PHYSICAL REVIEW C 108, 034608 (2023)

Production and discovery of neutron-rich isotopes by fragmentation of **Pt
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Production cross sections were measured for fragments produced by an 85 MeV/u '*Pt beam incident on a
beryllium target. Event-by-event particle identification of A, Z, and ¢ for the reaction products was performed
by employing energy loss, time-of-flight, magnetic rigidity, and total kinetic energy measurements. Over 70
nuclei in the Hf-Pt region were identified, including three isotopes first observed in this work: *"!2Hf and
191u. Due to the existence of multiple charge states between H-like and C-like ions, a new analysis method
was introduced, incorporating Monte Carlo calculations of charge state fractions for a given charge state of the
projectile residue just after the reaction. For the first time, charge-state probability distribution functions after
the reaction have been deduced from experimental data. This study provides insight into how to produce key
nuclides near N = 126 and the ability of a fragmentation residue to retain electrons from the primary beam.
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I. INTRODUCTION

The properties of neutron-rich heavy isotopes near the
N = 126 shell closure are important for our understanding of
nuclear physics and play a fundamental role in astrophysical
processes such as the r process [1]. Despite their importance,
the N = 126 isotones for atomic numbers less than lead are
poorly studied due to the lack of sufficiently high production
cross sections. Only four isotones have been produced and
identified over the past few decades [2—5]. In order to establish
a footing in this region and eventually reach out toward the
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location of the r-process pathway and beyond, it is desirable to
perform experiments studying the production of neutron-rich
isotopes in the Hf-Pt region. This paper describes exploration
of the region and identification of new isotopes made from
heavy-ion fragmentation.

Previous attempts to produce and study nuclides with N =
126 and Z < 82 have used a variety of techniques and dis-
covered a number of new isotopes. Other than some limited
spectroscopic studies [6] and half-life measurements [7] the
past work has mainly aimed to discover new nuclides and
measure production cross sections in this region. These stud-
ies employed several different reaction mechanisms, including
projectile fragmentation [8,9], charge-exchange [4], fission
[10], transfer [6], and multinucleon transfer reactions [11].
New isotopes in this region have been produced by fragmen-
tation of 233U [5] and 2°3Pb [12] beams on beryllium targets at
around 1 GeV/u. Multinucleon transfer via low-energy inter-
actions of two high-Z neutron-rich nuclei has been explored as
well and indicates promise for much higher production cross
sections than fragmentation [13—15]. Despite these efforts, the
low production cross sections for nuclei in this region have
limited the number of lighter N = 126 isotones that could be
studied.

This work explores the production of nuclides near N =
126 by utilizing projectile fragmentation reactions of beams

©2023 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.108.034608&domain=pdf&date_stamp=2023-09-07
https://doi.org/10.1103/PhysRevC.108.034608

K. HAAK et al.

PHYSICAL REVIEW C 108, 034608 (2023)

with significantly lower energy than previously employed.
Fragmentation production cross sections for nuclei in the N =
126 region at intermediate and high energies are modeled by
parametrizations and by abrasion-ablation models. EFAX3 [16]
is a semiempirical parametrization of fragmentation cross sec-
tions, whereas ABRABLA [17,18], COFRA [19,20], and LISE-AA
[21,22] are modern versions of the abrasion-ablation model.
Two main steps are considered in the abrasion-ablation model:
first the projectile-target interaction and second the deexci-
tation of the products. The cold fragmentation code COFRA
is a simplified analytical version of ABRABLA, which only
considers neutron evaporation from the prefragments formed
in the abrasion stage. The COFRA analytical approach is well
suited for extremely low cross sections on the very neutron-
rich side, which is difficult to model with the Monte Carlo
technique. In this work we concentrate on the fast models
EFAX3 and COFRA, which have gained attention for their
potential applications in understanding nuclear reactions in
various astrophysical and nuclear physics contexts. These
models have been extensively employed to explore cross sec-
tions across various combinations of projectile-target nuclei,
and incident particle energies. EFAX3 has shown promis-
ing performance by providing reasonable predictions for the
cross sections of projectile fragmentation reactions across
a wide range of isotopes close to stability, whereas COFRA
has shown some capabilities in describing cross sections in
neutron-rich regions [5]. While these models have shown
moderate agreement with experimental data over a wide en-
ergy range, further investigations and comparisons with recent
experimental measurements are necessary to establish their
reliability and accuracy in capturing the intricacies of nuclear
reactions.

