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Abstract. Independent isotopic yields for elements from Zn to La in 25-MeV proton-induced fission of "**U
were determined with the JYFLTRAP facility. In addition, isotopic yields for Zn, Ga, Rb, Sr, Zr, Pd and
Xe in 50-MeV proton-induced fission of "**U were measured. The deduced isotopic yield distributions are
compared with a Rubchenya model, GEF model with universal parameters and the semiempirical Wahl
model. Of these, the Rubchenya model gives the best overall agreement with the obtained data. Combining
the isotopic yield data with mass yield data to obtain the absolute independent yields was attempted. The

result depends on the mass yield distribution.

PACS. 24.75.41 General properties of fission — 25.85.-w Fission reactions — 25.85.Ge Charged-particle-
induced fission — 28.60.4s Isotope separation and enrichment

1 Introduction

A thorough characterization of the fission process re-
quires a knowledge of the yield distributions of the fission
fragments. In addition to understanding the fission dy-
namics, the data on yield distributions are important for
optimising the production of neutron-rich nuclei in nuclear
structure studies at existing facilities such as the IGISOL
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(Ion Guide Isotope Separator On-Line) [1] at the Accel-
erator laboratory of the University of Jyvaskyla, as well
as simulating future ISOL-based radioactive beam facili-
ties such as EURISOL [2]. Fission yield data are needed
also for the development of the so-called Generation IV
nuclear reactors [3].

The most complete description of the fission yield dis-
tributions is the independent fission product yields Y(A, Z)
the fractions of specific nuclides produced directly (not via
radioactive decay of precursors) in fission [4]. Since the
fission fragments evaporate neutrons in less than 1071° s
they are not directly detected in experiments. The exper-
imentally observed nuclei are fission products, defined as
secondary fragments after the particle emission but be-
fore beta decay. Other fission yields are the cumulative
yields - fractions of specific nuclides produced in fission,
directly and via decay of precursors - the chain yields and
the mass (number) yields. The chain yields are defined as
the cumulative yield of the last member of the radioactive
decay chain, the mass yields as the sum of all independent
yields of a particular mass chain. The difference between
the chain and mass yields results from the beta delayed
neutron emission. The difference is significant only for few
mass chains, in particular A==84,85,136 [4]. From exper-
imental point of view it can be said that radiochemical
methods (e.g. in ref. [5]) measure the chain yields, fis-
sion experiments in scattering chambers [6,7] where the
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mass determination takes place in hundreds of nanosec-
onds, measure the mass yields.

In the experiments described in this article the in-
dependent isotopic yields of fission products were estab-
lished. The measured yields are independent with respect
to beta decay. Because of the experimental reservations,
the yields are determined relative to those of isotopes of
the same element.

A measurement of the independent yield of a nuclide
requires that it is observed and identified. A fission prod-
uct can be recognised as an ion, or by following its ra-
dioactive decay. A major challenge is that over 500 differ-
ent nuclei are produded in fission, of which about a half
has a half-life shorter than 1 second. The large diversity
of products limits the feasibility of the decay spectroscopy
without pre-selection, which can be achieved by chemical
(selection of Z) or physical means (selection of A with an
isotope separator). The short-lived species form a techni-
cal challenge for both chemical and physical selection that
cannot always be overcome. After separation, gamma ray
spectroscopy is the most applicable for recognizing the
decays; deducing the number of fission procucts from the
gamma ray peak intensities requires good knowledge on
the decay properties.

The ion guide technique [8,9] based mass separation
is well suited for fission yield studies. It is universal in
the sense it can produce an ion beam of any element
within a few milliseconds. Fission yields have been de-
termined by ion-guide based isotope separation combined
with gamma-ray spectroscopy for proton-induced fission
of 28U in Jyviskyld [10-12], in Louvain-la-Neuve, Bel-
gium [13-16], and in Sendai, Japan [17,18], for proton-
induced fission of 232Th in Sendai [19], for deuterium- and
fast neutron-induced fission in Jyvéskyld [12,20] and for
alpha-induced fission of 238U in Lyon, France [21].

Alternatively, the ions of fission products can be ob-
served directly. Gas filled detectors around the fissioning
target have been used in total (neutron-induced) fission
cross section measurements [22, 23] and fission product an-
gular distribution measurements [24]. Their resolution is
not however sufficient to identify all the fission products
by Z and A. Measuring simultaneously the velocity (from
the time-of-flight) and energy of the fission products al-
lows determining the mass number of fission products [6,
7,25].

The fission products can be decisively identified on the
basis of their mass. The mass resolving power of an ordi-
nary isotope separator is seldom sufficient for this pur-
pose. The Lohengrin recoil mass separator at ILL for un-
stopped thermal neutron-induced fission products [26] al-
lows recognising the nuclear species up to Z < 42 and
consequently determining the independent yields for the
light fission products; for heavy fission products, decay
spectroscopic techniques have to be utilised.

During the last decade, Penning traps have become a
widely used analysis tool in nuclear physics laboratories.
One particular application of a Penning trap is to use
it as a high precision mass filter. A mass resolving power
(MRP) m/Am = 10°, provided easily with Penning traps,

is sufficient to unambiguously identify most isotopes based
on their mass. At the IGISOL facility [27,1] the ion iden-
tifying capability of JYFLTRAP [28] has been combined
with the ion guide technique to produce a clean ion beam
of any element. The combination allows the extraction of
independent isotopic yield distributions. The method has
been described in detail earlier in refs. [29-31].

In this article, the yield measurements of 25 MeV proton-
induced fission of natural uranium are described, and the
independent isotopic fission yields for elements from Zn
(Z= 30) to La (Z=5T7) are given. In addition, a few iso-
topic yield distributions for 50 MeV proton-induced fission
are presented. The data were obtained in experiments per-
formed at IGISOL-3 [27] and completed later at IGISOL-
4 [1]. A serious effort to convert the independent isotopic
fission yield distributions to absolute independent fission
yields in 25 MeV proton-induced fission is made.

2 Experimental techniques and data analysis

The independent isotopic fission yields were determined
using a technique based on the unambiguous identification
of the fission products by mass utilizing a Penning trap.
The method is described in detail in ref. [29].

After the experiments described in ref. [29], the IGISOL
facility has been updated to IGISOL-4 [1]. The fission
yield measurements with 25 MeV protons were completed
at the renovated facility. In the more recent measurements,
an automated control of the dipole magnet of the IGISOL
mass separator was employed. This has some impact on
the way the experiments are executed, and, consequently,
on the data analysis. In the new facility, better under-
standing of the appearance of the ion beams of the nat-
urally occurring stable isotopes and their impact on the
fission yield measurements has been gained. These find-
ings are discussed in section 2.1.

Fission was induced by 1 - 4 pA beams of 25 MeV or
50 MeV protons from the K130 cyclotron. The target, a
10 mm by 50 mm piece of 15 mg/cm? thick uranium foil
was located in the fission ion guide of the IGISOL mass
separator [27,1]. The energy loss of protons in the target
is 1.0 MeV at 25 MeV, and 0.6 MeV at 50 MeV, thus the
fission is induced by practically monoenergetic protons.
Natural uranium targets consists typically of 99.3 % of
2387 and 0.7 % of 235U. The total proton-induced fission
cross section for both isotopes is of the order of 1.4 barn
at 25 MeV, thus, contribution from 238U dominates the
proton-induced fission yield disrtibution. The contribution
of the neutron-induced fission can be considered negligi-
ble. The fast neutrons from fission induce of the order
of 102106 fissions per each puC of primary proton beam,
which needs to be compared to 20210° proton-induced fis-
sions per uC of primary proton beam. The target is so thin
that the fission neutrons escape before they are slowed
down to thermal energies. The most significant source of
thermal neutrons is the beam dump 3 meters downstream
of the target. An upper limit estimation of thermal neu-
tron flux yields to less than 1000 thermal neutron-induced
fissions of 23°U in the "**U target per uC of proton beam.
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In the ion guide technique [8,9], the reaction products
are ionized in the nuclear reactions, fission in this case.
They recoil out of the target as ions, which are stopped
in helium buffer gas. The charge state of the originally
highly charged ions lowers rapidly, until the fission prod-
ucts cannot strip any more electrons from helium atoms.
The majority of the reaction products stopped in helium
remain as 14 ions long enough to be transported with the
helium flow to a differential pumping section, where they
are guided by a sextupole ion beam guide, SPIG [32], to
a magnetic mass separator. A self-focusing 55° Scandina-
vian type dipole magnet is used to disperse the masses
with a MRP m/Am =~ 500. At IGISOL-3, the ions with
mass number A were selected by a 7 mm wide slit, and
at IGISOL-4 with a variable slit width set to 10 mm. The
selected ions are directed to a linear quadrupole radiofre-
quency cooler and buncher (RFQ) [33-35], where they
were collected for up to a few hundreds of milliseconds.

The collected ions are released as a 10 ps long bunch

that is directed to the cylidrical double Penning trap JYF LT%{% A

[28], which consist of two traps within the same 7.0 T su-
perconducting magnet separated by a 50 mm long, 2.0
mm in diameter (1.5 mm at IGISOL-4) channel. The ion
bunch is captured in the first of the traps, called the purifi-
cation trap. The purification trap, filled with low pressure
helium, can be used as a high MRP (> 10°) filter for the
ions. The filtering is done by applying multipole RF fields
to the azimuthally 8-fold split ring electrode at the center
of the trap.

The movement of the ions in the Penning trap con-
sists of three eigenmotions: axial motion along the mag-
netic field, and two radial motions perpendicular to it.
The lower frequency magnetron motion, with frequency
v_, is essentially mass independent, while the higher fre-
quency reduced cyclotron motion, v, exhibits a mass de-
pendence. The sum of the frequencies is called cyclotron
frequency v¢, that satisfies the equation

L q
Vot vy =ve = 27rmB7 (1)
where ¢ and m are the charge and mass of the ion, and
B is the magnetic field [36].

The ion purification, i.e., selecting the ions with the
mass of interest, starts with an initial cooling period. Next,
a dipolar RF field is applied to the Penning trap ring elec-
trode at the magnetron frequency v_. It excites the mag-
netron motion without affecting the other eigenmotions.
Since magnetron motion is mass independent, all ions are
moved to an orbit away from the trap center. The ampli-
tude of the dipolar field is chosen such that the radius of
the orbit will be so large that no ion can pass the narrow
channel between the purification trap and the second trap
upon the release from the purification trap.

After the dipolar excitation, a radial quadrupole RF
field with the cyclotron frequency v¢ of interest is applied.
This causes a coupling of the radial eigenmotions and a
conversion of the magnetron motion to the reduced cy-
clotron motion for the ions that satisfy equation 1. As the
result, the magnetron radius of the selected ions decreases.

This increases their reduced cyclotron motion radius mo-
mentarily, but the collisions with the buffer gas will finally
decrease also the v, amplitude, due to which the ions of
interest are centered in the trap and can be extracted out
of the purification trap through the aperture. With this
technique, m/Am =~ 10° is reached. The purification pro-
cess is described in detail in refs. [37,28,38].

The ions were counted with a multichannel plate (MCP)
detector located at ground potential outside of the trap
magnet. Since the trap is located at 30 kV high voltage,
the released ions are accelerated over this voltage. A de-
tection efficiency of = 60 % is, as compared with ~ 20 %
for a few keV ions. Examples of the resulting spectra that
are used to determine the fission yields are shown in figure
1. Strictly speaking, they are cyclotron frequency spectra,
inversely proportional to mass. As a good approximation,
they can be considered as mass spectra, and hence called
such in the following.

ince the ionization mechanism is the fission itself, the
pendent fission yield of an isotope is directly propor-
tional to the intensity of the corresponding peak in the
mass spectrum. Since the time from fission to the ion de-
tection was relatively long, from 341 ms up to 1300 ms,
an appropriate radioactive decay loss correction needs to
be applied for the most short-lived isotopes. The fission
yield distributions can be extracted from the corrected
yields. Since both the ion guide efficiency and the trans-
mission efficiency through the RFQ and the Penning trap
can depend on the chemical properties of the isotope [39,
30], usually only the isotopes of the same element were
compared.

