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The production cross sections of neutron-rich nuclides near the N = 126 neutron shell closure have been mea-
sured for the elements ranging from tungsten (Z = 74) to gold (Z = 79) in the fragmentation of a 1000 MeV /u
208pp beam on a °Be target. Several cross sections, namely those for 196199y 199-201Re  and 202-293Qyg,
were determined for the first time with this projectile-target combination. The results are compared with the
predictions of several nuclear reaction models and semiempirical parametrizations; special attention is devoted
to multiple proton-removal channels and the formation of nuclides with neutron number N = 127.

DOI: 10.1103/p27s-fplj

L. INTRODUCTION is expected to change significantly as the neutron and proton
drip lines are approached, necessitating a re-evaluation and
improvement of existing nuclear structure theories. Despite
significant progress [1], the limits of nuclear existence are still
being explored. The proton drip line has been experimentally
reached for elements with atomic number Z < 80 [6], but the
neutron drip line remains inaccessible, for all but the light-
est elements. This poses a major experimental challenge and
represents a key frontier in nuclear physics research.
Understanding the neutron-rich heavy nuclei is crucial
for several reasons, including their significance for nuclear
structure studies and their pivotal role in the astrophysi-
cal nucleosynthesis. The r-process, or rapid neutron-capture
process, is believed to be responsible for the creation of
approximately half of the elements heavier than iron in the
Universe [7]. Knowledge of nuclear properties, particularly
masses, -decay half-lives, neutron-capture cross sections and
fission barriers and yields of heavy neutron-rich nuclei far
from stability is essential to model the r-process quantitatively.
Regions like the r-process waiting point at neutron number

Beyond the stable nuclei, nuclear physics is constantly
pushing the boundaries to investigate the vast and mainly
unexplored realm of exotic nuclei. Although approximately
300 stable nuclides have traditionally served as basis for the
development of nuclear theories, more than 3000 nuclides
are currently known [1], and theoretical estimates indicate
that there may be about 7000 bound nuclides up to element
number 120 [2]. This immense, largely unexplored, nuclear
landscape raises fundamental questions about the suitability
of existing theoretical descriptions, which were primarily de-
veloped for nuclei around the B-stability line and those in its
vicinity. This quest for exotic atomic nuclei has already led
to the discovery of new chemical elements, novel structures
and phenomena such as halo nuclei [3] and multiple-proton
radioactivity [4], has unveiled deformation regions and unex-
pected single- or double-shell closures far from stability [5].
The current focus lies in understanding basic nuclear prop-
erties, such as shell structure, pairing, and deformation and
how they evolve with extreme isospin. The structure of nuclei
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FIG. 1. Schematic layout of the FRS showing its focal planes FO-F4. The production target was located at FO; F1 and F3 were under
vacuum; F2 was dispersive and F4 achromatic. Single particle detectors were placed in air gaps at F2 and F4, and the DESPEC setup was
situated at F4. (Bp)p, and (Bp)a4 are the magnetic rigidity of the separator in each section.

N = 126 are of specific interest, as they are crucial for the for-
mation of the third r-process abundance peak at mass number
A = 195 [7], but remain largely unexplored experimentally.

The production of unstable nuclei with sufficiently high
yields to allow for experimental investigation, especially those
with extremely short half-lives is a significant scientific and
technological challenge. This endeavor requires methods for
generating intense radioactive ion beams with two primary
techniques being Isotope Separation On-Line (ISOL) and
in-flight separation [8-11]. Investigating the key reaction
mechanisms involved and understanding their features qual-
itatively and quantitatively is essential. The primary processes
for producing exotic nuclei include fission, spallation and
fragmentation. The latter are peripheral heavy-ion collisions
at relativistic energies and interpreted as a two-step process
[12]: a fast initial step (abrasion) leading to an excited pre-
fragment, followed by a second step (ablation, evaporation,
or fission) where the reaction residues are formed. Another
important process at more central collisions, leading to higher
excitation energies, is multi-fragmentation. Finally, charge-
exchange reactions [13] can influence the final fragment
yields.

In this article, the production cross sections of nuclides
originating from 1000 MeV /u Pb impinging onto a Be
target have been obtained for several neutron-rich nuclides,
particularly those along the N = 126 closed shell. The exper-
iment was carried out with the fragment separator (FRS) [14]
located after the Schwerlonen Synchrotron (SIS18) at the GSI
laboratory in Darmstadt, Germany.

