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Independent and cumulative yields in nearly symmetric fission have been measured for the first time

by bombarding U with 20-MeV protons and with 18-, 25-, and 41-MeV deuterons. Isobaric charge
dispersion has been determined in the A = 110, A = 112, and A = 114 mass chains and, from asymmetric
fission, in the A =80 mass chain. The average isobaric charges in the p+U reaction were 44.01+0.20
(A =110), 45. 15+0.15 (A =112), and 45.74+0. 15 ( A =114). The widths (standard deviations) of the
charge dispersion curves were 0.82+0.08 ( A = 112) and 0.54+0.08 ( A = 114). The average charges are
roughly 0.3 unit higher than those calculated on the basis of the unchanged charge distribution model.
The ground-state branch in the beta decay of ' Ge was determined to be 65%. Altogether some 15 new
neutron-rich isotopes have been found, the newest one being "Ru with a half-life of 0.53+0.06 s. An
ion guide facility was used to separate the isobaric chains on-line from other fission products. Typical
cumulative yields in a mass chain were on the order of 1000 atoms/pC, but for new isotopes independent
yields as low as a few atoms/pC could be observed.

I. INTRODUCTION

Spontaneous or induced fission of a heavy nucleus leads
to the production of typically a few hundred different nu-
clides and is still a useful reaction for the study of new
neutron-rich isotopes [1—3]. For a given mass split, the
yield of different elements in an isobaric chain is
influenced by the reaction Q values in such a way that
only a few nuclides are observed in a given chain. The
isobaric charge variance o.z[„~ is usually less than 1.0 in
fission [4,5], also when induced by heavy ions [6]. In con-
trast, the isotopic mass variance o. ~~z~ is larger by typi-
cally a factor of =5. The overall mass distribution is
much wider and shows well-known structure caused by
nuclear shells and depending on the fissioning system [7].

The measurement of independent fission yields
Y(Z, A) of the nuclides "Z allows the determination of
the charge dispersion. Mass yield can be studied in a
simpler way by determining the cumulative yields in iso-
baric chains. Extensive studies of thermal-neutron-
induced and spontaneous fission yields have been made
using, for example, radiochemical techniques [8] and on-
line recoil spectrometers [4]. The study of the width of
the charge distribution and of the odd-even effects ob-
served in the yield curves has recently received much at-
tention due to the improved experimental methods avail-
able at present [9]. In particular, the eff'ects of excitation
energy and fissility parameter Z /3 of the compound
system on the yields are of interest.

Analysis of the yields of fission products provides in-
formation on how shell structure and pairing correlations

[4,7] influence the fission process. Systematic knowledge
of the yields of very neutron-rich isotopes has, in addi-
tion, great practical value in the study of exotic nuclei.
In particular, it is of interest to find out whether a given
isotope has the highest effective yield in spontaneous
fission or fission induced by light particles or heavy ions.
This will be discussed briefly in Sec. IV C on the basis of
the results of the present work.

From thermal-neutron-induced fission and spontaneous
fission one cannot reliably determine charge-dispersion
parameters for symmetric products because of their low
production rates. When more energy is brought into the
system, for instance, by charged particles, the symmetric
component in the mass distribution is enhanced [7]. In
heavy-ion-induced reactions the mass and charge distri-
butions may be further modified by deep inelastic and
transfer reactions competing with complete fusion fol-
lowed by fission [10,11].

In this work, charge dispersion was studied for the first
time in symmetric or nearly symmetric fission. Indepen-
dent yields have previously not been determined for sym-
metric low-energy fission, although mass yields around
symmetry have been published [5] for thermal-neutron-
induced fission of some nuclides such as U. This lack
of experimental data is a result not only of small fission
yields but also of the short half-lives of very neutron-rich
fission products. Even fast on-line radiochemical separa-
tion methods are too slow when the half-life is in the re-
gion of seconds. On the other hand, use of on-line recoil
spectrometers such as LOHENCzRIN at Institut Laue-
Langevin (ILL) requires an extensive experimental eft'ort
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due to the low efficiency and the need to integrate over
charge state and energy distributions of the products [4].
The work described here was performed with on-line
mass separators based on the ion guide [ion guide isotope
separator on-line (IGISOL)] principle [12,13] which have
a delay time of some milliseconds and efficiencies on the
order of 0.1%.