Each measured mass spectrum was associated to a ref-
erence mass spectrum. In the experiments at IGISOL-3,
the reference was recorded before and after each mass
scan, and, if possible, the same reference isotope was used
for all isotopes of a certain element. The mass spectra
were measured in an irregular sequence to avoid any sys-
tematic drift of experimental conditions that may skew
the determined distribution of fission yields. In addition to
the mass spectrum, a history spectrum showing the count
rate variation along the course of the experiment was gen-
erated. These history spectra could be used to correct for
element-independent fluctuations of the mass separated
beam intensity [29]. These fluctuations turned out to be
mostly due to the instability of the manual control system
of the dipole magnet[29]. Later, a more stable computer
control was implement, which also allowed more frequent
swapping to and from the reference mass number. In the
experiments at IGISOL-3, a mass spectrum consisted of
20 - 100 consecutive Penning trap frequency scans, each
scan having one ion bunch per a frequency point. Refer-
ence mass spectra typically consisted of 20 - 50 frequency
scans.

In the experiments at IGISOL-4, the fast computer
control allowed a change of mass number after every three
or four frequency scans, until a sufficient number of scans
(typically 30) was performed, see figure 2. This difference
has some impact on the analysis of the yields and the
choice of the reference. In comparison to earlier measure-
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ments, 2 - 4 reference isotopes were used for each element.
The choice of the reference isotopes is discussed later in
section 2.2.

It is worth noting that the yields were determined from
mass spectra such as shown in figure 1, each spectrum
having several peaks. In order to have better control over
the measurements, each spectrum had to have at least one
mass peak with a sufficient yield. As an example, the high-
est rate of 111 Pd ions is less than 1 ion per bunch. At such a
rate it is difficult to notice any variations of the count rate,
for example, due to primary beam fluctuation. The "' Rh
mass peak in the same spectrum provides a more sensitive
monitor for the stability of the yield. A sufficiently wide
frequency range also allows the determination of yields of
several nuclides simultaneously.

In the analysis, the number of counts in a mass peak
was used as the measure of its intensity. This choice is dis-
cussed in detail in ref. [29]. As seen from figure 1, there are
very few background counts in the spectra, so there was
usually no need for background subtraction. Nevertheless,
the mass resolving power is an important aspect in the
analysis of the mass spectra. In mass numbers A < 125,
a MRP of the order of 10° is sufficient and overlapping
of mass peaks is rare. For the heavier fission products, a
higher mass resolving power is needed to properly separate
the mass peaks due to various reasons:

— the valley of beta stability bends towards more neutron
rich nuclei

— the fission products in the heavy mass peak are on
the average less neutron rich than in the light mass
peak (charge polarization) which brings the distribu-
tions closer to the valley of stability

— above A = 130 the mass parabola is wider and shal-
lower than below, bringing the masses within each iso-
bar closer to each other

— the mass resolving power of the Penning trap gets
lower at higher masses. The resonance frequency v* of
an isotope is inversely proportional to its mass, while
the resonance width Av* remains constant. Thus, for
the same mass difference Am the frequency difference
Av* is smaller for heavier isotopes.

The most difficult region for resolving the mass peaks
is at A = 128 - 136. The maximum of fission yield falls in
between the stable isotopes and the doubly magic 32Sn,
whose increased binding energy due to nuclear structure
reduces its mass close to that of stable nuclei. The mass
differences are small and as such proper resolving of the
mass spectra is challenging. The presence of the natural
xenon isotopes, used as a mass calibration gas at IGISOL-
3, were harmful for tin, antimony and caesium measure-
ments, and made it impossible to determine the yields of
tellurium and iodine. While the space charge due to the
most abundant isotopes 129:131:132Xe prevented any mea-
surements whatsoever, even the less abundant isotopes re-
duced the resolving power enough to make the mass spec-
tra irresolvable, except for the mass peaks of isotopes fur-
thest from stability. At IGISOL-4, where the use of natu-
ral xenon as a calibration gas was avoided, the situation

was better but resolving the mass spectra was still quite
challenging.

After determining the ion rate after the JYFLTRAP
Penning trap, the aforementioned corrections due to ra-
dioactive decay and count rate fluctuations were applied
to the isotopic yields. For details, see ref. [29]. The iso-
topic yields are determined from the ratios of the count
rates of the reference isotope and the isotope of interest.
The normalised isotopic yields are given in tables 3 - 12.
The uncertainty includes both the statistical uncertainty
as well that due to the applied corrections.

2.1 Stable isotopes

Since the technique is based on ion counting, it allows in
principle determination of the fission yields of long lived
and stable isotopes as well as the radioactive ones. Some
stable isotopes are produced directly in fission. In 25 MeV
proton-induced fission of natural uranium studied in this
work, such isotopes include e.g. 32Se, 86Kr, 96Zr, 190Mo,
110Pd’ 1160d, 122’124811, 128,130Te and 137138 Ba. Determin-
ing the independent fission yield of stable isotopes is how-
ever challenging in practice, since stable isotopes, not di-
rectly produced in fission, are ionised in the IGISOL target
area and observed in the mass spectra as well. Their pres-
ence can be seen in figure 1, where the isotopes of cadmium
appear in mass numbers A = 110 - 113. The vast majority
of cadmium isotopes produced in fission has a mass num-
ber A >115. In addition to cadmium, the ions of stable
isotopes of Ge, As, Se, Br, Kr, Rb, Sr, Mo, Cd, In, Sn,
Te, I and Xe have been observed in the measurements. In
the following, these ions are called stable background, if it
is necessary to distinguish them from the stable isotopes
produced in fission.

The origin of all stable background is not yet fully
understood. A very small amount of material is needed,
since the intensity of the stable background ion beams
is in most cases less or of the same order of magnitude
than that of fission products. Of the observed elements,
gaseous krypton and xenon are present as impurities in
the helium gas. They are ionised by the fission fragments
and scattered primary beam, and also by the beta and
gamma radiation from the decay of the fission products
stopped in the ion guide. Xenon was earlier used for the
mass separator calibration and intentionally added to he-
lium. In more recent experiments use of xenon has been
avoided. Indium wire is used for gas sealings. Several trace
elements, including e.g. cadmium, molybdenum, arsenic,
selenium, antimony, tin, zinc and lead are present in hu-
man sweat [40], although separator parts should not have
been handled without gloves during mounting.

The most severe impact of the stable background ions
on the yield measurements is that some are produced so
abundantly that the space charge they build in the Pen-
ning trap reduces its transmission. The isotopic yields of
germanium and gallium are shown in figure 3. The yield
is reduced at A=79 and A=81 for both elements, which
is due to the presence of stable bromine. In the case of
bromine, the intensity of the background bromine beam
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Fig. 1. Sequence of mass spectra used to determine the iso-
topic yields of Pd isotopes. The horizontal scale is the Penning
trap excitation frequency, so the mass of the isotopes increases
to the left. The frequency in all spectra is given relative to the
palladium mass peak position. The vertical scale is the aver-
age number of ions per bunch. A low rate in the A=112 mass
spectrum is due to transmission efficiency fluctuation, which is
corrected for in the calculation for the isotopic yield. The mass
peaks labeled in bold are those of stable isotopes. The sta-
ble Cd isotopes are not fission products but impurities, while
most of the stable 11°Pd seems to be fission products. The same
mass spectra could also be used to determine isotopic yields of
several Rh and Ag isotopes.
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Fig. 2. Histories of a fission yield measurement with the same
isotope-reference pair at IGISOL-3 (top) with manual and at
IGISOL-4 (bottom) with automated dipole magnet control.
The history of A=88 has been scaled in such a way that it
mimics the reference A=90 yield, see [29,31] for details. The to-
tal measurement time is longer at IGISOL-4 because of higher
frequency resolution and longer frequency range of each mass
scan.

is several orders of magnitude higher than that of any
fission products. A similar reduction has been observed
because of Rb (A=85,87; not in current data), I (A=127;
IGISOL-4 only) and Xe (A=131,132,134; IGISOL-3 only).
The intensity of the stable background beams varies be-
tween measurements, and the space charge due to them is
not always sufficient to influence the trap transmission.

An effort was also made to estimate the intensity of
the stable background beam and subtract its contribution
from the yield of stable isotopes originating from fission.
The starting point for each element was the ion yield of
a stable isotope that certainly was not produced in fis-
sion. The rate of other stable background isotopes was
estimated from the natural abundance ratios. However, it
turned out that the intensity of the background did not
always follow the natural abundances, which makes the
question of their origin even more puzzling. From the cur-
rent point of view of fission yield measurements it is im-
portant that their presence is recognized and taken into
account in the analysis.

2.2 Choice of reference isotopes
2.2.1 IGISOL-3

In the experiments performed at IGISOL-3, typically one
isotope of each element was selected as a reference isotope.
The requirements for an optimal reference isotope were

— the mass peak of a reference isotope should not overlap
with any other mass peaks

— the mass peak should be a single peak, not consisting
of two or more close-lying isomers
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Fig. 3. Determined yield distributions of germanium and gal-
lium isotopes. The height of the Gaussian fit to the data points
indicated by solid circles is normalised to 100. The open cir-
cles show the measured yield in mass numbers A = 79 andA
= 81 that fall below the expected value. An equal drop is seen
also for As in A = 81 and for Zn in A = 79. The effect is
due to space charge from natural ">®!Br ions that reduces the
transmission through the Penning trap.

— the half-life of the reference isotope should be relatively
long or sufficiently well known to avoid uncertainty due
to decay correction.

— the reference isotope should (usually) be close to the
maximum of the isotopic yield distribution.

In practice, some criteria had to be relaxed. This was
related to the optimal use of the available beam time re-
sources. Figure 1 shows the mass spectra used to deter-
mine the fission yields of palladium. The yields of sev-
eral rhodium and silver isotopes can be deduced from the
same spectra. The spectra shown in figure 1 are not suf-
ficient to determine the whole isotopic yield distribution
for rhodium and silver. The remainder was determined
against a reference other than A = 115, which allowed
a simultaneous measurement of the yields of the next el-
ements. The way to combine the measurements against
different reference isotopes is described below.

The region around mass number A = 130 has isobars
with very small mass differences, resulting in many over-
lapping mass peaks. The reference isotopes for elements
from xenon to lanthanum were thus chosen relatively far
from stability. Some overlapping of reference mass peaks

could not be entirely avoided, since the choice also had to
balance with the lower yield and shorter, less well known
half-life of the isotopes far from stability.

Reference isotopes with isomers could neither be to-
tally avoided. When the half-lives of isomers are long enough,
tens of seconds or longer, the effect of the isomeric ratio
to the deduced yields is however negligible.

The last criterium, having the reference isotope close
to the maximum of the yield is related to achieving appro-
priate counting statistics faster for the reference. However,
the highest possible yield for the reference is not always
optimal. Low yield of the isotopes far from stability can
be boosted with higher primary beam intensity. The ref-
erence isotope rate needs to be measured with the same
primary beam intensity to have the same conditions in
the ion guide. The counting rate of the reference isotope
is limited by the pile-up limit in the MCP detector [29],
which partly dictates the upper limit for the primary beam
intensity. The other limiting factor is the total amount of
ions (space charge) in the Penning trap, which is less of
a concern than the pile-up limit, provided any contam-
inating stable ions are not involved. Therefore, isotopes
far from stability can often be more effectively measured
against a nearby isotope with a similar count rate and
using more intense primary beam.

Usually, a reference isotope of the same element was
used. On some rare occasions, the intensity of the ap-
propriate reference isotope could not be determined from
the reference spectrum. In such cases, each separately dis-
cussed in section 3, an isotope of a different element was
used as a reference. Even though the transmission effi-
ciency is different for different elements, the relative effi-
ciencies change slowly, as shown in ref. [30]. Comparison
against any element in the reference spectrum thus gives
the same shape of the yield distribution. In addition to
Zr, Nb and Mo isotopes discussed in ref. [30], the stabil-
ity of the relative transmission efficiency has been inves-
tigated by comparing the ratios of 123In/!23Sn, %6Sr /96y
and “7Zn/"™Ga in the reference mass spectra. The varia-
tion of these ratios stayed within the statistical fluctuation
during the length of the experiment - Zn/Ga ratio for nine
hours, and Sr/Y ratio for four hours.

