear shell
at N = 86-90. The competition between symmetric and
asymmetric fission modes is described by the function R

_ 200%R B 200%R
7 1+2R’ " (1+2R)1+F+D)’

(6)

We propose the parametrization of the function R in the
spirit of scission point fission model in the form

1/2

1 ~E
R = exp (—2((5Ua1 + 60U,z + JUS)‘%/ZSC—)
sC
—1.3E;/C4) : (7)

where U, is a shell correction at the scission point for
the average nucleus of symmetric component, §U,; and
0U,n are shell corrections at the scission point for the
average masses of asymmetric components y,; and ya2,
the value Esc is determined by excitation energy at the
scission point
Z2
Esc = Ec + 0.03A20/3(—C - 26.12) —21.  (8)
Ac
The competition between two main asymmetric modes
for a wide range of the compound nucleus mass number
have been investigated in Ref. [30]. Using the data of this
work we approximated the ratio of the light asymmetric
component to the heavy one by the relation
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F

The weight of the y,3 is small and the function D is
approximated by the expression

D = F exp{0.138(Qas — Qa2)/[(Esc + 20)/0.14c]*/?},
(10)

where Q.2 and Q,3 are Q values for average mass division
of second and third asymmetric components.

The prompt neutron multiplicity distribution is as-
sumed to have Gaussian form. A simple approximation
for the dispersion of this distribution is written as

0.(A,Z,Ec) = 0.75 + 0.215(A, Z, Ec), (11)

where #(A,Z,Ec) is the average neutron multiplicity.
There are no experimental data for average neutron
multiplicities of different members of an isobaric chain.
Therefore we used the simple approximation

U= i;(A’EC)f(A1Z)a (12)

where f is proportional to the excitation energy of the
two fragments and the average value of f for an isobaric
chain is equal to unity.

The average prompt fission neutron multiplicities
(A, Ec) were calculated in the framework of the simple
scission point fission model. The scission point configura-
tion is approximated by two tangential spheroid-shaped
fragments with a distance between the tips of the frag-
ments d. The fragment deformation parameters are de-
termined from the condition of minimum of the potential
energy at the scission point

V= VCoul + E(ljef + Egef’ (13)

where Vgoul is the Coulomb interaction energy between
the fragments. E.; and E%; are the deformation en-
ergies of the light and the heavy fragments calculated
according to the relations

Eget = a(b— Ro)?, Ro=roA'3, r0=1.35fm, (14)

where b is the large semiaxis of a deformed fragment. The
stiffness coefficient o depends on the shell correction U
and temperature according to the formula

a = apm(K — 8U)/(K + é6U), (15)

where K is a constant. The temperature dependence of
shell corrections is described by the relation given in Ref.
[31] as follows
8U= 6U(0)t*cosht/(sinh’¢),
(16)
t=272T /(4147 1/3),

where T is temperature at the scission point. The stiff-
ness coefficient in the liquid drop model approximation

1 _ f0.02+0.002(A, — 220)? — 0.000 086 6(A. — 220)3, A, < 240,
0.19 + 0.0015(A, — 248)%, A, > 240. ()

|
is equal to

aLpM = (0.167!’/7'3)[(12(1 — ks(N — Z)Z/Az) — %C3Z2/A].
(17)

The average excitation energy of fragments is deter-
mined by the deformation energy and the thermal energy
at the scission point Fgq

E* = E$c + Eaet. (18)

The total thermal energy at the scission point is divided
between fragments according to the thermal equilibrium
condition. The level density parameters are calculated
using the systematics of Ref. [32]. The average prompt
fission neutron multiplicities are calculated using the sim-
plified evaporation model. In these calculations we used
the constants

K=8 MeV, k, =0.79, a; = 18.56 MeV,
(19)
c3= 0.717 MeV, d =2 fm.

To avoid the calculations of the shell corrections at scis-
sion point in the macro-microscopic model we used a
phenomenological procedure. Using experimental data
of average neutron multiplicities in the spontaneous fis-
sion of 252Cf and thermal neutron fission of 235U the shell
corrections at the scission point have been determined.
The linear interpolation relative to the compound nucleus
mass number between these reference shell corrections is
used to obtain the shell corrections of fragments at scis-
sion point in fission of other compound nuclei.

VI. DISCUSSION

Using the measurements of the cumulative yields the
mass yield curve has been obtained for the symmetric fis-
sion, for which earlier information was practically nonex-
istent. Comparison of the experimental data and the cal-
culated mass yield curve for the fission of 238U induced
by 19.8 MeV protons is shown in Fig. 3, where the theo-
retical cross section scale has been adjusted to the overall
experimental efficiency. We have used the independent
yields of Tc isotopes for scaling the total experimental
and the calculated isotopic yields to get a correspondence
factor of 0.048 43 mb/(atoms/uC) between the yield and
the cross section. The total sum is not biased by other
parameters describing a distribution. We can see a good
agreement between the experimental and calculated cu-
mulative yields in the symmetric mass region. In the case
of earlier gamma-spectroscopy measurements [5] the ex-
perimental points were systematically higher in symmet-
ric mass region than the calculated ones. Differences for
A = 119 and 120 can be removed by adding the inde-
pendent yields of elements Cd and In. A more complex
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FIG. 4. Independent isotope distributions from Y to Ag as
calculated with the model described in the text.

experimental problem is the case of elements Y and Nb,
for which the oxide yields should be estimated more ac-
curately. Results of Refs. [4,5] show higher yields for
A = 111-113 relative to a smooth curve indicating some
kind of structure. However, our results do not support
this observation.