Our measurements were performed in connection with
studies on beta-decay properties and nuclear structure of
very neutron-rich nuclei in the mass A =110—120 re-
gion. Among the newest isotopes studied are ' Tc,
' Tc, ' Ru, "Rh, " Pd, and ' Pd (Refs. [14—19], re-

spectively). Our new information concerning the decay
schemes of these and other neutron-rich isotopes has
made it possible to determine the charge distribution for
some mass chains as well as cumulative isotopic yields for
certain elements.

03

II. EXPERIMENT

The IGISOL (ion guide isotope separator on-line) facil-
ity [12,13] at the Department of Physics, University of
Jyvaskyla, was used to separate the wanted mass chain
from other products from fission of U induced by 20-
MeV protons. The proton beam current from the MC-20
cyclotron was typically 500 nA and the intensity of the
mass-separated beam was usually on the order of 1000
atoms/s. The separation of fission products in IGISOL is
based on thermalization of the products as singly charged
ions in helium gas. The ions are then guided by gas Aow
and an electric field directly to an ISOLDE II type iso-
tope separator. The operation of IGISOL is practically
independent of the chemical properties of nuclides and it
can be assumed that the efficiency of IGISOL is the same
for all elements in an isobaric chain. The problem associ-
ated with the formation of oxides will be discussed brieAy
in Sec. III. The mass-resolving power of the separator is
around 400 under normal operating conditions. This sep-
aration method is particularly well suited for the study of
the elements Zr, Nb, Mo, Tc, Ru, and Rh, which are
difficult to separate using conventional mass separators
with an on-line ion source. In Louvain-la-Neuve, the
similar LIGISOL [20] facility operating at the heavy-ion
accelerator CYCLONE was used in the study of
deuteron-induced fission of U.

A. Double chamber ion guide for Assion studies

A new recoil chamber [13] has been designed
specifically for studies of products from fission of urani-
um induced by low-energy (-20-MeV) protons. In the
construction of this chamber, use has been made of the
nearly isotropic distribution of fission fragments. The
new fission chamber is shown in Fig. 1. A similar
chamber was used in the LIGISOL experiments.

In the new design, fragments are stopped in a plasma-
free subchamber, which is separated from the beam and
four 15-mg/cm metallic ""U targets by a 0.9-mg/cm Ni
foil. The purity of the U targets was 99.9%. The pres-
ence of plasma produced by the primary beam in the
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FIG. 1. Cutaway view of the double-chamber fission ion

guide. To optimize the yield the four uranium targets are
mounted so that the angle between the beam and the plane of
the target is 20—25 . A nickel foil prevents the plasma produced
by the beam from extending into the stopping chamber. Helium
enters from the left and exits with the thermalized ions to the
right. (1) Uranium targets, (2) beam windows, (3) nickel foil, (4)
stopping chamber, (5) exit aperture, (6) skimmer electrode.

stopping gas increases recombination losses of the
ther malized fragments. The separating foil does not
completely eliminate recombination since the fragments
also ionize the stopping gas. The effect of ionization,
however, is negligible with the fragment yields which we
observe in our experiments [13]. There is some elemental
variation in the stopping efficiency due to differences in
average kinetic energies and average charge states. This
effect is not expected to affect our results significantly
since yields of elements with nearly equal proton numbers
are compared.

The stopping volume is about 8 cm and it is filled with
He at a pressure of typically 10 kpa. The gas pressure is
limited by pumping capacity. The chamber has to be
evacuated in a short time in order to minimize diffusion
and recombination losses. A drawback of the present
system is inefficient stopping of fission fragments in the
He gas. Stopping efficiency is on the order of 1%. The
main cause for loss of thermalized ions is diffusion to the
walls of the stopping chamber. Further losses are caused
by geometry and extraction e%ciency. Total efficiency
for collecting fission products is on the order of 10
Typical delay times are on the order of a few milliseconds
and decay losses during thermalization and separation
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are insignificant even for the most neutron-rich nuclides
studied in the present work.