For the final result the isotopic yields are further nor-
malized to 100 corresponding to the height of a Gaussian
fit to their distribution. This normalization makes it easier
to compare different distributions since it is less arbitrary
than setting some reference isotope to 100. In addition,
the Gaussian fits are utilized in combining the isotopic
yields measured against different reference isotopes. This
is explained in more detail below.

2.2.2 IGISOL-4

In the measurements at IGISOL-4 a slightly different ap-
proach to the selection of the reference isotopes was adopted.
Unlike at IGISOL-3, the dipole magnet used to se-
lect the mass number A of the ions collected in the RFQ),
was computer controlled. This allows changing between
the measured mass and the reference mass in significantly
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shorter intervals than before. In a typical measurement
the reference mass number was scanned over the range of
interest three times. Then the mass number was changed,
which took 10 - 20 seconds, depending on the magnitude
and direction of the magnetic field change. The mass of
interest was then scanned three times. This was repeated
until sufficient statistics was reached. A typical yield mea-
surement consists of 30 - 50 frequency scans for both the
mass of interest and the reference mass, see figure 2.

At IGISOL-4, the mass difference between the studied
and the reference isotope was minimised, firstly to reduce
the dipole magnet current change between the isotopes,
and secondly, to maintain a similar ion counting rate for
both isotopes (see discussion above).

In each IGISOL-4 measurement, one reference was used
for a set of 3 - 4 isotopes. Then, a new subset with another
reference was started. The subsets overlapped in at least
one, preferably in two mass numbers. If necessary, a third
and even fourth subset was collected to cover the whole
isotopic yield distribution.

The yield subsets were combined so that the reference
of a subset was matched to the yield in the previous sub-
set by multiplying the subset by an appropriate factor. In
a typical case of bromine isotopes the 36Br set was mul-
tiplied by 4.178, see table 1. Since the uncertainty of the
next reference isotope yield is zero, its final uncertainty
comes from the measurement against the previous refer-
ence (for 8Br against ®Br). A weighted average is used
for other overlapping isotopes (®*Br in the case of Br iso-
topes). The 8 Br set is multiplied by 4.178 x 0.91 = 3.815
to adjust the reference isotope 38Br and so on, if there was
a fourth reference set.

In some cases all subsets could not be linked to a refer-
ence isotope, see for example the case of tellurium isotopes
in table 1. If the subsets had only one common isotope,
the joint subset was multiplied by an appropriate factor,
but now the factor has an uncertainty that is quadratically
added to the uncertainty of the isotopes in the multiplied
set. If there were two common isotopes, as in the case of
second and third tellurium reference subsets, the multipli-
cation factor is determined so that the yield of one isotope
is above and the yield of another below the value in the
previous subsets. One adjusted yield needs to be an equal
amount above the established value than the other is be-
low. This equal amount is however not in absolute yield
units but in the total uncertainty of the difference. In the
case of tellurium, ®!'Te and !33Te subsets (the first and
the second reference set in table 1) are first combined as
above in the case of bromine by multiplying the 23 Te set
by 0.93. This result yields 21.72 £+ 0.70 and 14.40 + 0.57
for 13°Te and '¥6Te, respectively. The third, 37Te set is
then multiplied by a such factor that the yield of °Te in
the third set becomes as much above the combined yield
of 135Te as 136Te is below. Such a factor is 0.06183: it
gives 24.86 & 1.49 and 12.61 & 0.75 for the yields of 135Te
and 136Te, respectively. The difference of '3°Te yields be-
tween the combined '*!Te and 133 Te set and the 37" Te set
is (21.72 £ 0.70) - (24.85 + 1.48) = -3.13 & 1.64, which
means that the yield of *>Te in the combined set is 1.90

below the yield in the 13" Te set. Respectively, the yield of
136Te is (14.40 + 0.57) - (12.61 4 0.75) = 1.79 £ 0.94,
1.90 above the '37Te set. For the final yield of 135136Te
the weighed averages (22.29 + 0.64 and 13.74 + 0.46) are
used.

As a last step, the yields are normalised so that the
height of a Gaussian fit to each isotopic distribution equals
100. These values are shown for bromine and tellurium in
the last column of table 1. These are also the IGISOL-4
yields shown in tables 3 - 11.

Auxiliary data. There were some additional data col-
lected at IGISOL-4 that can be used to determine the iso-
topic yields of elements that are heavier than lanthanum.
Consecutive mass scans up to A= 157 were performed to
locate the mass peak regions. Proper yield measurements
against a reference mass spectrum were made only up to
A = 142. Such spectra were collected in three relatively
short (2-3 hours) periods. Fission yield distributions from
Te to Pm can be constructed from these data by taking the
mass peak intensities and correcting them for the decay
losses. It is relatively safe to assume that the conditions
did not vary too much during the scan. In addition, the
same mass spectra were collected three days apart with
slightly different trap settings. The ratio of the extracted
yields from the two separate measurements vary less than
the statistical uncertainty.

2.3 Gaussian fit of the isotopic yield distributions

A Gaussian fit was used to determine the centroid A, and
width o4 of each yield distribution. The fit parameters
- the centroid position A,, the height Y and the width
o4 - were not fixed, and the fit was weighted with the
uncertainty of the data points. Since the uncertainty of
the yield for the reference isotope is set to zero, the fitted
Gaussian must go through the reference yield data point.
This removes one degree of freedom from the fit, which is
taken into account in the calculated quality of the fit, 2.

Some data sets were insufficient in such a way that
the Gaussian fit did not converge before either A, or o4
was fixed on the basis of a priori knowledge. These are
discussed case by case in section 3.

The height Y of the fitted distribution was used to
normalise the yield distributions. In particular, when the
yields were determined against two different reference iso-
topes, the Gaussian fits were used to normalise the data
before combining the experimental values. Similar normal-
isation was also utilised in combining the IGISOL-3 and
IGISOL-4 measurements. This is described in the next
section.

2.4 Combining yield measurements
The result of the analysis is a ratio between the count

rates in the mass peaks of the isotope of interest and its
reference isotope. The same isotope could be measured



8 H. Penttild et al.: Independent isotopic yields in 25 MeV and 50 MeV proton-induced fission of "**U

Table 1. Combining bromine and tellurium yield subsets in IGISOL-4 measurements. 25 MeV proton-induced fission, see text

for the details.

Isotope Reference sets Combined IGISOL-4
First Second Third yield yield
83Br 19.6 + 2.3 19.6 + 2.3 3.74 + 0.44
84Br 100 100 19.1
85Br 290.5 + 10.3 64.8 + 2.9 282.2 + 7.9 53.9 + 1.5
86By 417.8 + 12.0 100 417.8 £ 12.0 79.8 + 2.3
87Br 132.8 + 4.8 129.9 + 5.8 528.1 +£14.9 100.9 + 2.9
88Br 91.3 + 4.3 100 381.5 + 18.0 729+ 3.5
89By 69.7 £ 4.7 2659 £ 18.0 50.8 + 3.5
90Br 209+ 3.1  79.7+11.9 15.2 + 2.3
129g 68.0 + 1.7 68.0 + 1.7 67.8 + 1.7
130Te _ _
131e 100 100 99.8
132Te _ _
133 g 93.0 + 2.8 100 93.0 + 2.8 92.8 + 2.8
134e 66 + 13 61.4 + 12.1 61 + 12
135 23.36 + 0.75 402 +£24 22294+ 0.64 22.25 + 0.62
136me 15.48 + 0.61 204 + 12 13.74 £ 0.46 13.71 + 0.45
187 e 100 6.18 £ 0.37  6.17 + 0.37

against two (in a few cases even three) different reference
isotopes. Only in a very few cases, the yield measurement
against the same reference isotope was repeated. Usually
this was due to technical problems, and all other mea-
surements but one can be simply discarded. Finally, there
are three different, equally qualified yield values for 1°Nb
against 1°'Nb, and two different values for *°Zr, “°Nb and
99Mo against the respective A=101 isotope in 25 MeV fis-
sion. The final yield is the weighted average of different
values.

Some yield distributions were measured with respect
to two equally significant reference isotopes. For eight ele-
ments - As, Se, Br, Rh, Ag and Cd in 25 MeV and for Rb
and Cs in 50 MeV proton-induced fission - there are two
partly overlapping yield distributions, both consisting of
at least four isotopes. These distributions were combined
after they had been normalised using Gaussian fits. In
the following, the ”yield distribution determined against
a reference isotope AZ” is called ”47Z set” for short.

A Gaussian shape was fitted to the different reference
isotope sets. The centroid A, and the width o4 of the fit
are given in table 2. Since both sets describe the same
isotopic yield distribution, A, and o4 of the fit should be
the same. Typically, the centroids are in agreement; for
85Br set the fit does not however converge without fixing
the centroid. In the widths there is more disagreement:
those of selenium sets differ as much as 1.70, which is
still statistically plausible, but the disagreement between
cadmium sets is over 4g0.

The height of the fit was used to scale the yield sets be-
fore combining them. The experimental yields were scaled
so that the fits have equal height. The relative uncer-
tainty of the fitted height Y, Y, was quadratically added

to the uncertainty of the scaled yields. The distributions
were merged using a weighted average for the overlapping
yields. Figure 4 displays the procedure for rhodium yields.

The method of constructing the yield distribution from
the reference sets at IGISOL-4 is described above in sec-
tion 2.2.2. The final yield distributions of IGISOL-4 mea-
surements are also normalised so that the height of a Gaus-
sian fit to the distributions equals 100. Whenever the iso-
topic yield distribution was measured at both IGISOL-3
and IGISOL-4, the results are combined using weighted
average of the overlapping yields. Before combining, the
relative uncertainty of the height Y of the Gaussian fit
to the yield distribution was quadratically added to the
uncertainties of the experimental yield values. Finally, the
combined yield distribution was fitted with a Gaussian
and the fit height normalised to 100.

3 Results

The obtained independent yields in 25 MeV proton-induced
fission are given in tables 3 - 11 and the yields in 50 MeV
proton-induced fission in table 12. Yields are normalised
so that the height of a Gaussian fit to each isotopic dis-
tribution equals 100. Suspicious values are given in paren-
thesis. An interpolated yield is given for the missing or
suspicious yields in square brackets. A yield value with-
out an uncertainty is that of a reference isotope. If the
final yields were obtained by combining two distributions
(see section 2.4), an uncertainty was assigned also to the
yields of the reference isotopes in this process. For 14 ele-
ments only one reference isotope was used. These reference
isotopes, whose yield uncertainty is assigned to zero, are
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Fig. 4. The isotopic yield distribution of Rh determined
against '°°Rh (*°°Rh set, diamonds, offset left from the mass
number for clarity, blue online) and *Rh (*'Rh set, squares,
offset right, red online). The yields are scaled so that the height
of a Gaussian fit to both sets equals 100. The scaled sets are
combined as described in the text. For the final isotopic yields
the combined yields are fitted by a Gaussian, whose height is
normalised to 100. In case of Rh, this last normalisation shifts
the values only by ~1 %. For clarity, only the Gaussian fit to
the final values is shown. The shaded area represents the 1o
confidence band of the fit.

Table 2. Centroids and widths of the 25 MeV proton-induced
isotopic fission yield distributions for Se, Br, Rh, Ag and Cd
for different reference isotope sets. These are weighted fits of a
Gaussian shape y(A) =Y e~ (A=4p)*/74% where Ay, Y and o4
are free fit parameters unless otherwise noted.

Z Ref Centroid Width X2
Se %Se  84.46+0.10 1.44 4 0.09 0.983
85Ge  84.30 £ 0.26 1.69 + 0.14 2.407
comb  84.63 £ 0.08 1.59 + 0.05 4.239
Br ®Br 86.82+0.13 1.97+0.24 0.356
89Br 86.82 1) 1.92 £ 0.02 0.178
comb  86.83+0.11 1.91+0.08 0.139
Rh 'Rh 112.21 +£0.13 1.77 £ 0.09 0.664
H5Rh  112.30 £ 0.05 1.75 + 0.07 1.983
comb 112.25 4+ 0.05 1.77 £0.05 1.015
Ag MY5Ag 117534+ 0.11 1.71 £0.09 1.094
H9Ag  117.49 +0.07 1.79 £0.05 1.528
comb 117.57 £0.04 1.75 +0.04 1.401
Ccd  M9Cd  119.96 + 0.03 1.72 £ 0.03 1.310
12304 120.12 £ 0.24 2.354+0.14 0.608

t) fixed centroid position

67n, 8Ga, 82As, %Sy, 96y, 1017, 101N}, 101)\[o 1097
109Ru, 115Pd, 131Te, 14134 and “'La.