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

Heavy neutron-rich nuclides were produced by fragmenta-
tion of a relativistic 1000 MeV /u **Pb beam on a beryllium
target. The 2°®Pb primary beam was accelerated in the SIS18
and extracted with extraction times varying dependent on

fragment setting from 0.5 s to 5 s and intensities of up to
5 x 108 particles per spill, the total number of primary beam
particles per setting is given in Sec. II B 1. The °Be production
target, characterized by the GSI Target Laboratory [15], had a
thickness of (2512 £ 25) mg/cm? located at the entrance (FO)
of the FRS, see Fig. 1. It was backed with a 220 mg/cm? Nb
stripper to maximize the fraction of fully ionized fragments.
The target thickness corresponds to approximately 20% of the
projectile range and the reaction probability for the primary
beam was approximately 40%. The FRS was operated in an
overall achromatic mode from target to the final focal plane F4
and with a dispersion of —6.8 cm/% at the intermediate focal
plane F2. An energy-loss degrader made of 4500 mg/cm?
Al was installed at F2. Isotopic separation was achieved by
Bp — AE — Bp method [14]: the magnetic rigidity Bp of the
fragments is analyzed in the first half of the separator, and
their energy loss AE, which depends on their atomic number,
mass number and velocity, is analysed with the second stage
of the separator.

The main aim of the present experiment was nuclear-
structure studies via decay spectroscopy [16] using the
DESPEC setup [17] at the final focal plane F4 of the FRS.
The experiment was performed with two different separa-
tor settings: one setting aimed at maximum transmission
of the fully stripped ***Ir passing through the separator
at a magnetic rigidity (Bp)o; = 13.2224 Tm and (Bp)y =
9.5671 Tm and the other setting at fully stripped 2°*Os with
(Bp)p2 = 13.3486 Tm and (Bp)y4 = 9.7927 Tm. The quan-
tities (Bp)o» and (Bp),4 refer to the magnetic rigidities of
the separator on its ion-optical axis between the focal planes
from FO to F2 and from F2 to F4, respectively. In the 2°20s
setting, the fragment of interest was centered at F2 but off-set
on purpose by 30 mm at F4 to allow for good transmis-
sion of other interesting nuclides to the final focus F4 for
nuclear-spectroscopy studies. The slits at F1 were set to
£35 mm to suppress fragments with momentum deviations
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FIG. 2. (a) Plot showing the correlation between Z; and Z, measured by the two MUSICs at F4 for the 22Os setting. Diagonal dashed line
indicates ions fully ionized in both MUSICs. (b) Energy loss per charge Q of the fragment [see Eq. (1)] in the material and degrader at the F2
focal plane versus the measured atomic number Z of fragments for the 22Os setting. Each diagonal set of blobs represents a different charge
state configuration in the separator: fully ionized (Oe-Oe, blue solid line), hydrogen-like in both stages (1e-1e, green dashed line), hydrogen-like
then fully ionized ion (le-Oe, black dotted line), fully ionized then hydrogen-like (Oe-1le, red dash-dotted line), and first hydrogen-like and
finally helium-like (1e-2e, magenta long-dashed line). (c) Plot of x4 position at F4 versus A/Q for Z = 76 fragments. In this plot the (Oe—Oe)
osmium isotopes (solid blue line) are clearly separated from the 1e—1le osmium isotopes (green long-dashed line). Hydrogen-like 1e—1e iridium
(orange dotted line) and small contributions from other charge-state combinations (e.g., le-2e, Oe—1le, and 1e—0e) are also visible and well
separated from the dominant band of (Oe-Oe) peaks. The position of 2*>Os is highlighted for reference.

exceeding the momentum acceptance of the FRS as early as
possible.

A. Particle identification

The unambiguous identification of projectile fragments
was achieved in terms of both atomic number Z and mass
number A event by event using the Bp — AE* — ToF method
using the detector system shown in Fig. 1. The atomic number
of the fragments was determined by measuring their energy
deposition (AE*) in a pair of multiple-sampling ionization
chambers (MUSICs) located at the exit of the FRS at F4
[18]. Since AE™* depends on the ion velocity, a velocity
correction was applied event-by-event to the measured AE™
signals. The velocity correction function was determined from
measurements of the unreacted primary beam at three differ-
ent well-defined velocities. The corrected energy-loss signals
were then used to determine the corresponding charge of the
ion, denoted as Z; and Z, for the two MUSIC detectors. For
fully stripped ions, Z; and Z, correspond to the nuclear charge
of the fragment.