B. Determination of cumulative and
independent Sssion yields

In order to determine independent yields of the nu-
clides in a mass chain separated by IGISOL one has to
know in detail the beta decay and level schemes of the
nuclear species. Conventional nuclear spectroscopic
studies in Jyvaskyla were performed using 20% and 25%
Ge detectors and a 1.4-cm planar Ge detector for y-ray
and x ray singles and coincidence measurements, a 1.0-
mm plastic transmission scintillator for P-y coincidence
measurements, a plastic telescope for beta end-point ener-

gy measurements, and a conventional conversion electron
measurement system. In some cases, the novel magnetic
conversion electron spectrometer ELLI [21] (electron
lens for IGISOL) was used in the determination of inter-
nal conversion coefficients. The separated nuclei were
implanted on a collection tape which was moved periodi-
cally to reduce the buildup of long-lived activities. In
most cases, the cyclotron beam was turned on and off in
synchronization with the tape movements to facilitate
half-life measurements. In Louvain-la-Neuve, a 70% Ge
detector was used in coincidence with a 1.0-mm-thick
plastic beta transmission scintillator.

A major problem in finding out independent as well as
cumulative yields is the determination of the intensity of
the ground-state branch in the beta decay of a nuclide.
The method used to solve the problem varied from nu-
clide to nuclide. In some cases nuclear-structure con-
siderations exclude the existence of a strong ground-state
branch. For example, from spin and parity systematics
and from beta-decay properties of even Tc isotopes it was
concluded that the spin of the ground state of " Tc is ~ 3
so that beta decay to the 0+ ground state of "Ru is for-
bidden. On the other hand, in the case of fast Gamow-
Teller beta decays from 0+ parent nuclides, one of the
strongly populated 1+ daughter states could be the
ground state. A careful study of the whole isobaric decay
chain is then necessary to determine the intensity of this
branch. As an example, the decay of " Ru will be dis-
cussed in detail in Sec. III. In some cases, the sum beta
spectrum of all the members in a mass chain was decom-
posed on the basis of the half-lives and other known data
to extract the ground-state branches. The use of this
method is sometimes hampered by the presence of beta-
decaying impurity activities in the form of oxides.

The determination of cumulative isotopic yields
benefits from stable operation of the IGISOL which has
been achieved by use of the double fission chamber de-
scribed above. The total beam dose was determined by
integrating the beam current downstream from the target
chamber. This method may introduce a systematic error,
in which case all absolute yields given in the following are
too small by a constant factor. Cumulative yields were
determined from long continuous measurements in which
most activities had reached saturation. The collection
tape was moved only when changing the mass to be
separated.

III. RESULTS

In the following, cumulative isotopic yields in satura-
tion as well as independent isobaric yields and charge-
dispersion parameters will be given. Details of our spec-
troscopic studies can be found elsewhere [1,15,22,23].
When there are two isomeric states for one nuclide, yields
of each isomer were added together. The total thickness
of uranium target material was 60 mg/crn in the
Jyvaskyla experiments and 50 mg/cm in the Louvain-
la-Neuve experiments, and so the results should be con-
sidered averaged over the spread in proton or deuteron
energy.

A. Cumulative isotopic yields of neutron-rich
Tc, Ru, Rh, Pd, and Ag isotopes
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FICs. 2. Cumulative yields in saturation of Tc, Ru, Rh, Pd,
and Ag isotopes. The dashed lines are drawn to guide the eye.
Lower limits are given when the ground-state beta-decay branch
is unknown, in which case zero branching was assumed.

The cumulative yields in saturation of 43Tc, 44Ru, 4~Rh,
«Pd, and 47Ag isotopes from the 20-MeV proton-induced
fission of U are shown in Fig. 2. In most cases, the er-
ror caused by efficiency calibration and statistics is
~ 10%. However, there is some variation in the IGISOL
efFiciency caused for example by different locations of the
beam spot on the target in difFerent experiments. This
leads to varying stopping and collection efficiencies. A
typical resulting uncertainty of +50% is marked on some
data points in Fig. 2. Another possible source of error is
in the determination of the ground-state beta branch.
When it was not known, zero branching was assumed.
This gives lower yield limits, as shown in Fig. 2. The cu-
mulative yield for the most neutron-rich isotopes de-
creases by a factor of -5 per unit mass number. The
lowest yields, a few atoms/pC, observed in our studies
are those of " Rh [17] and ' Pd [19]. If approximately
2.5 neutrons are emitted from each fragment in sym-
metric fission (Sec. IVA), the corresponding products
have mass numbers around 116—117. From Fig. 2 it can
be seen that mass yields stay nearly constant and may
even decrease slightly with decreasing 3 in the range
studied.
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B. Independent A =110,112, and 114nuclide yields
from p + U hand d +~ U