The elements from strontium to cadmium (38 < Z <
48) were measured only at IGISOL-3. Zinc, gallium, tel-
lurium and iodine (Z = 30,31,52,53) were measured only
at IGISOL-4. For elements heavier than lanthanum (Z =
57) there is only a partial measurement at IGISOL-4. For
xenon, the IGISOL-3 and IGISOL-4 distributions are so
different that they could not be combined.

The results requiring further remarks are discussed in
more detail in the following.

3.1 25 MeV proton-induced fission
Zinc and gallium

Isotopic yield distributions of zinc and gallium were mea-
sured at IGISOL-4 only.

The presence of a significant amount of natural 78! Br
ions reduces the transmission through the JYFLTRAP
severely in mass numbersA = 79 and A = 81. The experi-
mental fission yields in these mass numbers could thus not
be determined. In table 3 the interpolated yield is given
for °Zn and "?:8'Ga in square brackets.

The yields of Zn isotopes have been normalised with
a fit to all measured isotopes, even though "*7°Zn can
not be properly fitted with the same Gaussian distribu-
tion. If either of them is excluded from the fit, the fit im-
proves significantly. Excluding "®Zn does not significantly
change the width of the yield distribution (1.30 £ 0.06),
while excluding "Zn leads to very narrow distribution
(1.12 £ 0.07) that clearly differs from neighbouring Ga
and Ge (1.474 + 0.033 and 1.501 £ 0.014, respectively).
On the other hand, the yield of ”*Ga is deduced from the
same mass spectra, and the Gaussian fit of the indepen-
dent yield distribution of gallium with both *75Ga can
be performed without difficulty. There is however a con-
siderable doubt that the experimental yield 69.6 + 5.4 for
757n is too low and needs to be remeasured. The interpo-
lated values are given for both 7*7Zn in table 3 in square
brackets.

Germanium

For Ge, the measurements were made both at IGISOL-3
and IGISOL-4. The measurements are in excellent agree-
ment.

The presence of the natural Br ions prevents determin-
ing the yields of 781 Ge.

The stable isotope “6Ge is produced directly in fission.
The production of the next stable germanium isotope,
"Ge, is 40 times higher than that of radioactive ">Ge,
which indicates that natural germanium is ionised. The
fission yield of "®Ge was deduced by subtracting the nat-
ural yield, which was estimated from the abundance ratio
of ™Ge and "Ge. As discussed above, the stable isotope
beam intensities do not always seem to follow the natu-
ral abundances. In the case of "5Ge, the subtracted value
agrees with the value interpolated from 7>77Ge yields.
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Arsenic

Arsenic ions have a lower transmission through JYFLTRAP
than the neighbouring elements. Therefore, the arsenic
yields typically have lower statistics and thus a larger
uncertainty than the other elements whose yield are de-
termined in the same mass spectra. Although the arsenic
yields were determined from the measurements at IGISOL-
3, these data have been omitted. The precision of the
IGISOL-4 measurement for arsenic is so much better that
it solely determines the final yields, if the results are com-
bined. Nevertheless, the IGISOL-3 data is not in disagree-
ment with the newer IGISOL-4 data.

Selenium

At IGISOL-3, the selenium yields were determined against
80Se and 8°Se. 78Se, 80Se and 32Se are stable isotopes, with
natural abundances of 23.6, 49.9 and 8.9 %, respectively.
It was however not realized during the experiment that
natural selenium can be ionised at IGISOL. 8°Se was used
as a reference, since it allowed the determination of sele-
nium yields from the same mass scans as germanium up
to 86Se. The potential problem of the natural ion as a ref-
erence is that the ionisation mechanism is not the same as
for the fission products and the ionisation efficiency can
change. The 3°Se set is however in agreement with the
85Ge set (table 2).

The fission yield of the stable 32Se was estimated by
subtracting the contribution of natural selenium based on
the natural abundances and yield of 8Se. #2Se yield could
not be interpolated, since the yield of 8 Se was reduced due
to 81Br. The extrapolated yield, based on the Gaussian fit
to 837898e, is 33 4 5. This value is in agreement with the
82Ge yield of 28.8 + 8.8 determined at IGISOL-3.

Bromine

At IGISOL-3, the bromine yields were determined against
85Br and *'Br. In addition, the yield of ®Br could be
estimated from the yields of 3Br and 3°Br against %°Se.
The Gaussian fit of the 3Br set did not converge before
fixing the centroid of distribution to that of the 3°Br set
(see table 2).

Krypton

Krypton ions are among the most reactive species in the
gas-filled traps: they neutralise easily.

The krypton yield measurement at IGISOL-4 covered
87T=91Kr with 3 Kr as the primary and the only reference.
The directly obtained yields were scattered without any
obvious logic. Since the whole isobaric chain was measured
for each mass, the krypton yields could be analysed also
via the isobaric yield distributions. In figure 5 the isobaric
yield distributions for A = 88 and A = 89 are shown. The
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yield of krypton is clearly reduced in both isobars. Exclud-
ing krypton and assuming no significant difference in the
behavior between the other elements, the isobar can be
fitted with a Gaussian. The stable 88Sr is background and
not included in the fit. Incidentally, the width of these
fits, shown as a dashed curve in figure 5, is oz ~ 0.73,
only slightly more than the typical 0.69 - 0.71 average of
the charge distributions quoted in [12,18,41]. In addition,
the charge distribution centroids agree with the ones mea-
sured for 25 MeV proton-induced fission in [12,18]. The
open circles in figure 5 indicate the yield expected for the
krypton isotopes on the basis of interpolation.

It is seen from figure 5 that a larger fraction of 8°Kr (~
90 %) is neutralised than ®8Kr (= 70 %). The isobars are
deduced from the yield measurement of A = 89 isotopes
against A = 88 isotopes as reference. Furthermore, since
88Kr was used as a reference, there were several runs of
A = 88. All measurements showed the same 70 % reduc-
tion of 88Kr as compared with the other elements. This re-
peatiability shows that the difference between the krypton
isotope transmission was not due to random fluctuation.

Since krypton isotopes have same chemical behavior,
there must have been a difference in circumstances after
the mass number selection with the dipole magnet. The
selection and amount of atomic ions in the RFQ and the
Penning trap is very similar for both masses. The only
possible stable atomic background in A = 88 is 3Sr and
in A = 89 Y, neither which were seen in the mass spec-
tra. Still, intense molecular ion beams could have been
present. The Penning trap mass scan frequency range is
set to select atomic fission products. The slightly heavier
molecular ions remain unobserved. However, they are also
selected with the dipole magnet, collected in the RFQ and
sent to the Penning trap. If the molecular ions are numer-
ous enough, they can have a similar impact on the trap
efficiency as stable bromine beams.

The upper panel in figure 5 shows the time of flight of
ions from the Penning trap to the MCP for A = 88 and
A = 89, respectively. The TOF peaks corresponding to
masses A = 88 and A = 89 are at ~180 us. For A = 88
basically only A = 88 ions are seen in the TOF spectrum.
In the A = 89 TOF spectrum a significant amount of
other ions with a time of flight of ~100 us are observed.
The mass spectrum corresponding to this 100 us time of
flight peak is flat, showing that these ions are leaking out
of the Penning trap independent of the trap frequency.
The presence of these ions is an indication that the con-
ditions in the Penning trap are different for A = 89 than
for A = 88.

The IGISOL-4 fission yields for krypton in table 5 have
been deduced repeating a similar interpolation as shown
in figure 5 for A = 88,89 for isobaric chains A = 87 -
91. The isotopic yield distribution deduced this way is in
agreement with the IGISOL-3 measurements.

Zirconium and molybdenum

No stable background yttrium beam has been observed at
IGISOL. As another non-volatile element, zirconium is ex-
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Fig. 5. The isobaric yield distribution for A = 88 and A = 89.
A larger fraction of 89Kr is neutralised than ®8Kr. The upper
panel shows the time of flight of ions from the Penning trap
to the MCP. The TOF peaks corresponding to masses A= 88
and A= 89 are located at ~180 us. In mass A = 88 barely
any other ions come out of the trap. In A = 89 a significant
amount of other ions are observed as indicated by the peak at
~100 s.

pected to behave in the same way. The yield of stable 6Zr
is 44.74+6.3 %, while its fission yield extrapolated from the
radioactive Zr isotopes is 38.3+£8.0. This is consistent with
all the %Zr coming directly from fission and supports the
assumption that stable zirconium is not present.

The stable molybdenum isotopes °6:97:98:100M\ o have
abundances 16.7, 9.6, 24.1, and 9.3%, respectively. The
fission yield distribution fitted to the radioactive molybde-
num isotopes shows that there are more *31°°Mo than ex-
pected from fission. The observed intensities of the stable
molybdenum beams do not however follow the expected
abundances; the intensity of %69"Mo is significantly less.
More precisely, if 1%°Mo is fixed to an abundance of 9.3%,
the observed abundances of 969798 Mo are 0.4, 0.3 and 10.6
% (instead of 16.7, 9.6 and 24.1). This underlines the fact
that the ionisation mechanism of the stable background
isotopes is not properly understood, and the subtraction
of their contribution that was successfully performed for
"6Ge and #2Se is not necessarily applicable for all elements.

Table 3. Independent isotopic yields in 25 MeV proton-
induced fission of "**U. Value in column ”Yield” combines all
available measurements. Yields are normalised in such a way
that the height of the Gaussian fit to the yields equals 100.
Values given in square brackets are interpolations from these
fits. Interpolations are given for missing or suspicious values.
The uncertainty of the yield is given with a single significant
figure precision, when the most significant digit of the uncer-
tainty is 3 or more, and with two significant figures, when it is
less than three. All other uncertainties in the table are given
to two significant figures.

Isotope Yield IGISOL3 IGISOL4

yield yield
7n 62+5 62.2 £+ 5.0
5Zn *) [93] (69.6 & 5.4)
67n 94.0 94.0
7n 44 + 4 439 + 35
87n 23+ 6 232+ 54
79Zn *) [27} Br)
807n 1.3+ 1.3 1.3+ 1.3
™Ga 3.1+0.9 3.08 + 0.82
Ga 16.4 +£ 1.9 16.4 + 1.9
Ga 39 39.0
Ga 79 + 4 785+ 3.5
8Ga 107 + 7 106.8 + 6.3
®Ga *) [78.2] Bry
80Ga 42 £ 7 422+ 6.5
81Ga *) [12.8] Br)
82Ga 1.5+ 1.1 1.5+ 1.1
TGe T*) (5.5 4 0.6) %) (5.42 + 0.52)
SGe 0.13 + 0.08 0.126 + 0.078
Ge M) 2.6 £0.3°?) 3.7
TGe 8.7+ 0.6 8.8 +2.2 8.60 + 0.53
8Ge 35.6 + 2.2 37.3+99 35.0 + 1.8
Ge *) [71.3] Bry
80Ge 98.6 + 1.7 97.2 96.6 + 3.9
81Ge *) [86.3] Br)
82Ge 46.9 + 3.0 49.0 + 8.8 45.9 + 2.7
83Ge 16.4 + 1.6 15.9 + 3.9 16.2 + 1.7
84Ge 474+ 1.6 474+ 1.6

T) Stable isotope.

*) Excluded from Gaussian fit of the yield distribution.

BT Yield not measurable due to intense stable bromine back-
ground, see text.

®) Stable background. Value is used to estimate background
contribution to “*Ge

%) Contribution of background "®Ge estimated from Ge and
subtracted.

The experimental yields for stable molybdenum iso-
topes are given in parenthesis in table 7. No attempt was
made to subtract the stable background contribution. In-
stead, the interpolated yield values from a fit to the ra-
dioactive isotopes are given in square brackets.
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Table 4. Normalised independent isotopic yields in 25 MeV  Table 5. Normalised independent isotopic yields in 25 MeV
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proton-induced fission of “**U (cont.).

proton-induced fission of "**U (cont.).