A 90 mg/cm? thick Cu foil was placed between these
two MUSICs to maximise the fraction of fully ionised ions.
Plotting the Z; and Z, measurements of the two MUSICs
versus each other, as shown in Fig. 2(a), results in wing pattern
where the horizontal branch corresponds to ions that were
fully ionised in the first MUSIC, while the vertical branch
corresponds to ions fully ionized in the second MUSIC. Over-
lap between the wings occurs when ions are fully ionized in
both MUSICs indicated by diagonal dashed line. The atomic
number Z was determined from the calculated average of Z,
and Z,, both determined in MUSIC1 and MUSIC2, respec-
tively, for |Z; — Z,| < 0.5. In cases where |Z; — Z;| > 0.5
the Z was calculated as the maximum of Z; and Z,. A small
amount of ions, up to 4%, are hydrogen or helium-like ions

in both MUSICs. The fraction was determined by selection of
the corresponding Z in Fig. 2(a). Projection of the selected Z
onto the Z; and Z, axes yielded the probability for an ion to
be detected as not fully ionized in each of the two MUSIC
detectors. The probability of not being fully ionized in both
MUSIC detectors is then calculated from these values. Events
with an incorrect Z assignment were identified by analysis
of their position at F4 and excluded from the subsequent
analysis; see Fig. 2(c).

The mass-to-charge ratio (A/Q), where Q is the ionic
charge number, was calculated using the measured Bp and the
velocity of each ion. The Bp in the second half of the FRS was
determined by the measured horizontal positions of the frag-
ment at F2 (x;) and at F4 (x4), each measured with a pair of
time projection chambers (TPCs) placed at F2 and F4 [19,20],
combined with known ion-optical parameters and the central
(Bp)24. The velocity was determined via time-of-flight (ToF)
measurement between plastic-scintillator detectors placed at
F2 and F4 [21] combined with position information at F2
and F4 to account for flight path-length differences from the
central trajectory.

It is crucial to determine and distinguish between different
ionic charge states to avoid misidentification. The energy loss
AE of a fragment ion in the matter at F2 helps to resolve this
ambiguity, as described in Refs. [22,23]

AE = Qe - c[(Bp)oz/Boz — (BP)24/ Baal, ey

where Sy, and B4 are the velocities of the fragments in sepa-
rator relative to the speed of light from FO to F2 and from F2 to
F4, respectively, e is the elementary charge, and c is the speed
of light. The relative velocity 8,4 was calculated from the ToF
measured using scintillator detectors placed at F2 and F4, and
the By, was determined from (Bp)y; and (A/Q)p, assuming
(A/Q)o2 = (A/Q)24. Figure 2(b) shows the measured energy
loss per charge AE /Q versus the Z measured by the MUSICs
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at F4 as described above. In this representation, the different
charge state combinations are clearly visible.

Ions which undergo an ionic charge change between the
two Bp sections of the FRS (i.e., at the central focal plane
F2) are shifted off the main identification line in the AE/Q
versus Z plane as shown in Fig. 2(b). In Fig. 2(b), each line
represents a different charge state configuration. The solid
blue line labeled (Oe-0Oe) corresponds to fragments which were
fully ionized in both Bp stages of FRS. The green dashed
line labeled (le-1e) represents fragments that passed through
both stages of the FRS as hydrogen-like ions. The black
dotted line labeled (le-Oe) corresponds to fragments which
were hydrogen-like ions in the first stage and lost an electron
at intermediate plane and traverse the second stage as fully
ionized. This allows to disentangle ions which change in their
charge state at F2 from those which do not change their charge
state, and even provides a rough separation between the (Oe-
Oe) and (le-1e) ions. The Fig. 2(c) shows the x4 position at
F4 versus A/Q for a certain element, in this case osmium
(Z = 76). This representation allows separation of the fully
ionized (Oe—-Oe) osmium isotopes, represented by a solid blue
line, from the hydrogen-like (le-le) osmium isotopes, in-
dicated by a green long-dashed line. A small fraction of
hydrogen-like (le—1e) iridium ions, indicated by orange dot-
ted line, were also recorded as hydrogen-like ions in both
MUSIC detectors.

Additional minor contributions from other charge-state
combinations, such as (le-2e) osmium or (Oe-le) osmium
and iridium ions, are enclosed by a magenta dashed trian-
gle in the lower right corner. The ions enclosed by a black
dashed triangle in the upper left corner are small amounts of
(le—0e) osmium and rhenium ions and possibly also (Oe-Oe)
platinum ions that were doubly charged in both MUSICs. The
appearance of these minor charge-state combinations is the
result of the wide gate applied on Z = 76 during selection in
Fig. 2(b). This wide gate was necessary as the energy loss in
the degrader was not sufficient for clear separation between
(Oe-0e) and (1e-1e) charge-state combinations. Similarly, due
to the finite Z resolution, the gate also includes a small fraction
of neighboring elements with Z — 1 and Z + 1. Finally, and
after selecting the ions which were fully ionized in both sec-
tions FO-F2 and F2-F4 using the described method, the atomic
number and mass number of fragments can be unambiguously
determined. Figures 3(a) and 3(b) show, for the *’Ir and the
20205 setting, respectively, the resulting plots of atomic num-
ber Z versus the A/Q ratio. This unambiguous identification
was confirmed independently through the well-established
isomer-tagging method using the decay-spectroscopy setup
at F4 mentioned earlier. Several previously reported isomeric
states, including those in the N = 126 isotones °°Hg [24],
205 Ay [25], and 2**Pt [26] were measured.