In the following, the determination of independent
yields in the A =110, A =112, and A =114 chains will
be described. As an example, the A =110 chain will be
discussed in some detail while only an outline of the
analysis will be given for A =112and 114. The results of
our analysis for the three mass chains from the 20-MeV
p + U reaction studied in Jyva, skyla, are given in Fig. 5
(Sec. IV). In Fig. 3 the independent yields determined at
A =110, 112, and 114 using the reaction d + U are
shown. The bombarding energies were 18, 25, and 41
MeV.

1. The A =110mass chain

The short half-life [15],0.92+0.03 s, of" Tc allowed a
straightforward determination of its production rate in
saturation by means of the strong 2+~0+ 241-keV y
transition in "Ru. As mentioned in Sec. II, zero beta
branching to the ground state of" Ru was assumed. The
absolute intensity of this transition was measured in our
decay scheme study [15]. No feeding from " Mo decays
was assumed. However, we did observe two coincident
gamma transitions with a -0.2-s half-life which might
result from beta decay of the new isotope "Mo. The
nominal yield was 2 orders of magnitude lower than the
yield of" Tc. Such a low value may partly result from
strongly converted low-energy transitions or from a large
ground-state branch or it could be connected with a pos-
sible enhancement of Tc yield (see Sec. IV A). Molybde-
num has a tendency to form oxides but this has been ob-

served to cause maximally a loss of roughly SO%%uo.

Our results on the beta decay of the two "Rh species
have been published recently [22] and were used in the
following analysis. The next step was the determination
of the direct production rate of the 28-s "Rh. The de-
cays of this state and of the other "Rh state with 3.2-s
half-life both contribute to the strong 374-keV gamma
transition in " Pd. The production rate of the 28-s " Rh
was obtained from the observed intensity of the 905-keV
gamma transition in "Pd, which can only result from
the decay of the directly produced 28-s " Rh [22]. Since
the half-life, 11.6+0.6 s, of "Ru is considerably longer
than the half-life of the 3.2-s "Rh daughter, it was possi-
ble to determine the contribution to the intensity of the
374-keV " Pd y line from the decay chain
"oTc~"oRu~ "oRh (3.2 s) and from the directly pro-
duced "Ru in a measurement with a collection cycle of
20-s beam on and 30-s beam off. Since the half-life of"Tc is short, the total number of Ru nuclei at the begin-
ning of the beam-off (decay) period could be determined
by following the falloff of the intensity of the 112-keV
transition [23] in the 3.2-s "Rh. The intensity of the"Ru~" Rh (3.2-s) ground-state branch needed for this
was determined by comparing the intensities of the 112-
keV transition and the 374-keV transition which follows
the Rh decay. The value deduced for the ground-state
branch is 70+10%. To complete the determination of
the production rates it was then a straightforward matter
to estimate the yield of the 3.2-s "Rh. No yield value
could be determined for the stable " Pd. The half-lives
of "Tc and "Ru given above are from the recent work
of Aysto et al. [15] and Jokinen et al. [23], those of the
two beta-decaying states in "Rh from Ref. [24].
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FIG. 3. Independent yields for A=110, 112, and 114 from the d+ U reaction determined at three bombarding energies of 18,
25, and 41 MeV as indicated in the figure. At A = 112, no measurements were performed with Ed =25 MeV. The " Pd data are not
shown because of the large uncertainty in the y branch of the 232-keV transition [27].
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2. The A =112mass chain