Isotope Yield IGISOL3 1IGISOL4
yield yield
8As 1.57 1.57
79AS *) [59} Br)
80As 238+ 1.6 238+ 1.6
S1As %) [58.4] (57
82 A5 82 + 4 82.2 + 34
83 As 100.6 + 2.7 100.6 + 2.7
84As 66 + 4 65.6 + 3.2
85As 21.0+ 1.9 21.0+ 1.9
86 As 56 + 1.3 56 + 1.3
80ge %) - 98.4 ©)
81Se *) [58.4] (")
828e 1) 29 + 9 28.8 + 8.8 ¢) °)
83Ge 65 + 6 73 + 14 63.7 £ 5.6
84Ge 104 £ 5 175 + 42 103.8 + 3.2
85Ge 92 + 4 100.7 + 5.8 90.6 + 2.3
86Se 65.7 + 2.8 68.0 + 5.0 65.5 + 2.3
87Se 30.1 + 1.6 28.9 + 2.0 31.2 + 1.7
88Ge 11.1 £ 0.9 11.1 £ 0.75 11.2 £ 1.7
89Ge 2.2 4 1.4 22+ 14)
83Br 3.7+ 05 3.74 + 0.44
84y 18.9 + 0.4 26 + 12 19.1
85Br 54.2 + 1.7 64.6 + 4.8 539+15
86Br 79.2 £ 2.6 89 + 13 79.8 £ 2.3
87Br 99 + 4 96 + 13 100.9 £+ 2.9
88Br 74+ 4 87.1 + 9.1 72.9 + 3.5
89Br 51.3+ 21 5255+ 061 50.8+35
90Br 17.2 + 2.0 25.4 + 4.2 15.2 + 2.3
9By 944+ 1.5 9.6 + 1.6
2By 22+ 22 23+ 23

t) Stable isotope.

*) Excluded from Gaussian fit of the yield distribution.

B") Yield not measurable due to intense stable bromine back-
ground, see text.

) Stable background. Value is used to estimate background
contribution to ¥?Se

4) Contribution of background 3?Se estimated from °Se and
subtracted.

©) Contribution of background #2Se cannot be subtracted since
yield of 8Se is not known.

Technetium and ruthenium

For the yields of technetium and ruthenium the same A
= 109 reference spectra were used.

The observed yield of '%T¢ is much lower than ex-
pected. So far unexplained difficulties have been encoun-
tered in the precision mass measurements at A = 106 at
JYFLTRAP, one possible explanation being an unknown
isomer in '%Tc with a half-life of about half a second.
This could also explain the low yield of '°6Tc in the cur-
rent experiments, however, such an isomer has not been
found so far.

Isotope Yield IGISOL3 IGISOL4
yield yield

87TKr 32.7+30 525+6.7 293433

88Ky 59 + 6 60.2 £ 5.3

89Ky 98 + 5 99.4 99.6 + 9.4

0Ky 106 + 9 129 + 14 97 + 11

Ky 500+ 1.6 654+58 596+ 1.6

2Ky 26.2 + 2.8 26 + 4

88Rb 7.0+ 04 100

89Rb 2274+ 0.3 24.2 336 + 17

9O9Rb 56.9 +3.1 63.8+6.6 802+ 33

91Rb 99 + 8 105.7 + 7.7

92Rb 844+ 7 89.7 + 6.5

9%Rb 89 + 10 95.0 + 9.9

“Rb 41+ 7 435 + 6.8

9 Rb 30 £ 4 32.2 + 4.1

9 Rb 133 +£2.0 142+ 22

9"Rb 26+ 1.2 28 +1.3

938r 85 + 23 85 + 23

94Gr 111 + 17 111 + 17

95Sr 98 + 13 98 + 13

963y 65.5 65.5

97Sr 40 + 5 40.5 + 4.6

98Gr 196 £ 1.8 19.6 + 1.8

998y 3.1+ 07 3.08+0.65

100Gy *) 1.2%) 1.2%)

94y 41+ 5 414 4+ 4.4

9%y 70+ 9 69.8 + 9.0

96y 91.1 91.1

7y 103 + 11 103 + 11

98y 94 4+ 9 93.8 + 8.4

99y 63 + 6 62.7 + 5.3

100y 28 +4 28.3 + 34

1oty 94+ 1.1 9.4+ 1.1

*) Excluded from Gaussian fit of the yield distribution.
“) Upper limit.

106R 1, on the other hand, shows excess yield. The mass
difference between °°Ru and '°6Rh is so small that their
mass peaks cannot be resolved. The estimated Rh contri-
bution in the mass peak is however too small to explain
the excess yield. The whole A = 106 case requires a re-
measurement.

No attempt was made to subtract the possible stable
background contribution of '°*Ru from the yield. Instead,
the experimental yield is shown in parenthesis and the
extrapolated fission product yield in square brackets.
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Table 6. Normalised independent isotopic yields in 25 MeV  Table 7. Normalised independent isotopic yields in 25 MeV

proton-induced fission of “**U (cont.).

Isotope Yield IGISOL3 1GISOL4
yield yield
967y %) 45+ 7 447 + 6.3 1)
%y 66 + 11 66 + 11
987r 111 + 22 111 + 22
97y W 93 £+ 11 93 £+ 11
1007, 82 + 16 82 + 16
1017, 49.0 49.0
1027, 24 + 6 23.5 + 5.7
1037, 72+14 72+14
1047, 2.3+ 0.5 2.32 + 045
1057y *) 0.57 £0.14 0.57 £ 0.14
9"Nb 1.5+ 1.5 1.5+ 1.5
98Nb 10+9 10.3 £ 8.7
9Nb W) 3544 34.7 4+ 4.0
100N, 52 + 10 52 + 10
10INh 90.4 90.4
102N 81 + 20 81 + 20
103N 77T+ 14 77T+ 14
104N, 38 +£ 8 381+ 7.9
105N 247 + 1.7 24.7 + 1.7
6N Wy 5.7 £ 0.6 5.72 4+ 0.58
107N 23+ 24 23+ 24

t) Stable isotope.

*) Excluded from Gaussian fit of the yield distribution.

W) Weighted average.

) Possible contribution from stable background is not sub-
tracted from the yield.

Cadmium

The yields of '°~122Cd were determined against ''9Cd,
and the yields of 12°~127Cd against 122Cd. The A = 119
mass spectra were used as a reference also for palladium
and silver, while A = 123 mass spectra were used as a
reference for indium, tin and antimony. The distributions
were combined using a similar normalization than for e.g.
Ag, Rh, Pd or Br. Unlike in all other cases, the two dis-
tributions are in poor agreement with each other (table
2). The widths and centroids of the 119Cd and ?3Cd sets
disagree. The Gaussian fit to 123Cd set is sensitive to the
weighting, since all the yields are on the same side of the
distribution centroid. This does however not explain the
discrepancies between the 19Cd and '23Cd sets. A sys-
tematic, mass-dependent error could in principle explain
the observed differences, but the same effects should be
seen for indium isotopes, for which 123In was used as the
reference isotope. This is not the case.

A further analysis of yield distributions shows that the
190Cd set is in better agreement with the yield distribu-
tions of neighboring elements. The yields for Cd were even-
tually combined by using the 1?Cd set for '°~122Cd and
the yields against 123Cd for 123-127Cd. The distributions
were linked at 22Cd and the yields of 129121Cd against

proton-induced fission of "**U (cont.).

Isotope Yield IGISOL3 IGISOL4
yield yield
Mo T*) [0.03] (0.17 £ 0.18) 9)
%Mo T7) [0.2] (5.9 £ 1.1) 9)
Mo ™)  1.78 £ 0.23 1.78 £ 0.23
1000\ [ %) [5.8] (12.3 £ 2.4) 9)
1010V 18.5 18.5
102016 53 £ 13 53 £+ 13
1030\ o 80 + 15 80 £+ 15
104016 106 + 16 106 + 16
10500 W) 95 + 6 94.7 £ 5.8
10600 ™) 78+ 9 77.6 £ 8.1
107\ o 27 + 10 27.0 £ 9.7
108\ o 78+ 14 78+ 14
1090\ o 4.2+ 0.9 4.16 + 0.89
1O\ 0.58 + 0.12 0.58 + 0.12
101 0.53 + 0.16 0.53 £+ 0.16
102 2.3 +0.7 2.30 + 0.64
103 81+ 1.1 81+ 1.1
104 19.0 + 2.1 19.0 + 2.1
105 52 + 6 51.8 + 5.9
106e *) [84.3] (30.0 + 4.2) M)
107 104 +£ 9 103.7 + 8.9
108 74+ 5 74.2 + 5.0
109 53.4 53.4
1o 18.1 £ 1.7 18.1 £ 1.7
Hime 10.1 + 3.0 10.1 + 3.0
H2e %) 2.9%) 2.9%)
104Ru %) [0.8] (2.26 + 0.70)
105Ru 3.6 £0.9 3.60 + 0.85
106Ry *) [13.5] 25 )
107Ry 32.0 £ 29 32.0+29
18Ry 67 £ 5 67.4 + 4.2
109Ry 94.8 94.8
HO0RYy 89 + 6 88.5 + 5.2
MRy 69 + 7 69.0 + 6.7
H2Ry 42 + 3 42.0 £ 3.0
H3Ry 16 + 5 16.5 + 4.3
4Ry 6+ 4 5.9 + 3.2
H5Ru*) 0.5") 0.5")

) Stable isotope.

)
) Excluded from Gaussian fits of the yield distribution.
) Upper limit.

Weighted average.

9) Possible contribution from stable background is not sub-
tracted from the yield.

h) The observed yield of 1°Tc is likely in error. See text.

%) The observed yield of '°°Ru is likely in error. See text.

*
u

")
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Table 8. Normalised independent isotopic yields in 25 MeV  Table 9. Normalised independent isotopic yields in 25 MeV

proton-induced fission of “**U (cont.).

Isotope Yield IGISOL3 IGISOL4
yield yield
°Rh *) 053 %) 0.53 ™)
106Rh *) [0.2]
107K 1.8 +£0.8 1.82+0.75
18R} 3.5+ 2.3 3.5+23
109R Y 183+1.1 183+ 1.1
HO0RK 43 +5 42.7 + 4.8
1RY 97 + 14 97 + 14
H2RY 104 + 10 104.1 + 9.7
H3Rh 94 £ 9 94.3 £ 9.0
H4Rh 54 + 6 54.0 + 5.2
H5RY 30.7+ 26 30.7+26
H6RY 15 + 4 14.6 + 3.6
109pg 09+ 06 0.87+0.57
Wpdfy  59+14 59414
Hipg 15.8 £+ 22 158 + 2.2
H2pg 41 £ 8 415+ 7.9
13pq 73 + 12 73 + 12
H4pqg 95 + 8 95.3 + 7.6
H5pq 99.5 99.5
H6pyg 91 + 10 90.5 + 9.6
H7pq 53+ 5 52.9 + 4.5
H8pqg 28 + 4 28.4 + 3.2
H9pq *) 8.2™) 8.2 %)
H3Ag 444+ 10 4.38+0.098
Hipg 9.1+ 21 9.1+ 2.1
HiAg 345+19 345419
A g 67 + 7 67.0 + 6.3
HTAg 97+ 9 96.6 + 8.2
H8Ag 102 +£10 101.5 £ 9.1
H9Ag 70.0 £ 2.3  70.0 & 2.3
1200 g 52 £ 7 52.2 + 6.3
121 A g 146 +1.8 146+ 1.8
12270 3.6+09 3.64+085

) Stable isotope.

*) Excluded from Gaussian fit of the yield distribution.

“) Upper limit.

9) Possible contribution from stable background is not sub-
tracted from the yield.

123(0d rejected from the final analysis. New measurements
are needed to confirm the Cd yield distribution.

Indium, tin and antimony

The yields of indium, tin and antimony were extracted
from the same mass spectra. The reference mass A = 123
was close to optimal for indium and chosen such that the
yields of cadmium and tin could also be extracted against
the same reference. From this point, the experiments at
IGISOL-3 were not continued towards heavier elements
because of contamination from stable xenon isotopes. The

proton-induced fission of "**U (cont.).