As the neutron-rich region near N = 126 is a relatively
unexplored frontier, the methods for both production and
analysis are not fully developed. At intermediate energies, it
becomes increasingly challenging to produce separable and
identifiable fragments at increasing atomic numbers due to
the inability to fully strip fragments after production. The
presence of several charge states in the fragment separator ne-
cessitates total kinetic energy (TKE) measurements in order to
unambiguously identify each fragment. Even with the ability
to measure the charge of each fragment, it is challenging to ac-
curately calculate the exceedingly small charge-state fractions
of ions, which lie on the tail end of a charge-state distribution,
such as boron-like ions.

In this paper, we will explain the methods of particle identi-
fication in this region and demonstrate how they were utilized
to identify new isotopes. Additionally, we will outline the
difficulties of cross-section analysis in this region, and explore
ways of testing underlying assumptions by performing Monte
Carlo and analytical simulations of a fragment’s path through
the separator and all materials traversed.

II. EXPERIMENT
A. Setup

A 198Pt1*+ beam was accelerated by the Coupled Cyclotron
Facility (CCF) at the National Superconducting Cyclotron

Laboratory (NSCL) at Michigan State University to an energy
of 85 MeV/u and an intensity of 0.3 pnA. A combination of
the A1900 fragment separator and the S800 analysis beam line
was used to separate and identify rare isotopes produced from
fragmentation of the '°*Pt beam. Both nickel and beryllium
targets of varying thickness were utilized and located at the
target position of the A1900.

The experimental setup is shown in Fig. 1. This two-stage
separation system is similar to our previous experiment with a
82Se beam [24], which allowed for a high degree of rejection
of unwanted reaction products. However, in this work the
S800 beam-line optics were modified to ensure a 50 mm/%
dispersion at the target location of the S800 spectrometer.
This modification made it possible to measure momentum
without using additional material in the beam line, estab-
lishing an optimal configuration for preserving initial charge
state distributions of fragments exiting the production target.
Momentum selection slits were present at Image 1 of the
fragment separator. At the end of the S800 analysis beam line,
the particles of interest were stopped in a PIN diode telescope
consisting of five silicon detectors (50 x 50 mm?), with thick-
nesses of 140 um, 140 um, 500 wm, 1000 pm, and 1000 pm,
respectively. A timing scintillator (150 pm) was placed at the
focal plane (FP) of the A1900 fragment separator, as shown in
Fig. 1.

The signals produced in the telescope detectors were used
to perform energy loss and total kinetic energy measurements.
The third PIN diode, a single-sided Si strip detector, was used
to measure position in the dispersive dimension and therefore
reconstruct a momentum to be used for particle identification
(PID). The HPGe detector array, GRETINA [23], surrounded
the telescope at the end of the S800 analysis beam line and was
used to measure y rays for high-confidence PID via isomer
tagging. The delayed timing signal from the scintillator was
used as the stop signal for the time of flight (ToF). The timing
signal from the first pin in the silicon stack was used as the
event trigger and ToF start signal.

B. Experimental procedure

A concern for experiments at intermediate or low energies
is the multiple charge states of the beam exiting the production
target. In inverse kinematics experiments, various methods
are employed to prevent primary beam charge states from
reaching the detectors. One approach involves inclining the
primary beam on the target, as demonstrated in the case of
a 238U beam at 24 MeV/u on light targets at GANIL using
the LISE3 fragment separator [25]. Alternatively, thick targets
can be utilized to shift the primary beam charge states to a
lower magnetic rigidity relative to the fragments of interest.
This method has been demonstrated by the BigRIPS separator
group in RIKEN experiments [26,27] with a 2*U beam at
354 MeV/u. However, with a '8Pt beam at 85 MeV /u using
the A1900 separator, neither of these methods could be ap-
plied, necessitating the use of a thin target to select fragments
at rigidities between the primary beam charge states. Each
time a target was replaced, the charge state distribution of
the primary beam was mapped out by varying the magnetic
rigidity of the first two dipoles of the fragment separator
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FIG. 1. Sketch of the experimental setup used in the current work. A '*®Pt beam was produced by the NSCL coupled cyclotrons and
fragmented on a beryllium target at the start of the A1900 fragment separator. Fragments were transported to the target location of the S800
spectrometer and stopped in a silicon telescope surrounded by GRETINA [23].

(Dy, D5). Therefore, the central Bp could be set to a value
between charge states of the primary beam.