Yields of" Tc, "Ru, and" Rh were extracted from a
y-p coincidence spectrum measured using continuous
proton beam of 20-MeV energy. The absolute intensity
of the 236.8-keV gamma transition which follows the
beta decay of " Tc [15] was used in determining the yield
of "Tc. The beta-decay branch to the 0+ ground state
in "Ru was taken to be zero just as in the case of "Tc
decaying to " Ru. The three gamma transitions with en-
ergies 82.3, 244.8, and 327.0 keV, which follow beta de-
cay of" Ru, all gave compatible results for the yield of" Ru. Absolute y intensities from Ref. [23] were used.
The two y transitions, with energies 560.5 and 777.5 keV,
which only follow the beta decay of "Rh (6.8 s) and" Rh (3.8 s) [22], respectively, gave the yields of the
isomeric and the ground state separately. The produc-
tion ratio I'(" Pd)/I'(" Rh) was measured with the pla-
nar Ge detector by making use of the 18.5-keV y transi-
tion [25], which follows beta decay of" Pd (T,&2

=21.03
hr).

Two overlapping gamma peaks with 617.4-keV energy
assigned to parent nuclides "Ag ( T, z2

=3.13 hr) and
Y (T,&&=9.6 s [26]) appear, because Y is produced as

a small oxide impurity in the IGISOL ion beam. To
separate the two components, a source was collected on
the implantation tape using continuous beam and the de-
cay curve of the 617.4-keV y peak was measured in y-P
coincidence mode. The yield of "Ag relative to the cu-
mulative yield of " Pd was determined by fitting two ex-
ponential components in the curve. The yield ratio was
solved using the known half-lives.

bardment. The well-known [28] decay properties of
"4Ag were used in this analysis.

C. Independent yields in very asymmetric Sssion

In the reaction d+ U, independent yields of three
elements, 3,Ga, 32Ge, and 33As, were determined for the
charge dispersion curve at bombarding energies of 18, 25,
and 41 MeV. The results are given in Fig. 4. The branch
for the decay of Ge to the 1+ground state of As was
determined in Jyvaskyla using the reaction p + U. The
gamma intensities in y-p coincidence mode and the decay
curve of/3 singles with the hE Eteles-cope were measured
using periodic acquisition. The result for the ground-
state branch was 65%. It was determined on the basis of
the 27+5%%uo absolute gamma intensity of the 265.3-keV
transition and of the intensities of the other gamma tran-
sitions to the ground state which follow beta decay of

Ge. Our value for the gamma intensity of the 265-keV
transition difFers from that of Ref. [29], which is 48% but
is compatible with Ref. [28], which gives 25%%uo.

The yield of the stable nuclide Se cannot be deter-
mined with our method and the yield of the important r-
process waiting-point nucleus Zn was too low to be
measured. One can, however, estimate that the average
charge Z in the A =80 chain is 32.3+0.1 and is indepen-
dent of the bombarding energy in this energy range. The
inAuence of Se on Z was estimated by assuming that
o.,=0.75.

3. The A =114mass chain; beta decay
of the new isotope ' Ru

Prior to the present work, no experimental data on the
decay of" Ru was available. Using IGISOL the A =114
mass chain was studied in an experiment in which the
4.0-s data-acquisition cycle consisted of a 1.6-s-long col-
lection period and a 2.4-s-long decay period. Four y rays
with energies of 53, 88, 127, and 128 keV were seen in
coincidence with 20.1-keV Rh Eu x rays and with beta
particles. Therefore they are assigned to the decay of" Ru. The half-life of" Ru was determined from the de-
cay of gamma activity in coincidence with Rh Ko. x rays.
The result was 0.53+0.06 s. The decay of "Ru will be
discussed in more detail in a forthcoming publication
[16].