Isotope Yield IGISOL3 IGISOL4
yield yield

1509 1.8 £ 0.7 1.79 £+ 0.70

Hecq ) [7.1] (35.7 £ 3.2) 9)

H7¢d 19.7 + 1.0 19.7 4+ 0.92

H8cq 50.5 + 1.6 50.5 + 1.6

19¢cq 77 7

120¢q 92 + 3 91.6 + 2.7

121cg T8+ 7 78.1 + 6.3

12204 *) 45.4 + 1.2 45.4 £+ 1.2

1230d 43.0 +£ 2.5 43.0 +£ 2.5

1240d 21 + 4 20.8 + 3.6

1250 11.7 £ 1.8 11.7 £ 1.8

126q 3.1+1.1 31+1.1

127¢q 1.5 + 0.8 1.46 £ 0.77

W7y 0.49 + 0.29 0.47 + 0.29

H8In [1.8]

b 6.7+ 1.3 6.4+ 1.3

1201, 19.2 + 1.7 184 + 1.7

1211y, 44.1 + 3.0 422+ 29

1221 76 + 12 73 + 12

1231y 103 + 4 96.8 102.7 + 4.9

1241y 89 + 6 97.8 + 8.7 82.1 + 6.1

1251y 68 + 6 66.8 + 6.8 64.5 + 7.4

1261y 44 + 4 44.6 + 5.1 42.4 + 3.7

1271, [17.7] )

1281, 7.4+ 0.3 7.30

1291 2.0+ 04 2.0+ 04 1.96 + 0.40

1209y 1%y [0.5] (1.04 + 0.14)

121gp 24405 2.40 + 0.45

122gn 1) [8.0] (9.26 + 0.93)

1239 22.0 +0.3 23.2 20.1 + 24

124Gn 1) [47.6] (74.6 £ 6.1)  (104.6+ 1.3) %)

125gy 91 + 4 74 + 14 94 + 21

1269 99 + 14 100 + 14 NR)

1278n 100 £ 13 101 £ 13 )

128gn 71+ 4 66 + 13 733+ 1.9

129Gp 37.9 £ 2.2 Xey 38.75 £ 0.78

130gn 20.8 + 0.9 15.3 + 4.4 215 + 1.2

131Gn 9.30 & 0.21 Xe) 9.50 & 0.37

1328 3.06 + 0.23 Xe) 3.13 £ 0.25

1339 1.01 + 0.14 1.02 + 0.14

T) Stable isotope.

*) Excluded from Gaussian fit of the yield distribution.

*¢) Yield not measurable due to intense stable xenon back-
ground, see text.

") Yield not measurable due to intense stable iodine back-
ground, see text.

NR) Not resolvable.

) Possible contribution from stable background is not sub-
tracted since background cannot be estimated.
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Table 10. Normalised independent isotopic yields in 25 MeV  Table 11. Normalised independent isotopic yields in 25 MeV
proton-induced fission of "**U (cont.).

proton-induced fission of “**U (cont.).

Isotope Yield IGISOL3 IGISOL4 Isotope Yield IGISOL3 IGISOL4
yield yield yield yield
12810 349 137Xe 84 + 20 106.5 & 2.9
126G}, 23 + 13 24 + 13 138X e 55 + 13 78.6 + 2.4
1278 52+ 5 55.6 + 4.5 h 139 e 16 + 3 60.1 + 1.8
128g}, 71+5 82.6 + 8.6 74.3 £ 4.7 140% e 70+14  32.66 + 0.87
12981 *) [98.4] Xe) (122.8 & 8.7) ¥) G 1.4 8.73 + 0.33
130g, 89 + 4 88 + 10 94.7 + 2.6 142¥% ¢ 0.4+ 0.2 2.41 + 0.22
131gy, 67.7 + 1.8 Xe 71.8
13281 34.7 £ 1.7 Xey 36.8 £ 1.5 138 Cs 87.6 £3.0 943 +94 88.08 £ 0.86
133gh ) 12.0 £ 0.6 853+ 0.82  14.36 + 0.58 1%9Cs 95 + 4 91+ 11  96.56 & 0.87
134g}, 28 4+ 1.9 3.0+ 1.2 1400 84.3 £ 2.9 77T+ 12 85.6
135G}, 0.88 + 0.12 0.94 + 0.13 Mlcg 65.2 + 2.1 59 68.75 + 0.75
120 ) 328+ 1.3 294431 33.65+0.71
1290 67.8 £ 1.7 67.8 £ 1.7 143Cs 123+ 1.6 124+ 1.3
199Te 1) [89.9 ] D) M1 Cs 25+ 05 2544046
131 99.8 99.8 150 0.64 + 0.25 0.64 + 0.25
132Te [104.1] NERy
133 92.8 + 2.8 92.8 + 2.8 '%Ba 1) [22.6] 38")
134, 61 + 12 61 + 12 139B4 44 + 6 442 + 5.5
1357 22.2 + 0.6 22.25 + 0.62 "9Ba 79 + 12 79 £ 12
136 13.7 4+ 0.5 13.71 + 0.45 "' Ba 100 100.2
137 6.2 4 0.4 6.17 + 0.37 "“2Ba 76 + 8 76.3 £ 7.9
14334 58 + 6 57.7 £ 6.0
1317 19.9 + 1.8 19.9 + 1.8 141Ba 305 20.7 + 4.7
1821 51.2 + 0.8 51.82 + 0.74 "°Ba 81+£0.9 811+0.90
133 i 146, 3.5+ 0.4  3.47 + 0.42
19T [76.7 ] NER) “"Ba 0.69 +0.29  0.69 = 0.29
1341 99.7 + 1.3 99.7 + 1.3 *Ba ) 0.14 %) 0.14 )
13SI [906] NR)
1367 65.9 + 1.0 65.93 + 0.92 '%9La 1) 4.9 ") 4.16) _
1371 50.3 + 6.5 50.3 + 6.5 19Xe 121°7)
1381 19.2 + 2.7 19.2 + 2.7 "La [15.1]
1391 77414 7T+ 14 P 44 37.1 37.1 +0.83
1421 4 727 + 2.1 (44 + 14) 57.1+ 1.7
) Stable isotope. iizLa 133 + 34 113 £ 29
*) Excluded from Gaussian fits of the yield distribution. 145La 131 + 32 111 £+ 28
Xe) Yield not measurable due to intense stable xenon back- 146La 77T+ 12 66 = 10
ground, see text. 147La 42 + 6 35.3 £ 4.5
') Yield not measurable due to intense stable iodine back- La 17.5+£25 149 +21
148 o 46 +£09 390+ 0.75

ground, see text.
NR) Not resolvable.

%) Used as a reference isotope. Yield value as such has no mean-
ing.

7) Sum of **Sb (53%) and '°Sb (47%), see text.

*) Uncertainty estimated from the difference of IGISOL-3 and
IGISOL-4 measurements.

") Saturated yield.

most abundant xenon isotopes prevented measurements
in mass numbers A = 129,131 and 132. The less abundant
allowed proper measurements only further from stability.
The yield of antimony was therefore not measured against
an appropriate reference isotope. However, the frequency
range of the collected mass spectra in the A = 123 refer-
ence set covered also antimony mass peaks for A > 126.

) Stable isotope.

*) Excluded from Gaussian fit of the yield distribution.

“) Upper limit.

%) Used as a reference isotope. Yield value as such has no mean-
ing.

Practically no '23Sb is produced in fission, which itself is
a stable isotope. The yield of antimony isotopes were de-
termined against '23In instead. Since the ratio of 23Sn to
123Tn remained constant throughout the measurement, it
is reasonable to assume that conditions stayed stable for
antimony as well.

The IGISOL-4 measurements were in general more pre-
cise than those at IGISOL-3. This is particularly true for
tin and antimony. The IGISOL-4 independent yields for
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antimony agree for the most part with IGISOL-3, which
further supports the use of an indium reference isotope for
antimony. The '33Sb yield is however in disagreement. For
the final yield of 133Sb, a weighted average is adopted, as
usual. The uncertainty is calculated from the difference of
the two disagreeing values.

The vast majority of In, Sn and Sb nuclei is known to
have isomeric states. Of the studied isotopes only 126:133Sn
and 127133Sb do not have a long-lived isomer. In addi-
tion, these states are irresolvable with the mass resolving
power in these experiments. This increases the uncertainty
of the decay loss corrections, in particular when the iso-
mers have very different half-lives and the isomeric ratio
is not known. In [42] the isomeric ratios for 30 isomers
were determined in 24 MeV proton-induced fission of 238U.
These values were utilised whenever possible. If nothing
else was known, an equal production of isomeric states was
assumed. The difference of the decay loss corrections for
the isomers was used to estimate the uncertainty of the
applied correction.

In particular, '23In used as a reference isotope has two
isomers with different half-lives (6.17 s and 47.4 s). Their
isomeric ratio is not known. An equal population of iso-
mers in fission was assumed. The upper limit of the decay
loss correction uncertainty was estimated to be £ 3 %.
This uncertainty was not added to the calculated yield
ratios. Instead, after the final normalisation of the inde-
pendent yield distribution of indium, a 3 % uncertainty
was added to the 122In normalised yield.

The mass difference between 2?Sb and 2Sb is so
large that the mass peaks can be resolved from the A
= 129 spectrum. The decay corrections can be applied
independently to each isomeric state. The combined yield
seems however to be 15% higher than expected.

Tellurium and iodine

Due to the presence of natural xenon isotopes, only the
yield ratio of 13¥I and '3°I could be determined at IGISOL-
3. This result agrees with the IGISOL-4 measurement.

At IGISOL-4, use of xenon as a calibration gas has
been intentionally avoided. Although there is still a small
amount of xenon as an impurity in the helium, all mass
numbers could be measured. The challenge of properly re-
solving the densely packed mass peaks however remained,
and not all mass peaks were resolvable.

A few tellurium isotopes have isomers separated by 1 -
2 Hz. This makes fitting peaks difficult, since the isomers
broaden and skew the tellurium mass peak, so that its
width cannot be fixed in the fit. Most of the tellurium
mass peaks could be resolved without a fit, even though
the peak tails were overlapping with antimony and iodine.
134Te with no known isomers could be resolved from 341
by a fit, while 32Te remained unresolved.

Tellurium is the lightest isotope for which the auxil-
iary data from IGISOL-4 yield measurement preparation
can be utilised. The yields for 13°~137Te agree with the
properly measured values. It has to be noted that while

data are lacking for 128:130:132T¢  the fit is very sensitive
to the yield of 12°Te.

Resolving the iodine mass peaks was even more chal-
lenging than tellurium. 331351 could not be reliably re-
solved, the major problem being that A=133 was used
as a reference mass. *3Te was used as a secondary refer-
ence isotope instead. In addition, since the fitted tellurium
yield distribution always lies below the experimental yield
of 134Te, it is likely that the '**I yield should be higher.
133=135T have the highest fission yield of all the iodine iso-
topes. The yields of 33135 could not be determined and
the 1341 yield is suspicious, which adds uncertainty in the
distribution parameter fit.

Xenon, cesium, barium and lanthanum

In the IGISOL-3 measurements the yields for elements
from xenon to lanthanum were deduced against the same
A = 141 reference set. The aim was to have a mass spec-
trum where all four reference peaks were as well separated
as possible. In particular, the reference isotope *'Xe is
quite far from stability. This results in a large uncertainty
close to the maximum of the yield distribution. For bar-
ium the reference isotope '#'Ba is in the middle of the
yield distribution. The main issue for barium isotopes is
correcting the yield fluctuations due to the dipole magnet.

Basically no xenon mass peaks could be resolved for
A < 137 either at IGISOL-3 or IGISOL-4. At IGISOL-3,
resolving the mass peaks of even more neutron-rich xenon
isotopes required fitting, while at IGISOL-4 only the tails
of the mass peaks were overlapping. Combining the results
becomes difficult, since the maximum of the fission yield
distribution seems to be below A = 137. Utilising the A
= 135 mass spectrum of the auxiliary mass spectra and
subtracting the estimated contribution of ¥3Cs and '3°1
on the basis of I and Cs yield distributions allowed esti-
mating the yield of 13°Xe. The centroid of the Gaussian
fit to the yields of ¥5Xe and 1387112Xe is A, ~ 136.6.