This experiment was comprised of three parts, as listed
in Table 1. The three objectives were: (i) isomer tagging for
PID, (ii) conducting an isomer study, and (iii) the produc-
tion of new isotopes. The data sets D2, D3, D6a, and D7
were analyzed in this work. In these sets, the only material
present after the target was a scintillator at the focal plane

of the A1900. For new isotope production, the separator was
tuned on more exotic hafnium fragments, namely '°Hf and
192Hf. The wedge was not used at these settings due to the
already low detection rate of exotic fragments. It was a priority
to maintain a high momentum acceptance while striking a
balance between increasing the statistics of reaction products
and minimizing detector damage caused by the edge of the
primary beam.

TABLE I. Experimental settings.

Data  Fragment Magnetic rigidity, Bp(T'm) Target Stripper Wedge Ap/p  Time Beam

set of interest DD, D;Dy DsDgD+ mg/ cm? mg/ cm? mg/ cm? (%) hours particles Part

D2 971y 3.5150 3.5150 34390 Be 23 - - 0.2 5.9 4.93e12  Isomer tagging
D3a 186f 3.5127 35127 34425 Be 23 - - 0.1 0.4 7.57el1

D3b 186 3.5127 35127 34425 Be 23 - - 0.9 6.3 4.36el1

D4a 186y f 34928 34928 34204 Ni 17 Be 9 - 0.2 32 7.18¢e13 Isomer study
D4b 186£ 34928 33912 33147 Ni 17 Be 9 22.7 0.8 15.4 1.58e14

D5 186 3.3948 32875 32063 Be 47 - 22.7 0.7 18.6  2.07el4

D6a 19Hf 3.4440 3.4440 33638 Be 47 - - 0.5 22.8 1.72e14 Production
Dé6b 189Hf 3.5420 35420 33680 Ni 17 Be 9 - 0.9 144  2.68el4 of new
D7a 19214¢ 34910 3.4910  3.4141 Be 47 - 0.7 219  6.23el4 isotopes
D7b 1924 3.4910 3.4910 3.4141 Be 47 - - 0.9 13.8 3.00e14
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FIG. 2. Particle identification spectra obtained from D4b settings (see Table I). The separation of charge states is demonstrated in the Z — ¢
spectra (center) where helium-like and lithium-like charge states were observed. The charge state selection gate at Z — g = 2 (red) is applied
to both left and right plots. The Z vs. A — 3¢q (left) and g vs. A — 3¢ (right) spectra demonstrate mass, ion charge, and elemental separation
quality. A y-ray spectrum observed in coincidence with W72+ ions labeled here was used to confirm the identification (Fig. 3).

III. ANALYSIS OF EXPERIMENTAL DATA
A. Particle identification

Heavy ions in this study have been identified by the com-
bination of magnetic-rigidity (Bp), time-of-flight (ToF), total
kinetic energy (TKE), and energy-loss (AE) measurements.
The identification of heavy ions using this technique was
described in detail in the Appendix of Ref. [28].

The result of using TKE measurements to separate charge
states can be seen in the center plot of Fig. 2, which shows
the total distribution of charge states observed in the D4b
settings of this experiment. The atomic number is denoted by
Z, q is the ionic charge, and A — 3¢ is a calculated quantity
proportional to mass. The range of helium-like fragments is
shown as both a Z vs. A — 3¢g spectrum and a g vs. A — 3¢q
spectrum in the left and right plots of Fig. 2, respectively.
The confirmation of individual isotopes in Fig. 2 was achieved
by isomer tagging the known decays of 'YW (7}, = 166 us)
and '88Ta (T} 2 = 3.7 us). Figure 3 displays a representative
y-ray spectrum measured with GRETINA [23], which has
been gated on '°W (as seen in the right plot of Fig. 2).