B. Determination of production cross sections

After obtaining the PID plots for both experiment settings
and identifying Z and A, the production cross sections were
determined according to the steps described in the following.
The PID plots were projected individually for every element
on the A/Q axis, resulting in yield distributions, which were
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FIG. 3. Particle identification (PID) plot of the ions which were
fully ionised in both stages of the separator, i.e., for which Q = Z.
The plot shows the atomic number Z versus the A/Q ratio for (a) the
2031y setting and (b) the 2°2Os setting. For clarity, the centered isotope
is highlighted and labeled with its mass number. The arrows show
the relations of atomic and mass numbers of the nuclides. The red
crosses indicate those nuclides, for which ion-optical transmission
was determined to be less than 10% and their production cross sec-
tions were not evaluated from this setting; for details see Sec. II B 3.

then used to determine the number of observed counts Ny for
every isotope of that element. Examples for the 2°2Os setting
are shown for rhenium (Z = 75) and tungsten (Z = 74) iso-
topes in Figs. 4(a) and 4(b), respectively. The spectra were
fitted using a sum of Gaussian distributions. The area and
centroid were treated as free fitting parameters. The width
parameter was also a fit parameter, but was constrained to be
the same for all isotopes within an isotopic chain. The number
of counts for each isotope was then extracted from the fit of
the corresponding individual Gaussian distribution. In a few
cases, where only a small number of events was observed, the
centroid of the corresponding peak was fixed. For comparison,
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FIG. 4. A/Q spectra for (a) rhenium isotopes and (b) tungsten
isotopes produced in the 2>Os setting. One isotope is labeled with
an arrow for reference. The A/Q spectra were fitted with a sum of
Gaussian distributions. In addition to the fit, the number of counts
of the two peaks with smallest statistics was obtained by counting
within the region indicated by blue dashed lines; for details see text.

events were also counted within the limits indicated by the
dotted blue vertical lines, as indicated in Fig. 4. For these
low-statistics cases, the counting and fitting methods agreed
within 70%. For such nuclides, the counted number of events
was used for the cross-section evaluation.

The production cross sections (o) of each nuclide were
determined using the following equation:

N
g = ﬁ'ﬁr'fq'frxn’ftargeu ()
. proj
Mt 2=t B f

where Ny is the measured yield at F4 and n, the number of
target atoms per unit area. Since the incident beam intensity
from SIS18 varied during the experiment, the dead time of
the data-acquisition system and the detector and reconstruc-
tion efficiencies also varied during data taking. Therefore,
these time-dependent corrections were applied spill by spill as
shown in Eq. (2), where j is the total number of spills, while

Niroi» fDAQ, and fi, represent the number of primary particles,
the dead-time correction factor, and the correction factor for
the combined detector and particle reconstruction efficiencies
for the ith spill, respectively.

For the 2*Ir setting, the time-dependent corrections corre-
spond to an overall factor of 2.0 & 0.2, while for the 2°>Os
setting the corresponding factor amounts to 2.2 £ (0.2. The
other factors of Eq. (2) take into account transmission losses

due to geometrical limitations of apertures (fi), distribution
over different ionic charge states (fy), losses due to reactions
in matter (fix,), multistep production probabilities in the Be
production target as well as contributions from the Nb stripper

foil (frarger)-

1. Number of primary projectiles

The number of impinging projectiles on the production
target was measured using a secondary electron transmission
monitor (SEETRAM) [27] placed upstream of the target.
It consists of three thin Ti foils with total thickness of
13.6 mg/cm? which ensures negligible primary beam atten-
uation with a reaction probability of 0.1% for a 1000 MeV /u
208pp beam. The SEETRAM output signal per spill, Nsggrram
was calibrated against a plastic scintillator to determine the
conversion factor between the signal and the true intensity of
the beam. The uncertainty of the beam intensity measurement
is 10%. The total number of primary particles on the Be
production target was 3.63 x 10'2 for the 2®Ir setting and
4.63 x 10" for the 220s setting.

2. Electron capture and loss processes

The measured production cross sections reported in this
work were evaluated for the ions that traversed the separator
as fully ionized nuclei (the Oe-Oe state in Sec. I A) and were
fully ionised in at least one of the MUSIC detectors at F4. The
correction factor f, accounts for the fraction of ions that did
not fulfill this condition.