The relative yields of" Ru and " Rh were determined
from the growth-in of the 333-keV y transition [22] in the
decay of "Rh during the beam-o6'period. In the case of
2.4-min " Pd, use was made of its long half-life compared
with those of "Ru and " Rh. Its yield was determined
from the decay period in a run with a 270 s+ 530 s collec-
tion cycle. The decay of " Pd to levels of ""Ag has been
studied by us recently [27], and the 127-keV y transition
in "Ag and the level scheme from Ref. [27] were made
use of in the present work. Finally, the yield of" Ag was
determined by following the decay of the 558-keV y line
in "Cd during the decay period of the 270 s+ 530 s bom-

100—

MeV

r
31 52 33

Atomic number Z

FIG-. 4. Independent yields for 3=80 from the d+ U reac-
tion determined at three bombarding energies of 18, 25, and 41
MeV as indicated in the figure.
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IV. DISCUSSION

A. Charge dispersion in the A =110,112, and 114
mass chains

The mean isobaric charge Z and the standard deviation
o.z in 3=112 and A=114 mass chains were determined
using the 20 MeV p+ U reaction. In the case of
A = 110 only the mean isobaric charge can be given with
adequate accuracy due to certain identification of only
three nuclides.

Our data from the d + U bombardment are generally
insufhcient for the determination of charge-dispersion pa-
rameters. Some conclusions are possible, however. In
the same way as for 3=80 in asymmetric fission (Sec.
III C), the 2=110, 112, and 114 yields seem to be con-
stant when energy is increased above 25 MeV. The yield
for Z )43 increases by roughly a factor of 6 as energy is
changed from 18 to 25 MeV, about twice as much as for
3=80. Tc yields will be discussed below.

It is of interest to compare our values from the p +U
reaction with those of Wahl [5], determined for thermal-
neutron-induced fission of U. The situation is compli-
cated by the fact that in our case the compound nucleus

Np is formed with 25 MeV of excitation energy, and
more than one fissioning Np isotope is expected to con-
tribute. According to Ref. [30], first-, second-, and
third-chance fission contribute 45, 34, and 21%%uo, respec-
tively, at 20-MeV bombarding energy. A calculation
based on these values and on the unchanged charge dis-
tribution (UCD) formula [7] was made using a basic
charge-dispersion curve with a constant width of 0.52.
The result was that fissions from Np, Np, and Np
produced a composite charge-distribution curve at
3=110 with an only slightly increased width of 0.55.
Pairing may, however, change this result in the real situa-
tion.

A comparison of our results from the p+U reaction
and values based on the recommended independent yields
given by the Z model [5] for the reaction U(n, h,f ) is
shown in Table I. In calculating the average charge num-
ber ZUCD on the basis of the UCD model, it was assumed
that the average number of neutrons emitted from the
fragments v=2. 5. This value is in approximate agree-
ment with values extrapolated from the data of Tracy
et al. [31], in which fission of U induced by 40—60-
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MeV protons was studied. It is also compatible with the
recent results of Strecker, Mien, Plischke, and Scobel
[32]. In the literature, charge distribution has often been
characterized with parameters of a Gaussian distribution.
Here, instead, the results for both reactions are presented
in terms of the standard deviation o.z calculated directly
from the independent yield values.

It is well known that closed shells have an eQ'ect on
low-energy fission charge-dispersion curves [33]. In
n, h + U fission the yield of Sn ( Z =50) nuclei is
enhanced and consequently also the yield of the comple-
mentary Mo (Z=42) nuclei. In the case of p+U or
d+U, shell e6ects, if significant, should increase the yield
of Tc (Z=43). Possible signs of this enhancement are
seen in our results. From Figs. 3 and 5 it can be seen that

UCD

FIG. 5. Relative independent yields (in percent) of isotopes
with A=110, A=112, and A=114 from the 20 MeV p+ U
reaction. The data for each isobarich chain was shifted using
the respective ZUcD values. Charge-dispersion curves with
widths from Table I are drawn for A=112 and A=114.

TABLE I. Mean isobaric charges Z and standard deviations o.z in the A=110, A=112, and
A=114 mass chains. The experimental data from the reaction 20 MeV p+ "U are from this work.
Corresponding data calculated on the basis of recommended yields [5] in the reaction n,„+ "U are
given for comparison (no experimental data are available; see text for details).