Independent isotopic fission product distributions in
the near symmetric mass region have been measured for
the first time. In this work they can be derived for Tc,
Ru, and Rh using the cumulative yields given in Table I.
These data are very important for testing the following
aspects of fission theories: competition of different fission
modes, charge division, odd-even effects, and mechanism
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TABLE II. Calculated parameters of the independent iso-
topic fission product distributions A, 04, ba in the reaction
19.8 MeV p+2%8U.

z A(Z) oa(2) ba(Z)
38 95.41 1.72 ~0.08
39 97.87 1.74 0.06
40 100.44 1.95 0.04
41 103.02 1.85 —0.07
42 105.14 1.91 ~0.05
43 107.49 1.94 0.10
44 110.12 1.91 ~0.11
45 112.61 1.75 0.07
46 115.28 1.93 0.13
47 117.91 1.85 ~0.08

of sharing excitation energy between fragments. The cal-
culated independent isotopic distributions for Z = 40-47
are shown in Fig. 4 and their comparison with the ex-
perimental values for Tc, Ru, and Rh are shown in Fig.
5. It can be seen that these distributions have approx-
imately a Gaussian form but in the mass region on the
right-hand slope of the light asymmetric mass peak the
model isotopic distributions differ from Gaussian form
showing asymmetric behavior. There are discrepancies
between the theoretical and experimental independent
fission product distributions. For element Tc the cal-
culated cross sections exceed experimental ones on the
neutron-rich side. In the case of element Rh the experi-
mental and theoretical distributions are in satisfactory
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FIG. 5. Comparison of the calculated and
the measured independent isotope distribu-
tions for Tc, Ru, and Rh. The experimental
values have been extracted from Table I in
Sec. IV.
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TABLE III. Deviation Z = Z — Zycp for the preneutron emission isobaric chains for the
fissioning compound nucleus ?**Np produced in the proton bombardment of ?3%U.

A 96 97 98 99 100 101 102 103 104 105
87 0.05 —0.05 —-0.10 —0.15 -0.10 -0.15 -0.20 -0.30 —0.40 —0.45
A 106 107 108 109 110 111 112 113 114 115
§Z —0.45 -0.50 —0.60 —0.55 —0.60 —0.45 —0.40 —0.40 -0.35 -0.35
A 116 117 118 119 120

§Z 0.10 0.25 0.30 0.15 —0.15

agreement. The experimental points for Rh show an
odd-even effect that is not reproduced by the theoreti-
cal model. It is worthwhile to emphasize that in Fig. 5
the same scaling factor as in Fig. 3 is used. The large dis-
crepancy between the theoretical and experimental dis-
tributions for element Ru is not presently understood.

Deviation from the symmetric distribution can be de-
scribed by an asymmetry parameter

_ 24 - 4P,
== mvy (20)

where A; and Y; are the appropriate mass number and
the corresponding fission product yield and o 4 is the dis-
persion of the distribution. The parameters of the cal-
culated isotopic distributions A, 04, and b4 are given in
Table II. The dependence of A on the atomic number Z
can be approximated by the relation

A(Z) = Z(Ac - Vtot)/Zc + 51&(2)7 (21)

where A. and Z. are the mass and the charge of the
composite system in the entrance channel and 4 is a de-
viation from the linear dependence and is connected with
the shell structure. Using the calculated cumulative mass
distribution we can estimate an average neutron multi-
plicity t4ot = Ac — (AL + Ap), where A7 and Ay are the
average masses of the light and the heavy mass peaks.
In the present case A; = 135.29, Ay = 98.28, and
Viot = 5.43. To describe the experimental data of in-
dependent fission product formation cross sections pre-
sented in this and earlier works [1,5], it is necessary to as-
sume that the average charges of the preneutron emission
isobaric chain differ from the unchanged charge division.
In Table III we present the deviations [see formula (3)] for
the compound nucleus ?3*Np made in the proton-induced

fission of 2*8U. From this comparison we see that charge
division between fragments differs from the unchanged
charge division in fission of heavy nuclei at excitation en-
ergy up to 25 MeV and that the dependence of §Z(A) is
influenced by the nearby shell at Z = 50.

VII. CONCLUSION

Cumulative and independent product yields in the near
symmetric mass region in 20 MeV proton induced fis-
sion of 238U were measured by the on-line mass separa-
tor IGISOL for the first time. The theoretical model to
calculate product mass and isotope distributions is de-
scribed. A comparison of theoretical and experimental
yields shows that the theoretical model may be used for
evaluation of fission product yields and predictions of the
production rates of very neutron-rich nuclei in the light
particle induced fission. It was found that the mecha-
nism of charge splitting at scission point is influenced
by nuclear shells at the compound nucleus excitation en-
ergy up to a few tens of MeV. The on-line mass sepa-
rator IGISOL can be used successfully for investigation
of shell and pairing effects in charge and isotopic distri-
butions in fission in the symmetric and very asymmetric
mass regions. We intend to continue our studies of iso-
topic product distribution and charge distribution using
the new heavy ion cyclotron in Jyvaskyli. Different light
and heavy ions are available also at higher energies than
in this work and enable the study of, e.g., the effect of
the excitation energy on the fission properties.

This work was supported by the Academy of Fin-
land and the Committee on Scientific and Technical Co-
Operation Program between Finland and Russia.
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