The charge-state distributions in the MUSICs were exper-
imentally determined from the measured data, whereas the
fraction of fully ionized ions in the spectrometer was cal-
culated with the GLOBAL model [28]. For a few nuclides,
experimental data on the charge-state combinations le-Oe
or Oe-le were available and were found to agree with the
GLOBAL predictions within 3%. The factor f, depends on
the nuclear charge Z and varied from 1.21 &+ 0.10 for Z = 74
to 1.45 £ 0.13 for Z = 78.

3. Ion-optical transmission

The transmission losses caused by geometric restrictions of
the FRS apertures and by nuclear reactions of the fragments
in the materials along the beam path were calculated using
the Monte Carlo code MOCADI [29]. The simulation was
based on a realistic ion-optical model of the FRS, in which
each element (magnets, drift spaces, apertures, vacuum pipe,
slits, etc.) was represented by its individual transfer matrix
and its physical, i.e., mechanical, apertures. The calculated
phase-space distributions were validated by comparison with
the measured position and angular distributions of individual
fragments at the focal planes F2 and F4. For the centered frag-
ment, the simulated ion-optical transmission was 99.9%. No
cross sections were evaluated for nuclides with a calculated
ion-optical transmission below 10%.

For isotones with N = 127, a transmission calculation was
not directly possible with the current version of MOCADI
since charge-exchange reaction mechanism is not modelled in
the code. Therefore, the kinematics of the N = 127 isotones
were assumed to deviate from the Morrissey systematics [30]
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FIG. 5. Combined correction factor (f;, - f; - frxn - furge) s a function of neutron number for (a) 2031y setting and (b) 20205 setting, note
the log scale. The time-dependent factors fpap and fye, are not shown here. See Secs. I B 211 B 6 for details.

as reported by Morales et al. [31], and the transmissions for
these isotones were then estimated by an interpolation based
on the calculated transmissions of neighboring nuclides.

4. Reaction losses in the degrader and other pieces of matter
traversed by the fragment beams

As the ions traversed the separator, they underwent reac-
tions in the material in the beamline (windows, detectors and
degraders). These reaction losses were determined by using
the Kox parametrization [32] of the total nuclear reaction
cross sections for the fragment in each layer as implemented
in the MOCADI code. In the experiment, an Al degrader with
a thickness of 4500 mg/cm? was used at F2. This degrader
constituted the dominant contribution to the secondary reac-
tion losses, accounting for around 60% of the total reaction
probability. Each fragment was treated individually and the
total reaction probability for each of them was of about 0.5
leading to f., &~ 2.0.

5. Nuclear reactions in the Be/Nb production target

The measured yield for a given nuclide includes contri-
butions from both direct production from the primary-beam-
target interaction but also from multistep reactions of primary
fragments within the target material before they exit the target.
This probability was calculated using the LISEcute + + soft-
ware (version 17.12.21) by modeling the complete reaction
and attenuation within the target [33]. The production cross
sections for both the primary-beam-target and fragment-target
reactions were parameterised using EPAXv3.1 [34]. On aver-
age the simulation predicted that the measured yields increase
by approximately 2% for the reported fragments.

In addition, the contribution from the Nb stripper to the
measured yields was determined using EPAXv3.1 production
cross sections and the Kox parametrization for total reaction
cross sections within the MOCADI framework [29,32,34].
Under the present experimental conditions, the stripper con-

tribution was approximately 1% and nearly constant for the
investigated fragments. The quantity fiaeer accounts for both
effects, multistep-production and contributions from the Nb
foil to the total yield.

6. Aggregation of all contributions and cross section calculation

Finally, the individual production cross sections for the
different nuclides were determined according to Eq. (2) com-
bining all considerations and effects described before. While
the first factor in that equation contains time and intensity
dependent quantities, which are measured, the other four fac-
tors are not and they have been estimated through calculations
as discussed above. Their products f;, - f; * frxn - farger vary
from 2.5 to 25 and are displayed together with their estimated
uncertainties in Fig. 5 for every measured nuclide. Overall,
the picture shows that — despite the logarithmic ordinate — the
factors make a manageable contribution that is known with
reasonably good accuracy. The different magnitude arises
mainly from the different ion-optical transmission: a small
transmission gives rise to a large adjustment factor and vice
versa. In most cases, the experimental error is dominated by
the systematic uncertainties of reaction losses, primary beam
intensity and transmission, while in some cases, the error
is dominated by the counting statistics. When a fragment is
observed in both experimental settings (with an ion-optical
transmission greater than 10%, as mentioned in Sec. II B 3),
the reported cross section represents a weighted average of
the two measurements.