+ 238U

Z ~z ZUCDA

110
112
114

a,
43.16
44.21
45 ~ 17

b
0.82+0.08
0.54+0.08

44.01+0.20
45.15+0.1 S

45.74+0.15

43.92
44.70
45.48

0.58
0.62
0.60

'The values based on the UCD assumption were calculated for the reaction p +U assuming that on the
average 2.5 neutrons are emitted from the fragment [5,31,32].
Not available (see text).
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the charge-dispersion curves at 2 = 110 are wide both in
the p+U reaction and in the 18-MeV d+U reaction. A
possible explanation is that the independent yield of Tc is
enhanced. Also in the 18-MeV d+ U reaction with
A =112, yield of Tc seems to be relatively high. If these
effects are real, the absence of anomalously high Tc yields
at 25- and 41-MeV bombarding energies can be under-
stood as a result of excitation energy washing out shell
effects. The degree of possible enhancement of Tc yield is
difficult to estimate; increasing excitation energy should
lead to a decrease of the yield of Tc as compared with
yields of Ru and Rh, since more neutrons are emitted at
higher excitation energy. However, there is only little
change in the relative yields of Rh and Ag at 3= 114 as
energy is increased from 18 to 41 MeV.

It can be seen from Table I that for all three mass
chains the mean isobaric charge is roughly 0.8 unit
higher in proton-induced fission of U than in thermal-
neutron-induced fission. One should note, however, that
the mean charge in the reaction n,&+ U is based on
model estimates [5], since no experimental data are avail-
able for these mass numbers. When 3=114, the stan-
dard deviations are comparable for the two reactions. In
Fig. 5 the data from all three isobaric chains studied are
combined by shifting the curves according to the UCD
assumption [7]. Our results, especially combined with
the fairly high mass yields for symmetric fission, make
the U(p, f ) reaction attractive in the study of extremely
neutron-rich isotopes although the dispersion curves
seem to be slightly more favorable in thermal fission.

At 18-MeV bombarding energy, the compound nucleus
Np is produced at the same excitation energy in the

d+U reaction as Np in the 20-MeV p+U reaction.
The mean isobaric charges are 46.0 (45.74+0.15) for
3=114 and 44.5 (44.01+0.20) for 2=110, where the
values in parentheses are the corresponding results in the
p+U reaction. The mean charges are similar for the two
reactions. The idea behind the use of the d+U reaction
was that a significant part of the total reaction cross sec-
tion would lead to direct reactions in which a proton
leaves the U nucleus behind at low excitation energy.
The result would be an increased X/Z ratio of the fission
fragments. This hypothesis seems not to be supported by
our experimental result since the observed independent
yields (ions/pC) are smaller for " '" Tc and " Ru in the
d+U reaction than in the p+U reaction (see Figs. 2 and
3; independent and cumulative yields are approximately
equal for these very neutron-rich isotopes).

B. Charge dispersion in the A =80 mass chain

The mass yield at A =80 seems to reach a maximum
around 30-MeV bombarding energy (Fig. 4). The depen-
dence of Z on deuteron energy is weak. The excitation
energy of the compound nucleus " Np is 33.0 MeV at 25
MeV deuteron energy. From this it can be estimated that
fission of four nuclides, Np, contributes to the ob-
served distribution at 25-MeV bombarding energy. Ac-
cording to Ref. [34], approximately 0.3 neutrons on the
average are emitted in thermal-neutron-induced fission of

U from fragments with mass number 80. Taking into

account the additional excitation energy brought into the
system by 25-MeV deuterons the average number of neu-
trons emitted from fragments with A =80 was estimated
to be 1.3. If the average mass number of the fissioning
nuclei is taken to be 238.5 the average charge number
given by the UCD model is 31.70. The difference
EZ=ZUcD —

ZL, = —0.6, where ZUcD is the average iso-
baric charge given by the UCD model and Zl is the ex-
perimental value for the light fragment. In thermal-
neutron-induced fission of U, approximately the same
difference was observed [4].

C. Cpmparispn ~ith Assjpn frpm the reactjpn Ne+ U

Spontaneous fission and a number of nuclear reactions
leading to fission have been used for the purpose of study-
ing very neutron-rich nuclei. The independent fission
yields leading to a given region of the chart of nuclei de-
pend on the reaction. Of the low-energy reactions,
thermal-neutron-induced fission is still competitive in the
production of new isotopes, for example, in the Cu-Ni re-
gion [2]. To study nuclei in the mass valley of low-energy
fission, heavy-ion-induced fusion-fission as well as direct
reactions and multinucleon transfer leading to fission can
in principle be used. An example of heavy-ion-induced
fission will be discussed briefly.