It was however not possible to scale the xenon yield
distributions from IGISOL-3 and IGISOL-4 in such a way
that they could have been combined. In table 11 no com-
bined yield for xenon isotopes is thus given.

Similar to xenon, the mass peaks of cesium in A < 138
are irresolvable. At IGISOL-3 there was indication that
the yield of 137Cs was higher than that of *®*Cs. At IGISOL-
4 the '37Cs mass peak could not be properly resolved, but
its yield was clearly smaller than that of 13®139Cs. Using
the yield of ¥"Xe as a reference, the yield of 38Cs was
determined to be 91 % of the yield of '3?Cs, indicating
that the maximum of the distribution is close to A = 139.
The same 138Cs/139Cs yield ratio was determined also us-
ing 71 as a reference. The 37Cs yield value from the
IGISOL-3 measurement was rejected and the IGISOL-3
and IGISOL-4 results combined.

In the fit of the cesium yield distribution the yield of
14105 was excluded. Its independent yield is always about
15 % higher than the fit. The same excess is observed in
the 50 MeV proton-induced fission. It is unlikely that this
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Table 12. Independent isotopic yields in 50 MeV proton-induced fission of "**U

Isotope Yield Reference 1 Reference 2  Isotope Yield Reference
37n 80 £ 7 79.7(75.2) &+ 6.6 7y 60 £ 7 T7.4(72.7) £+ 8.0
7Zn 100 100 9B7r 128 4 27 165 + 34
7n 72+ 8 724+ 7.2 97y 123 + 20 159(151)% 25
6Zn 50 + 6 49.7 + 5.7 1007y 77.5 100
Zn 14 £ 4 14.1 & 3.3 1017y 3945 50.8(45.9) + 5.4
87n 5.5 4 2.1 5.5 4 2.1 1027y 22 +£4 27.8 £ 4.3
1037y 5.9+ 0.8 7.58(6.82)% 0.91
"Ga 9.6 + 1.0 42.9(41)+ 4.3 1047y 1.3+ 04 1.69 + 0.48
™Ga 22.4 100 1057y 0.7%) 0.91(0.84) ™)
Ga 58 £ 6 260 + 24
6Ga 97 £+ 10 431 + 45 109pq 4.4+ 13 5.5+ 1.6
Ga 111 £ 10 497 4 42 HOpq 0y [12] 17.642.0 22.1 + 25
8Ga T1£7 319 + 28 H1pg 30 & 4 38.0 + 4.1
Ga 34.6 £+ 2.7 155 4 12 H2pg ©) [61] 78 £ 5 98.6 & 5.7
13pq 83+ 9 105 + 11
8TRb T) 4.4 & 1.0%) 45+1.0 'MPd 96 + 9 121(117)+ 11
88Rb 18.7 + 1.0 100 16.1 4+ 1.6 '5Pd 79.5 100
89Rb 45.44 1.7 255(286) + 27 455+ 1.8  'Spd 41 + 6 52.1 + 6.6
99Rb 74.0 £ 2.0 404 + 44 747 4+20 YPd 17+ 4 21.7 + 4.4
IRb 98.7 £ 0.3 490 + 51 100 H8pq 7.1 4 0.7 8.91 & 0.82
“2Rb 89 £ 5 409(806) £ 51 91.1+ 47 '9Pd 3.240.7 4.07 £ 0.78
9Rb 749 + 2.5 287 + 30 772427  2°Pd 1.0 %) 1.2%)
%Rb 26.1 &+ 1.4 145 £+ 11 254 + 1.6
9Rb 844 1.0 105 12 6.5+ 1.1  7Cs*)  [73] (135 £54)  226(214) + 90
9%Rb 10.7 4+ 1.5 53 + 7 138Cs 102 + 7 170(157) + 11
13905 95 + 10 159 + 16
933y 85 + 23 130 4 35 10Cs 5+5 125(115) £ 7
948r 111 4+ 17 170(145) + 26 1log 4y [54] 59.7 100
958r 98 + 12 149 4+ 19 20y 31.6 £+ 1.7 52.9(55.6) + 2.7
960Gy 65.5 100 1305 12.8 + 1.0 21.5 + 1.7
978y 40+5 61.8 (64.8) + 6.8 14405 3.6 + 0.3 6.12 & 0.49
983y 19.7 +£ 1.8 30.0 + 2.7 15Cs 12403 2.04 £+ 0.44
998y 3.1+0.7 4.7+ 1.0 16Cs 0.19 £ 0.14 0.31 £+ 0.22
100Gy 1.2%) 1.9(1.8) *)

) stable isotope

*) Excluded from Gaussian fit of the yield distribution.
“) Upper limit.

Includes stable background contribution to *°Pd.

¢) Includes irresolvable '*2Ag contribution.

d

is a real effect due to nuclear structure. The *1Cs half-
life is so long (24.9 s) that the effect cannot come from
decay corrections. The centroid of the combined yield dis-
tribution becomes 138.94 £ 0.05. The fit is sensitive to the
138Cs yield, determined using 137Xe(!371) as a reference.
The centroid can be compared to a linear interpolation of
the centroids of neighboring Sb, Ba and La distributions
determined in this work, which gives 138.8 & 0.2. In Tracy
et al. [43] the fission yield distributions for 40, 50 and 60
MeV proton-induced fission were determined. A linear ex-

)
)
)
%) Stable background contribution to 87Rb subtracted based on measured yield of 8Rb
)
)
)

Reference isotope, but excluded from the Gaussian fit, see text.

trapolation to 25 MeV proton-induced fission results in
138.5 + 0.2 as a centroid.

The IGISOL-4 measurement extended only up to A = 142.

Therefore, they did not contribute heavily to the lan-

thanum yield measurements. However, the ratio 1*!La/1*?La =

0.6015 + 0.0168 was determined. Since '#'La was used as
a reference isotope in the IGISOL-3 measurements, the
value can straightforwardly be applied to adjust the yield
of "2La. The IGISOL-4 measurement is so precise that it
almost solely determines the '*?La yield and increases it
by 60%. In fact, the Gaussian fit to the IGISOL-3 yield
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distribution strongly suggests that the determined '#?La
yield is too low.

3.2 50 MeV proton-induced fission

The yield measurement with 50 MeV protons was made
for fewer elements than for 25 MeV protons, however cov-
ering as many different fission regions as possible: zinc
and gallium in the wing of the light mass peak, rubid-
ium, strontium and zirconium in the middle of the light
mass peak, palladium in the region of symmetric fission
and cesium in the heavy mass peak. Yields of rubidium
and cesium were important since they gave a direct com-
parison to the work of Tracy et al. [43] for the verification
of the Penning trap-based fission yield measurements [29].
These measurements took place at IGISOL-3.

Rubidium

The rubidium yield distribution was determined with re-
spect to 88Rb and *'Rb. 88Rb as a reference has the dis-
advantage in that it is at the side of the yield curve, while
91Rb is close to the maximum. The yield curve using >1Rb
as a reference has been published in [29] where it was com-
pared to the Rb yields determined by Tracy et al. [43]. The
agreement between the 2! Rb set and reference [43] was ex-
cellent up to “3Rb; the determined yield for *»%°Rb fall
below the data of Tracy et al.. For the 88Rb set, the data
agrees with reference [43] up to ??Rb, and now ?>%°Rb
values are above Tracy et al. data. The combined yields
are given in table 12.

Palladium

The ''2Pd peak is irresolvable from '12Ag. Unlike in the
case of 25 MeV proton-induced fission, the contribution of
12 Ag could not be estimated on the basis of the isotopic
yield curve of silver. The independent yield of ''2Pd can
thus not be determined. The upper limit including both
12pPd and !'2Ag is given in parenthesis, the interpolated
yield in square brackets in table 12.

Cesium

Similar to 25 MeV proton-induced fission, the obtained
137Cs yield was exceptionally high. Since this high yield
was not seen in the later measurements in 25 MeV fission,
it seems likely that the high yield of 37Cs is due to back-
ground ions that cannot be distinguished from '37Cs in
the mass spectrum. The 37Cs yield is thus not included
in the Gaussian fits of cesium isotopic fission yield distri-
bution.
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Fig. 6. The difference between the experimental A, of the iso-
topic yield distribution and Ay e in 25 MeV proton-induced
fission of "*U (solid symbols). The open symbols represent
Avunc - Ap deduced from the auxiliary data described in sec-
tion 2.2.2. Aync corresponds to the proton/neutron ratio of
the compound nucleus ?*°Np. The predictions of Rubchenya
[44,45] and Wahl [46-48] models are given for comparison
(lines).
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Fig. 7. The widths o4 of the isotopic yield distributions (solid
symbols). The open symbols represent widths deduced from
the auxiliary data described in section 2.2.2. The predicted
widths from Rubchenya [44,45] and Wahl [46-48] models are
given for comparison (lines).

4 Discussion
4.1 Summary of the yield distributions

The experimental results of the independent isotopic fis-
sion yield distributions can be summarized with the posi-
tions A, and widths o4 of the yield distributions for each
element. In order to visualise the evolution of 4, it is com-
pared to the unchanged nucleon composition value Ay nc,
which has the same neutron/proton ratio as the 239Np
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Fig. 9. As figure 7 for 50 MeV proton-induced fission.

compound nucleus. In our earlier paper [31] Ayyc was
referred to as Aycp, where UCD stands for unchanged
charge distribution. Since there is a UCD model [50], which
assumes uniform proton density in the fissioning system
during the fission process, but also takes into account the
emitted neutrons, the term used here is modified to avoid
confusion.

The difference between Ayyc and A, is displayed in
figures 6 and 8 for 25 MeV and 50 MeV proton-induced
fission, respectively. Two experimental values are given
for cadmium and xenon, since the current measurement
cannot distinguish between the two deduced possibilities.
The distribution width o 4 is shown in figure 7 for 25 MeV
and in figure 9 for 50 MeV proton-induced fission.

The difference Aynyc - Ay can be interpreted as an av-
erage total neutron emission for each element. However,
the data cannot distinguish at which stage the neutrons
were emitted: during the formation of the compound nu-
cleus, during the decay of the compound nucleus (the exci-

S IS S T S S S T S TR AT ST S NN T

{ Mass number yield in ~25 MeV p-induced %8 fission |

6.0 - O 25MeV Baba etal. (1971) L
: ¢ 20 MeV Rubchenya et al. (2001)
i A 26 MeV lIsaev et al. (2008) [
+ 22 MeV Mulgin et al. (2009)
50 —— 25 MeV UKFY4 database (2008)

Mass number yield [%]

80 100
Fission product mass number

120 140

Fig. 10. The mass number yield distributions for ~ 25 MeV
proton-induced fission from references [48,6,7,5,49]. The
agreement between the mass yields is poor.

tation energy is sufficient to allow a second change fission
after neutron emission), or from the fragment.

As well as the properly measured isotopic yield dis-
tributions, the fit results for the auxiliary data measured
as described in paragraph 2.2.2 are displayed with open
circles. In addition to the experimental results from this
work, the difference Aync - Ap is shown for the Rubchenya
fission model [44,45], the General fission (GEF) model [?]
as well as for the Wahl model [46-48]. Since the main goal
of this paper is publishing experimental results, the mod-
els are summarised in the following only very briefly.

The Wahl model [46,47] is based on interpolating the
systematic trends of the experimentally known fission yield
distributions. The available experimental distributions are
fitted and the evolution of the fit parameters is studied as
a function of the mass number A., total charge Z. and
excitation energy EY of the compound nucleus. The inde-
pendent yields are extracted from two models that give
different perspective on the yield distribution: Z, model,
describing the most probable nuclear charge and its dis-
persion for a given fission fragment mass number, and A;
model, describing the mass distributions of fission frag-
ments. Fragment distributions are used as the basis of the
model instead of product distributions, because the sum
of the mass number of the complementary fragments is
that of the fissioning system.

Since the yields from the Wahl model are based on the
least squares fit of parameters of another fits, the model
tends to smooth out the possible fine structure present
in the empirical data. This is readily observed in figures
6,8,7,9, where the predicted trends of the isotopic yield
distribution location and width are monotonic as com-
pared the more detailed variation of the predictions of the
Rubchenya model.
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The data used for comparison are taken from the UKFY4 ence is expected to gradually decrease towards both the

data base [48]. The yields of 25 MeV proton-induced fis-
sion of 238U are linearly interpolated from the yields for
20 MeV and 30 MeV proton-induced fission of the data
base, while yields of 50 MeV proton-induced fission are
taken directly from the data base.