B. Production cross section

The production cross section for individual fragments was
calculated using the following expression:

o= 107 (b, (1)
N, N, T

Where Ny is the number of a given fragment detected at the
end of the fragment separator, N, is the number of total in-
coming beam particles, T is the transmission of the fragment
through the separator, and &, is the number of target atoms
(1/cm?). N, is obtained from integrating scaler values that
are linearly correlated with beam current, and N, was derived
from the thickness of the target. The fraction of transmit-
ted fragments, T, depends on several factors including the

momentum and angular distribution of fragments produced
in the reaction, the momentum and angular acceptance of the
beams lines, and the charge states populated in the reaction.
The transmission of each fragment was calculated with
LISET™ (version 16.7) [30,31] using the transmission es-
timation approach suggested in Ref. [33]. The universal
parameterization model was used to calculate the momentum
and angular distributions of the fragments. This involves vary-
ing several experimental parameters within a reasonable range
of uncertainty as listed in Table II. The material thickness,
width of momentum slits, and the o¢ony and coef parameters
of the universal parameterization model [32] were modi-
fied to recreate the relative patterns of intensity observed in
the experiment. A conservative estimation of error was per-
formed by selecting the maximum, minimum, and mode of all
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FIG. 3. A y-ray spectrum of events in GRETINA recorded up to
800 ps after events identified as '°°W. The energies of the observed
peaks correspond to gamma transitions from the 166 ps isomeric
state of W [29], confirming particle identification.
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TABLE II. Experimental parameters varied to account for uncertainty in transmission. The most probable value for each parameter in each
data set is listed. The amount varied is consistent for each data set and is shown in the final column. The target thicknesses listed here are
different from what is shown in Table I. This adjustment was made to ensure the best match between experimental transmissions and the given

setup in the LISE™™" code [30,31].

Parameter D2 D3 D6a D7 Variation
Beryllium Target (mg/cm?) 21.80 21.80 50.15 50.15 +2%
Image-1 Momentum Slits (mm) —22:425 —15.7: 4+11.0 —7.7:48.0 —10.6 : +10.0 +20%
Momentum Distribution [32] Width 125 125 125 125 +25
(Separation Energy Model 2) Coef 0.8 0.8 0.8 0.8 +0.2, —0.3

possible transmission values for a given fragment as the upper
error limit, lower error limit, and most probable transmission,
respectively.

The yield was calculated via integration of one-
dimensional (1D) PID spectra. Gaussian functions were
employed to achieve an accurate measurement of the par-
ticle yield, even in the presence of neighboring fragments
that exhibit overlapping distributions. Each data set was
split up into a series of one-dimensional Z spectra and
was fit with a series of integer-spaced fixed-width Gaussian
functions.

C. Charge-state distributions

The charge-state distributions of reaction products as they
exit the production target and traverse subsequent materials
is an important factor to consider in the production of high-
Z nuclei at intermediate energies. The number of electrons
present in the projectile-residue orbitals immediately after a
reaction (Neg) may influence the charge-state distributions
in targets thinner than the equilibrium thickness. Equilibrium
target thicknesses for representative ions are given in Table II1.

The thicknesses of the targets used in this experiment
are significantly below the estimated equilibrium thickness
for the high-Z ions of interest. This is demonstrated in
Table III, where a variety of charge-state models are con-
sidered. The model GLOBAL, which has been incorporated
for transmission analysis in the LISETTcode, was employed
in the further analysis of this experiment. As indicated in
the table, GLOBAL estimates an equilibrium thickness around
135 mg/cm?, whereas the thinnest target used in experiment

was 23mg/cm?. These calculations explore equilibrium

thickness as a function of both atomic number and Neg. It
is reasonable to assume the charge-state fractions measured in
this work contain some information about Neg because equi-
librium of the charge-state distribution was not reached, and
therefore should be considered in this analysis. This makes
Neg an observable in this experiment.

The presence of nonequilibrium charge states has been
confirmed by Monte Carlo calculations of charge state ver-
sus reaction place in the target. Figure 4 shows that when
Neg =7, a substantial number of ions exit the target with
high-lying charge states up to Z — g =7 (4.4% of total).
Additionally, these ions were produced toward the end of
the target. In the case Neg = 0 (not shown), Z — ¢ =0, 1,2
charge states dominate, and the Z — g = 4 charge state does
not exceed 0.1% of the total fraction. Therefore, charge-state
distributions are dependent on Neg at this thickness. It is
important to note that while the primary beam entered the
production target with 17 electrons, the prereaction charge
state of the primary beam was not taken into consideration
for calculations shown in Fig. 4. However, ETACHA4 calcula-
tions for the primary beam indicate that, after passing through
half the thickness simulated in Fig. 4, the mean charge state
(g) is estimated to be 73.0 &= 1.4. Neg is normally assumed
to be zero and the fully stripped ion then picks up elec-
trons as it moves though the target and eventually exits, but
in this analysis Neg was explored up to a value of seven
electrons.