The independent isotopic distributions of Rb and Cs
have been studied [35] earlier using an on-line mass spec-
trometer and the reaction 6 MeV/nucleon Ne+ U.
The variance of the distribution was essentially the same
for both elements and had a value of =4.25. The distri-
butions were still roughly Gaussian at this bombarding
energy which corresponds to 64.5-MeV excitation of the
compound system. If one assumes that the X/Z ratio for
an element depends linearly on Z and that the width of
the isotopic distribution is constant, one can calculate the
expected isotopic yield curves from the Ne+U reaction
for the elements studied in the present work. Here X is
the average neutron number [35] of an element. Assum-
ing that the peak isotopic yield for an element is 10 mb
and taking the IGISOL efficiency to be 10 the yields
given in Table II were calculated.

Yields of fission products from the reaction —5 —11
MeV/nucleon 2oNe+ 8U have recently been studied us-
ing the Gesellschaft fiir Schwerionenforschung (GSI) on-
line mass separator [36]. The most neutron-rich Pd iso-
tope observed was " Pd with a yield of 5000
atoms/s particle pA. For this isotope, the yield was 2 or-
ders of magnitude higher than in our experiment because
of the relatively long half-life [27] of 1.8 s, the higher
efficiency of the separator, and the favorable hot-ion
source chemistry of palladium. Gaussian isotopic yield
distributions with a width of 5.6 mass units were found to
fit the data in mass region 3 = 120—130. When the bom-
barding energy in the work of de Saint-Simon et al. [35]
was increased to 162 MeV ( =7.4 MeV/nucleon), the
variance of the isotopic distribution for Cs was increased
significantly. This effect was interpreted to be a conse-
quence of the onset of fission following direct reactions.
However, it has been pointed out [10] that the yields of
the neutron-rich Cs isotopes from this reaction corre-
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20-MeV p+
132-MeV Ne+ U

&2
22

80
250

)3
11

Not available
27

spond to those observed in 40 MeV p+ U fission [31].
Thus it appears that heavy-ion-induced fission is not
dramatically better as a production method for neutron-
rich isotopes than low-energy proton-induced fission.

V. SUMMARY AND CONCLUSIONS

The IGISOL facilities in Jyvaskyla and Louvain-la-
Neuve based on the ion guide principle were found suit-
able for performing yield measurements in both the sym-
Inetric and asymmetric mass split regions in fission in-
duced by low-energy light charged particles. For the first
time, independent fission yields were measured near sym-
metry for p- and d-induced fission of U with the excita-
tion energy of the compound system around 25 MeV.
Some 15 new neutron-rich isotopes in the mass region
2 =110—120 have been produced for spectroscopic stud-
ies. Our cumulative yield determinations are currently

TABLE II. Estimated yields for the reaction 132-MeV
Ne+ U compared with experimental yields from the

20 MeV p+ U reaction (present work) in units of
atoms/s particle pA.

being extended over a wide range of products with masses
3=96—120. The yields are also being studied as a func-
tion of proton energy in the range 14—20 MeV using thin
U and Th targets [37].

Heavy-ion accelerators will provide new ways to reach
neutron-rich isotopes. In particular, fusion-fission and
deep-inelastic reactions might be productive together
with (a new generation ofl IGISOL. Not very much is
known about charge distribution from heavy-ion fusion
and deep-inelastic reactions [10,11,38] in the product
mass range A =100—130 although much e6'ort has been
put into the determination of yields of heavy elements, in
particular, from deep-inelastic reactions [39,40]. Wheth-
er new regions of the nuclear chart will be reached
remains to be seen. Our estimates based on results from
the Ne+ U reaction are not very promising. Howev-
er, population of high-spin isomers is expected to be
enhanced. Already in the 20-MeV p-induced fission of U,
exotic isomers with half-lives on the order of a few mil-
liseconds have been observed in our studies [1]. For ex-
ample, in the case of" Ag, the population ratio of the
isomeric versus ground state was 0.04.
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