III. RESULTS AND DISCUSSION

The measured production cross sections for neutron-rich
nuclides near the N = 126 shell closure are presented in
Table I alongside their total uncertainties, which combine both
statistical and systematic contributions. Column labeled with
‘Counts’ gives the total number of observed events of the
corresponding nuclide.
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TABLE 1. Measured production cross sections, o, in mb in the
reaction 1000 MeV /u 2®Pb 4 °Be. The errors include both system-
atic and statistical uncertainties. The column labeled with ‘Counts’
gives the total number of observed events (N,) of the corresponding
nuclide.

Z N A o £+ Ao (mb) Counts
79 127 206 (2.67£0.47) x 107* 26200
79 126 205 (1.19 £0.58) x 102 241133
78 127 205 (1.234+£0.22) x 107 5912
78 126 204 (4.00 £0.80) x 10~* 193295
78 125 203 (2.71 £0.50) x 1073 206473
78 124 202 (7.90 £6.82) x 1073 97961
77 127 204 (3.95+£0.71) x 1077 562
77 126 203 (1.87 £0.33) x 1073 33266
77 125 202 (127 £0.22) x 107* 135315
77 124 201 (5.53+1.10) x 10~ 197147
77 123 200 (1.834+0.37) x 1073 32170
76 127 203 (7.23 £2.61) x 10~° 10
76 126 202 (3.544+0.72) x 1077 937
76 125 201 (4.54 £0.80) x 1076 8694
76 124 200 (2.99 £0.52) x 1073 47324
76 123 199 (1.19 £0.21) x 10~* 111773
76 122 198 (3.58 £0.69) x 10~* 91806
76 121 197 (9.14 +£2.54) x 1074 37440
75 126 201 (9.96 4 3.49) x 10~° 11
75 125 200 (1.29+0.28) x 1077 263
75 124 199 (1.10 £0.20) x 1076 2222
75 123 198 (5.76 £ 1.02) x 10~ 11711
75 122 197 (2.654+0.49) x 1073 37388
75 121 196 (7.63+1.62) x 1073 52954
75 120 195 (1.384+1.21) x 107 21712
74 125 199 (6.66+3.27) x 10~° 5
74 124 198 (4.43£0.99) x 1078 53
74 123 197 (2.99 +£0.54) x 1077 449
74 122 196 (1.41+£0.25) x 107 2156
74 121 195 (5.31+0.93) x 1076 7627
74 120 194 (1.45+£0.31) x 107 10112

The present work identified fragments within the Z = 74 to
Z =79 range and measured the production cross sections of
31 neutron-rich nuclides, including four N = 127 nuclides.
The first production cross section measurements were per-
formed for nine nuclides: 20w, 7w, 19w, 199w, ®Re,
200Re, 201Re. 20205, and the N = 127 nuclide 2°>Qs from the
fragmentation of 2®Pb in a beryllium target.

From the data shown in Table I, the decline of production
cross sections with increasing neutron number is evident. The
smallest cross sections measured in the present experiment
reach down to the level of ~10 pb. It is also evident that the
cross sections for reactions leading to nuclides with neutron
number N = 127 — one neutron more than the primary beam —
decrease significantly faster than the general trend when com-
pared to N = 126 isotope of the same element. The reason for
this is the different reaction processes that lead to the respec-
tive nuclides. The following discussion is divided into three
parts: fragmentation reactions, the multiple-proton-removal
channels yielding the N = 126 isotones, and charge-exchange

reactions leading to fragments with N = 127. The present data
will be compared with the predictions of model calculations
and, where available, with literature data.

A. Comparison with the predictions of fragmentation models

Figure 6 shows the measured production cross sections for
the elements from tungsten to gold. The data for the N =
127 nuclides are omitted from this figure because they are
produced by a different reaction mechanism. The fragmen-
tation data from Ref. [35], obtained for the same reaction
1000 MeV /u 208pp, + 9Be, are also shown. In general, the two
data sets agree within a factor of two. The present data, how-
ever, extend the previously available measurements towards
more neutron-rich isotopes of osmium, rhenium, and tungsten.

Projectile fragmentation occurs in peripheral nuclear re-
actions, leading to the removal of protons and/or neutrons
from the projectile. Several semiempirical parametrizations
and Monte Carlo models have been developed to predict pro-
duction cross sections and to improve the understanding of the
fragmentation process and its reaction kinematics. In order
to evaluate and benchmark the predictive power of existing
fragmentation models in the heavy neutron-rich region, the
measured cross sections have been compared with results
from several widely used models: the empirical parametriza-
tions EPAXv2.15 [36] and EPAXv3.1 [34], the Monte Carlo
abrasion-ablation code ABRABLAOQO7 [37], its analytical
version COFRAv26.04 [22,38], the Liege intranuclear cas-
cade model (INCL + +v6.34) coupled to ABLA + +v25.08
for de-excitation [39,40], and the empirical parametrization
FRACSv1.1 [41].