The LISET™ code was modified to include Neg as a param-
eter in Monte Carlo calculations of transmission. The default
reduction of transmission due to ionization in material for

TABLE III. Equilibrium thicknesses (mg/cm?) for the charge-state fractions of two representative nuclei produced in this experiment
were calculated by several models. An initial energy of 85 MeV/u was used, and the influence of Neg on equilibrium thickness was

considered.

Ton 197 1,70+ 197 1,77+ 192 1§65+ 192 72+
Model Neg 7 0 7 0
CHARGE [34] 2359 220.6
P. Thieberger [35] 108.3 120.8
GLOBAL [34] 131.3 138.29
ETACHA4.V3 [36,37] 60.6 65.9 60.9 105.9
ETACHA4.V4 [36,37] 73.6 76.7 75.6 104.1
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FIG. 4. LISE** 3D Monte Carlo calculations of the charge-state
distribution for '’Ir versus the depth in the target at which the
reaction occurs, assuming postreaction charge state is Z — g = 7.
The charge-state model GLOBAL was used.

each ion was removed and then replaced by the reduction
factor obtained from the modified Monte Carlo calculation. It
was assumed that only fragments that maintained their charge
state after exiting the target and passing through subsequent
materials, such as the scintillator, would be transmitted to the
pin-diode telescope.

A probability distribution function (PDF) of the most likely
Negr values was constructed for each element and used to
deduce production cross sections. The upper bound of the
Neg domain was set by exploring the functional dependency
of the Monte Carlo derived transmission (7)) on the Neg
parameter. The PDF was derived from a x> whose value was
determined by three separate considerations: (i) agreement
of cross-section measurements between ions of the same nu-
clei, (ii) physically possible cross-section measurements, and
(iii) the continuity of production cross sections for a given
isotopic chain as a function of mass. Finally, the experimen-
tal cross sections were calculated using a weighted average
of all possible outcomes, where the PDF was used for the
weights.

IV. RESULTS AND DISCUSSION
A. New isotopes

During the course of the experiment and the measurement
of production cross sections, three new isotopes, namely '¥Lu
and ""1192Hf, were discovered. The evidence for these new
isotopes is shown in Fig. 5. Counts to the right of the blue
dashed line indicate previously undiscovered nuclides. The
measured cross sections of these nuclides were found to be
0.037(24), 0.13(5), and 0.061(44) nb, respectively. These dis-
coveries push the limit of Hf isotopes up to the point where the
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FIG. 5. Mass spectra of hafnium and lutetium isotopes produced
in the D7 settings of this experiment. Standard deviations produced
with Gaussian functions at constant width (dashed red line) are given
for each element. The dashed vertical blue line shows the limit of
previously discovered isotopes for each element. The counts at A =
189 for Z =71 and A = 191,192 for Z = 72 are evidence for the
discovery of new isotopes.

production of heavier isotopes would involve the pick up of
neutrons from the target. Although the experimental settings
allowed for the potential observation of new isotopes down
to '81Er, they were not detected. This is discussed further in
Sec. IV C.

B. Charge states

Not all high-Z fragmentation products at intermediate ener-
gies are necessarily formed as fully stripped ions (Neg = 0),
and there may be a correlation between the number of pro-
tons removed during the reaction and the number of residual
electrons immediately after. This suggestion is grounded in
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FIG. 6. The cross sections of rhenium isotopes (Z = 75), de-
duced for different values of Neg (0,3,7) and separated by charge
state, are compared. The cross sections presented here were deter-
mined with yields measured in the 47 mg/cm? Be target settings.
When produced fully stripped (Neg = 0), the cross-section results
for boron-like and beryllium-like ions with nucleon numbers 190 and
191 are extremely large. However, if all fragments are assumed to
be produced with seven electrons, the cross sections for boron-like
ions appear significantly lower and disjointed from the rest of the
data.
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FIG. 7. The cross sections of rhenium isotopes (Z = 75), calcu-

lated by an error-weighted average of the possible outcomes shown
in Fig. 6.

the following observation: ions that lose fewer protons in
fragmentation are closer in ionization energy to the original
projectile and undergo smaller changes in velocity relative
to the projectile. Consequently, there is support for the as-
sumption that the likelihood of electron shake-off following
a collision is reduced for cases with less proton removal.
The probabilities of electron shake-off resulting from nuclear
charge change and nuclear recoil in shaking processes can be
derived using the nonrelativistic hydrogenic wave functions
[38]. This study indicates that indeed the probability of shake
off increases with larger proton removal.