While the Wahl model observes only the final outcome
of the fission, the Rubchenya model [45] explores and mod-
els all the stages of the process to predict the fission yields.
First, the formation of the fissioning compound nucleus
is modelled. Neutron and proton emission during the pre-
equilibrium stage is described using the two-exciton model
and Monte Carlo approach. The mass, charge and excita-
tion energy distributions of the compound nuclei are cal-
culated. Second, the decay of the excited compound nuclei
either via the statistical particle emission, gamma emis-
sion or fission is modelled. The fission width is considered
to be both time and nuclear friction dependent. The pri-
mary fission fragment mass yield distributions are calcu-
lated using a multimodal approach with five fission modes:
symmetric, two asymmetric, and two superasymmetric.
The parameters of the fission modes are obtained from fits
to the experimental data. Isobaric charge distributions of
the primary fragments are considered to be due to quan-
tal fluctuations of the isovector nuclear matter density at
the finite scission neck. Finally, the de-excitation process
of the heated primary fragments via particle excitation is
modelled to obtain the fission product yield distributions.

The GEF model developed by K.H. Schmidt is a gen-
eral description of fission process. The model is compre-
henisvely described in [51] and [52]. The open GEF source
code is availailable at [53]. Significant to the GEF model
is that it stresses the role of nascent fragments as the
source of shell effects in the fission process. Similarly to
the Rubchenya model, GEF takes in the account the en-
tire fission process starting from the formation of the com-
pound nucleus (entrance channel), follows the dynamical
evolution of the system up to scission utilising statisti-
cal mechanics to predict the distribution of energy in the
system, and finally considers prompt particle (neutron)
emission from the fission fragments, which is needed to
predict the fission yields. Moreover, the competition be-
tween the particle emission, gamma emission and fission
from excited states has been be modelled to be able to
consider multichange fission.

The GEF model parameters have been adjusted in a
global fit to experimental data. Unlike in Wahl model, the
fitted parameters are not direct observables, but physical
parameters such as fission barrier heights, nuclear level
densities and partial decay widths of nulear states. Ap-
proximations and global fits of parameters are favored over
microscopic calculations to ensure fast computing and pre-
dictions for fissioning systems of which no empirical data
are available. The GEF model allows to fine tune its pa-
rameters for a better local performance. The calculations
shown in this paper are made with GEF version 2015/2.2
[563] using default parametrisation without adjustments.

All models predict the largest difference from Ay e in
the region of the symmetric fission, from where the differ-

light nuclei and the region of the heavy mass peak above
doubly magic '32Sn. This reflects the view that in sym-
metric fission the fission fragments are more excited and
evaporate more neutrons. This picture is however not fully
supported by the experiment. The experimental difference
Aunc - A, is almost constant from Z = 38 (strontium) to
Z = 48 (cadmium) before it starts declining towards the
heavy mass peak region. Elsewhere the trends predicted
by the models are followed. The actual values are closest
to the predictions of the GEF model, in particular up to Z
= 50. Above Z = 50, Wahl interpolation and Rubchenya
model are doing better.

The A, values deduced from the auxiliary data do not
fully agree with the more precisely measured experimental
data. The values seem to be systematically smaller, the
reason of which is unclear. Nevertheless, it can be con-
cluded from the auxiliary data that the difference Ayne -
A, keeps increasing beyond lanthanum (Z = 57), as pre-
dicted by the models.

The experimental widths of the isotopic distribution,
as well as the widths predicted by the models, are dis-
played in figure 7. The models predict wider isotopic yield
distributions in the region of symmetric fission, in accor-
dance with higher excitation in symmetric fission. The
experimental widths however do not follow the predicted
trend but remain more or less constant from Z = 40 to
7Z = 48. This lower-than-predicted dispersion region in-
terestingly coincides with the "flat” region of Aync - 4,
distribution. While GEF model gives the best prediction
for the centroids of the isotopic distributions, the pre-
dicted widths are considerably higher than the experimen-
tal ones. Therefore, Rubchenya model seems to have the
best overall agreement with the data.

The experimental widths deduced from the auxiliary
data set (open circles in figure 7) show an interesting
tendency of narrower isotopic yield distributions towards
the heavier elements. This is clearly against expectations.
Since it is based on shortly measured auxiliary datasets, it
can be due to some hidden experimental error. Neverthe-
less, it suggests that at least some clarifying experiments
on 25 MeV proton-induced fission yields are still needed
in the heavy mass peak.

The obtained data are more sparse for 50 MeV proton-
induced fission. GEF model seems to predict the centroids
of the isotopic yield distributions most accurately, but
yields far too wide distributions, for which the measured
yields seem to support the Rubchenya model predictions.

4.2 Absolute independent yields

The independent isotopic yields can be converted to ab-
solute yields, if the mass number yields are known. The
mass number yield Y4 for mass number A is

Ya=> Yaz=)» kz¥Yi,.
Z A

In the equation Y, z is the independent yield of an
isotope 4Z and Y} 7 the normalized independent isotopic

(2)
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yield (as given in tables 3 to 11). The independent yields
can be calculated from the normalised isotopic yields by
multiplying by kz, a scaling factor for element Z. A mass
yield distribution of fission consists of about 100 Y4 values,
while there are less than 50 isotopic yield distributions.
This gives enough equations to solve the scaling factors
kz.

4.2.1 Mass number yield

Data on the mass number yields in proton-induced fis-
sion is sparse. The mass yields for 25 MeV proton-induced
fission of 238U have been experimentally determined in
the work of Baba et al. [5]. In addition, mass yields have
been determined for 20 MeV proton-induced fission in ref.
[7], for 22 MeV proton-induced fission in ref. [49], and for
26 MeV proton-induced fission in ref. [6].

In [5] the cumulative yields of 15 isotopes and the
independent yields of four shielded isotopes were deter-
mined utilising chemical separation and subsequent 4w -
and 47 — y-coincidence counting. The mass yield curves
were fitted with three Gaussian distributions. The data
and the details of the fit given in [5] are used to repro-
duce the fission mass yield distribution displayed in figure
10. The data in [5] is so sparse (19 measured mass yields)
that the full distribution has to be constructed by a fit.
The original approach with three Gaussian distributions
is adopted in the present work, since a fit with two asym-
metric modes (five Gaussians) does not improve the fit.

In references [7] and [6] the fission products recoiling
out of a thin target were observed in a scattering cham-
ber. The fission recoils and their energy were detected
using either position sensitive avalanche counters [7] or
Multi-Wire Proportional gas Counters (MWPCs) [6]. The
mass assignments were based on kinetic energy and time
of flight measurements. In [7] the mass yields were de-
duced for 20, 35, 50 and 60 MeV, in [6] for 26.5 and 61
MeV proton-induced fission of 238U,

In [49] mass yield (and kinetic energy) distributions
for 22 MeV proton-induced fission of 233U were deter-
mined using a pair of surface-barrier silicon detectors. 2E-
technique was applied to a fission product pair observed
in coincidence. A strict coincidence gate was used to re-
duce the number of random coincidences. The silicon de-
tectors were carefully calibrated and the ion dependent
pulse height deficits were taken into account.

These four experimental mass yield distributions are
presented in figure 10. All distributions are normalised to
200%. In addition, the semi-empirical mass yield curve
based on the Wahl model [46] is displayed. The data is
taken from the OECD Nuclear Energy Agency UKFY4
data base [48]. The yields for 25 MeV proton-induced fis-
sion are achieved by linearly interpolating between the
tabulated yields for 20 MeV and 30 MeV proton-induced
fission.

It is readily seen that these mass yield distributions
do not agree with each other. Slightly different proton
energies in each experiment can be a partial reason of
the differences, however, the disagreement of distribution

in [6] is too large to be explained. The effort to deduce
the independent fission yields in 25 MeV proton-induced
fission utilising equation 2 was thus carried out separately
for each experimental distribution.

4.2.2 Absolute independent isotopic yields

Before aiming to calculate the absolute independent fis-
sion yield, it has to be noted that not all the normalised
isotopic yields Y} , were determined in the experiment.
Gaps in the yield data need to be addressed.

Firstly, the experimental isotopic yields were replaced
by Gaussian fits of the distributions, whose parameters are
shown in figures 6 and 7. This covers missing isotopes and
to some extent extrapolates towards the wings of the dis-
tribution. Secondly, the distributions for heavy elements
(Z > 57) were taken from the model of Rubchenya [44,
45] which seems to reproduce the data sufficiently well,
except for elements 35 < 7 < 45.

The set of scaling factors kz that would fulfil equation
2 was investigated separately for each mass yield distribu-
tion shown in figure 10. An additional restriction is that
the charge of the complementary fission products must be
conserved. In this requirement proton evaporation from
the compound nucleus and ternary fission are neglected as
rare processes. The results are shown in figures 11 and 12
for the mass yields from UKFY4 data base [48] and from
Isaev et al. [6], respectively. In the legend of the figures the
complementary elements whose total charge equals Z = 93
are placed on the same row. Note that the shown indepen-
dent isotopic yield distributions in these figures are not the
experimental ones but Gaussian approximations.

The displayed mass yield distributions are the two
which differ most of the investigated ones. However, as
seen from figures 11 and 12, such a set of scaling factors
kz can be found for each of them that the quality of the
fit, ¥2, is roughly equal. Furthermore, after the factors kz
have been adjusted so that the isotopic yields reproduce
the mass yield distribution, the independent yields Yy z
as well as the isobaric charge distributions Y4(Z) can be
constructed. The expected width of charge distributions
is 0z ~ 0.70 [12,18,41], as discussed above in section 3 in
connection with krypton yields. The average width of the
charge distributions from the data show in figures 11 and
1205 = 0.717 £ 0.092 and 0.719 & 0.095 for UKFY4 data
base [48] and Isaev et al. [6] mass yields, respectively. The
widths of the charge distributions that were constructed
from isotopic yield distributions and a mass yield distri-
bution thus agree with the experimental widths, known
from the literature and supported by the current data.
The same result was achieved for all investigated mass
yield distributions [48,6,7,5] showing that no conclusions
can be made on the accuracy of the mass yield distribu-
tions on the basis of the current isotopic yield data.

5 Conclusions

In this work the independent isotopic yield distributions
in 25 MeV proton-induced fission of "**U were determined
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Fig. 11. The isotopic yield distributions in 25 MeV proton-induced fission, adjusted to the mass number yield distribution from

[48].

for elements 30 < Z < 57. In addition, tentative isotopic
yield distributions were determined for elements 58 < Z <
61. In 50 MeV proton-induced fission of "*U the isotopic
yield distributions were determined for Zn (Z=30), Ga
(Z=31), Rb (Z2=35), Sr (Z=36), Zr (Z=40), Pd (Z = 46)
and Cs (Z=55).

The yield distributions were compared to theoretical
predictions of Rubchenya [44], Schmidt (GEF code) [51,
52] and the semiempirical model of Wahl [46,48]. The
distribution centroids predicted by the GEF model were
in better agreement with the data for 25 MeV proton-
induced fission. The widths of the distributions were how-
ever predicted better by the Rubchenya model. Although
the data were more sparse for 50 MeV proton-induced
fission, it supported the GEF model predictions for the
centroids and Rubchenya model for widhts as well. The
experimental widths of the distributions were smaller than
predicted by any of the models. The discrepancy from the
models was most significant in the region of the symmet-
ric fission. The Rubchenya model shows the best overall
agreement with the experimental data.

An effort was made to combine the mass yields from lit-
erature with the isotopic yields determined in this work to

find the independent fission yields in the 25 MeV proton-
induced fission. Technically the isotopic yields could be
combined with a mass yield distribution. This combina-
tion worked equally well for all mass yield distributions
from the literature, which on the other hand do not agree
with each other. The deduced independent yields thus
strongly depend on the applied mass yield distribution.
The accuracy of the mass yield distributions has to be de-
termined separately, before the isotopic yields can reliably
be converted to independent fission yields.
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