EPAX is a universal semiempirical parametrization based
on the limiting-fragmentation hypothesis, i.e., that the yields
of final fragmentation residues are independent of the initial
kinetic energy of the projectile. As seen in Fig. 6, EPAXv3.1
systematically underestimates the measured cross sections by
approximately one order of magnitude, and the discrepancy
becomes more pronounced for the most neutron-rich nuclides.
It reproduces the lower-mass fragments of rhenium and tung-
sten reasonably well, as shown in Figs. 6(e)-6(f). One of
the modifications introduced in EPAXv3.1 was a downscaling
factor that depends on the neutron excess of both the projec-
tile and the fragment [34], implemented to better reproduce
previously available experimental data, e.g., [42]. However,
the data of the present work are in better agreement with the
previous version EPAXv2.15.

ABRABLAQ7 is a two-stage Monte Carlo abrasion-
ablation model. For the present comparison, 5 x 10% events
were simulated, in order to calculate cross sections down to
the order of 10~* mb. Therefore, comparisons to smaller mea-
sured cross sections are not meaningful within the available
simulation statistics. The calculated results and their corre-
sponding statistical uncertainties are shown in Fig. 6. Overall,
ABRABLAOQ7 shows good agreement with the measured data.

COFRAv26.04 [38] is an analytical cold-fragmentation
model that considers the abrasion of both protons and/or neu-
trons, followed by the evaporation of neutrons only during
the ablation stage. The code, an improved version of the
original COFRA code [22], now calculates reaction cross
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FIG. 6. Measured production cross sections of fragment residues from element Z = 79 to Z = 74 produced in the reaction 1000 MeV /u
208pp 4+ 9Be (filled black circles). Data from Kurtukian-Nieto et al. [35] obtained for the same reaction are also shown (open black squares).
If the error bars of the experimental data are not visible, they are smaller than the marker size. The lines show predictions of various models:
COFRAV26.04 calculation (solid green line) [22,38], FRACSv1.1 parametrization (red dotted line) [41], EPAXv3.1 parametrization (orange
dashdotted line) [34], EPAXv2.15 parametrization (blue dashed line) [36] ABRABLAO7 (gray long dashed line) [37], and INCL + ABLA

(black double dot dashed line) [39,40].

sections according to the Karol model [43], incorporating
the modifications introduced by Brohm and Schmidt [44]. It
shows reasonable agreement for fragments near the projectile
mass. However, for neutron-rich nuclides far from the projec-
tile, it tends to underestimate the production cross sections.

A simulation with INCL 4+ ABLA was performed with
1.5 x 10® events under strict Pauli blocking [45]. INCL +
ABLA combines a microscopic intranuclear-cascade descrip-
tion of the initial collision stage with a statistical de-excitation
model. In the region studied here, the model overestimates
the production cross sections by up to a factor of twenty.
At present, it is not clear whether this discrepancy originates
primarily from the INCL + + or the ABLA + + component.

FRACSv1.1 is a next-generation empirical parametriza-
tion that includes a projectile-energy dependence as well as

an odd-even staggering term for fragments with A < 150. It
provides the best overall agreement with the experimental
data, representing an improvement over the other models. All
measured cross sections in the present work are reproduced
within a factor of 1.8.

B. Multiple-proton-removal reactions

Cold fragmentation represents a special reaction process
in which the projectile loses only protons during the initial
abrasion stage, while the excitation energy remains below the
neutron-evaporation threshold [22]. Consequently, multiple-
proton removal can be an avenue to neutron-rich heavy
nuclides, although the corresponding cross sections decrease
exponentially with every removed proton.
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FIG. 7. (a) Production cross sections for the N = 126 iso-
tones via proton removals, measured in the reaction 1000 MeV /u
28pp 4+ °Be (filled black circles). The data are compared with
literature Kurtukian-Nieto et al. [35] obtained for the same col-
lision system and energy (open black square). The lines show
predictions of various models: COFRAv26.04 calculation (solid
green line) [22,38], FRACSv1.1 parametrization (red dotted line)
[41], EPAXv3.1 parametrization (orange dashdotted line) [34],
EPAXv2.15 parametrization (blue dashed line) [36], ABRABLAO7
(gray long dashed line) [37], and INCL + ABLA (black double
dot dashed line) [39,40]. (b) Production cross sections of N = 127
isotones in charge-exchange reactions: 1000 MeV/u 2%Pb + °Be
(filled black circles; this work), 1000 MeV /u 2®Pb + °Be (open
black triangle) from Morales et al. [31]. Line styles correspond to
the same models as in panel (a). If the error bars of the experimental
data are not visible, they are smaller than the marker size.