A novel approach to charge-state analysis was developed to
accommodate extreme results of cross-section measurements.
The choice of Neg values was bounded in this work by ex-
ploring the parameter space of Neg up to seven electrons.
Under the assumption Neg = 0, cross-section calculations
produced nonphysical results for certain isotopes, such as
cross-section measurements multiple orders of magnitude
greater than reasonable model predictions (Fig. 6, top plot).
However, assuming Neg = 7, the cross sections of certain
isotopes deduced for different charge states exhibit variations
of several orders of magnitude, as evident from the bottom
plot of Fig. 6. By comparing the plots in Fig. 6, the op-
timal solution appears to lie around Neg = 3 for rhenium
isotopes. This conclusion is summarized in Fig. 7 where an
error-weighted average of charge states was performed on
the data from Fig. 6. Results for mass number 190 and 191
demonstrate the Neg = 0 assumption is not the most likely.
The large variation between underlying charge states for
Neg = 7 leads to very large errors and a discontinuous trend,
also indicating a low likelihood for Neg = 7.

Figure 8 presents the most probable value of Ner for
each element (Z), obtained for both beryllium targets. This
figure demonstrates a prominent trend. More protons re-
moved in a fragmentation reaction corresponds to fewer
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FIG. 8. A summary of the most probable Ney values are pre-
sented for several elements (Z), derived from the analysis of
experimental data. Two different target thicknesses are shown:
23 mg/cm? on the top and 47 mg/cm? on the bottom. The vertical
color axis represents a combination of three optimization considera-
tions: agreement of cross section measurements between ions of the
same nuclei, physically possible cross sections measurements, and
the continuity of the production cross section for a specific element
as a function of nucleon number.

residual electrons on the resulting fragment product. Frag-
ments with higher Z values, which have ionization energies
closer to that of the primary beam, tend to retain more elec-
trons compared to lower Z nuclei that are closer to fully
stripped ions after fragmentation. This phenomenon can pos-
sibly be explained by the fact that fragments with less proton

removal have undergone a less violent fragmentation reac-
tion, thereby preserving a greater number of electrons (less
shake-off) from the original projectile, '**Pt®!*. This rela-
tionship is less pronounced for a thicker target, as the charge
state distributions tend to approach equilibrium. Probability
distribution functions were derived from this data by normal-
izing the minimum x? to 1 and then performing an inverse
exponential transformation. The base of the exponent was
adjusted until the standard deviation of Neg was roughly one
electron.

C. Cross-section measurements

Using PDFs derived from Fig. 8, the production cross sec-
tions were obtained for a total of 60 nuclei in this experiment
and are shown in Fig. 9. Details are available as the singular
text file in the Supplemental Material [39]. Experimental cross
sections follow trends predicted by EFAX3 and COFRA models.
However, there is a slight deviation away from the models
for lower Z, where the measured cross section is lower than
predicted. This effect possibly appears in an odd-even pattern,
where the cross sections of isotones with an even number of
neutrons are often much lower than their odd counterparts.

No fragments with atomic number (Z) below 70 were
produced in significant quantities at the rigidity settings em-
ployed in the experiment. Initially, the contribution of the
break-up channel in terms of the abrasion-ablation model
can explain this phenomenon, where the temperature of the
excited prefragment exceeds the limiting temperature [40,41].
However, a more detailed analysis using the LISE-AA [21]
model will be conducted to investigate this further. This
study of reaction mechanism will also encompass the data
involving the Ni-target settings, which is not discussed in this
work.

V. SUMMARY

The present study of fragmentation of a Pt beam at
85 MeV/u found evidence for three previously unobserved
neutron-rich nuclides: '"?Hf, '"'Hf, and "°Lu. A novel
approach was developed to measure cross sections when
working with multiple charge states of high-Z fragments.
Based on experimental data, the charge-state probability dis-
tribution functions (PDF) after the reaction were obtained for
a selection of elements, ranging from Z = 70 to 77. This is
the first time such information has been deduced from exper-
imental data. An evident trend between number of protons
removed in a fragmentation reaction and residual electrons
was observed, where less proton removal corresponds to more
residual electrons in the resulting fragment product. Using
charge-state PDFs, production cross sections for 60 nuclei
were determined with a beryllium target, and these results
were compared with cross-section models. The results are in
reasonable agreement with the COFRA parametrization but fall
off faster with increasing nucleon removal.
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