The proton-removal cross sections determined in the
present experiment are shown in Fig. 7(a). They exhibit a
clear exponential decrease, as expected from the tail of a
hypergeometric probability distribution, which is used to de-
scribe the statistical abrasion of protons only. The data are
compared with the predictions of the models discussed above.
As already noted in Sec. III A, EPAXv3.1 underestimates the
production cross sections, whereas EPAXv2.15 reproduces
the cross sections for multiple-proton removal comparatively
well. INCL + ABLA, as discussed above, overestimates the
cross sections by up to factor of 20. COFRAv26.04 decreases
too steeply as more protons are abraded, while ABRABLAOQ7

tends to overpredict the cross sections. FRACSvl.1 repro-
duces the measured values very well up to seven-proton
removal. Overall, FRACSv1.1 and EPAXv2.15 provide the
best predictive power for the N = 126 nuclides across nearly
nine orders of magnitude.

C. Charge-exchange reactions

The observation of nuclides with neutron number N =
127, i.e., with one more neutron than the primary-beam pro-
jectile, is only possible if neutrons are absorbed (which is
kinematically extremely unlikely at the energies involved) or
if a proton is converted into a neutron. In the present energy
regime, this can occur through the excitation of a A resonance
in the nucleus and its subsequent decay by the emission of
a wt or 7% [46]. The result of such processes was already
observed for the same projectile-target-energy combination
[31] and has been extensively discussed in Refs. [13,31,47]
and references therein.

Figure 7(b) compares the present data with those from
Ref. [31] and with the predictions of the suitable model
predictions. In this case too, the present data go beyond the ex-
isting literature data and agree very well where available. Also
here, the cross sections decrease exponentially with increasing
number of removed protons over several orders of magnitude.
Remarkably, the slope is very similar: the observed ratio of
cross sections between isobaric neighbors with (Z, N = 126)
and (Z — 1, N = 127) is on the order of 10~3. This ratio can
be understood in terms of a single nucleon-nucleon charge-
exchange interaction occurring during the abrasion stage. In
COFRAvV26.04, the charge-exchange probability (P) is calcu-
lated according to

(), L6070 Ol

where oy is the total reaction cross section obtained according
to Refs. [43,44]. The parameters o, and o, are the elemen-
tary inelastic proton (in the projectile)-neutron (in the target)
and the elementary inelastic proton-proton cross sections [48],
respectively, at the projectile energy, leading to A-resonance
excitations in either the target or the projectile [46,47]. Both
cross sections are weighted by the proton fraction of the
projectile, (Z/A)proj, and by the neutron and proton fractions
of the target nucleus, (N/A), and (Z/A),. The factors 1/2
and 5/12 account for the effective isospin weights of the pn
and pp channels that lead to (Z,N) > (Z—1,N+1) ) in
the projectile, respectively (see Ref. [49]). For the present
reaction, this expression yields a probability of the order of
1073, in excellent agreement with the measured ratio between
neighboring isobars. The production cross sections of the
N = 127 isotopes are then obtained as 0(Z — 1, N = 127) =
P x 0(Z, N = 126). This description is further supported by
the very good agreement between the COFRAv26.04 pre-
dictions and the experimental data, as shown in Fig. 7(b).
This may indicate that the formation of nuclides with neu-
tron number N = 127 can be considered to be due to
two independent processes: multiple-proton removal lead-
ing to a N = 126 prefragment and a single charge-exchange
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interaction with a target nucleon both occurring during the
abrasion stage.

IV. SUMMARY

Production cross sections of neutron-rich projectile frag-
ments from the reaction of 1000 MeV /u 2%Pb + °Be have
been experimentally determined using the high-resolution
separator and magnetic spectrometer FRS. Nine new cross
sections have been measured in the region tungsten to
gold near the N = 126 neutron shell closure. Through
multiple-proton-removal reactions, this experiment extends
previous measurements of N = 126 nuclides to 2°'Re, which
is produced via seven-proton removal, and of N = 127 nu-
clides to 2*Os, which is generated via five-proton removal and
simultaneous charge-exchange reactions. The sensitivity of
the measurement is approximately 10 pb. The measured pro-
duction cross sections are well described by both EPAXv2.15
and FRACSv1.1 across the studied nuclides. Furthermore,
COFRAv26.04 describes very well the production cross sec-
tions of N = 127 isotopes resulting from multiple-proton
removal collisions, in which one of the nucleon-nucleon inter-
actions involves a charge exchange. Thus these models offer
reasonable estimates of secondary-beam intensities for future
experimental studies in this region.
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