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Abstract:

The intensity of uranium projectiles which can be provided by the synchrotron SIS-18 has recently
been increased to 2x10%s and thus gives a worldwide unique potential to produce and investigate
about 150 new neutron-rich isotopes with element numbers 72<Z<93.

In the present proposal, at first we would like to extend the frontiers of known isotopes, study their
production including nuclear charge-exchange reactions, i.e., measure the production cross
sections.-- Secondly, implanting the new isotopes in a detector array will present the first half-live
determination for these species. -- Thirdly, we want to measure one-proton- and one-neutron
removal cross sections along with the corresponding momentum distributions of the (A-1)
secondary fragment with the FRS as a high-resolution spectrometer. In addition, the charge-
changing and interaction cross section will be measured to complement the differential
measurements. From these data information on the neutron and proton radii can be deduced in a
way which is presently well established for very light nuclides.

In this proposal the goals of our previous letter of intent have been focussed to the heavy projectile
fragments (no fission products) and also the investigations with stored exotic nuclides is moved to a
separate activity. The proposed measurements will be performed directly at the FRS using an
advanced separation and identification scheme and an array of position-sensitive implantation
detectors. The experiments will use new separation and detection techniques required for the
development of the next-generation facility, the Super-FRS.



Motivation and Scientific Goals

In the mid 90°, FRS experiments set the scientific frontiers for medium mass neutron-rich isotopes
[1]. In these experiments more than 120 new isotopes have been discovered, among them “®Ni [2],
and with these achievements a new research activity for fission studies was launched [3]. The
applied physics program towards accelerator-driven reactors and nuclear-waste transmutation [4]
has had its origin in these FRS experiments, too. Note, that the intensity at that time was a factor of
more than 50 less compared what can be reached presently. Here, we want to study the heaviest
projectile fragments created by a 1000 A-MeV 2*®U projectile beam.

The presently proposed uranium experiment is driven by two main objectives: Firstly, exploiting the
scientific possibilities in this research area of n-rich exotic nuclei with the high energies and
intensities of the Uranium primary beam combined with the high-resolution performance of the
FRS. Secondly, we have to explore new separation, identification and detection methods for
increased primary-beam intensities up to the heaviest projectiles, a necessary step for the
development of the future Super-FRS [5] at FAIR. The present SIS beams gradually approach FAIR
intensities, a fact from which the ongoing experimental program can benefit. Moreover, the
acceleration and extraction of SIS-beams at the space-charge limit is a challenge and practical
experience needs to be gained with respect to extraction efficiency and stability. It is essential for a
successful future that we gain now practical experience at the FRS.

The origin of heavy elements in the r-process is one of the outstanding problems in nuclear
astrophysics [6]. Its understanding requires improved astrophysical modelling, stellar observations
and nuclear physics data, like masses (Q-values) and half-lives.
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Fig. 1: The left panel shows the evolution of the r-process path. The line n/seed = 1 corresponds to
the freeze-out of neutron captures. At later times a competition between neutron captures and beta
decays takes place as the r-process material decays to stability. During this phase the
nucleosynthesis path proceeds along the region that will be explored in the present proposal (red
stars). The right panel shows the impact that changes in the beta decay half-lives have in the final r-
process abundances for nuclei with A>170.

Currently, there are several stars for which abundances of the cosmochronometers Uranium and
Thorium [7] have been observed. For some of them, there are also Lead observations. The
abundances of Uranium and Thorium can be used to determine the age of our galaxy. For that it is
necessary to determine their initial abundances which have to be obtained from theoretical r-process
calculations. These calculations should additionally reproduce the observed Lead abundances. The
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structure and half-lives of elements in the r-process path between Gold and the actinides play an
important role in determining the final yields of Lead, Uranium and Thorium. The left panel of
figure 1 shows the r-process path at different times, a calculation based on the model of ref.[8]. To
estimate the impact that beta decay half-lives have in the final abundances of Lead, Uranium and
Thorium, we have performed two calculations using the half-lives of refs.[9] and [10] (right panel).
Changing from one set of half-lives to the other results in a change of the ratio of Uranium to
Thorium abundance of log(U/Th) = 0.164 that translates in a age difference of 3.55 Gyr.

A further clear motivation for the present proposal is demonstrated from previous FRS-ESR
experiments [19], see also Lol44. We have demonstrated along with new mass measurements the
discovery of n-rich isotopes below uranium with an effective intensity of a factor of 100 lower
compared to the goals of the present proposal. From this it is obvious that the search for and
investigation of new isotopes directly at the FRS has a high discovery potential.

Besides the astrophysical motivation, there are also nuclear structure and reaction interests. The
production reactions will be studied by cross section and primary momentum measurements. These
data and especially the measured rates will be a realistic base for planning detailed spectroscopy of
proceeding experiments. Projectile fragmentation at the FRS has proven to be an ideal experimental
tool for these survey studies. The second physical goal is half-live measurements for nuclides
beyond the N=126 shell, close to the calculated r-process path, see figure 1 and table 2. (Directly at
the shell closure Z=82 and N=126 (**0s, I, *Au) there are approved experiments for detailed
gamma and decay spectroscopy including states with high angular momentum [11].) Combined
with the search for new isotopes and half-life and reaction studies we want to measure the proton
and neutron removal cross sections and the momentum distributions for the corresponding (A-1)
secondary fragments. The determination of the charge-changing and interaction cross sections will
complement these differential measurements. These investigations will yield information on both
the proton and neutron density distributions. This will be the first time that these techniques will be
employed for heavy elements which is experimentally a great challenge due to the required
momentum resolution and the atomic energy straggling and charge-state populations [12,13].
Mapping the nuclear density distribution via precise momentum measurements is well established
for light dripline nuclei [14-18].

Experiment

1. Production of new neutron-rich isotopes

The first experimental goal is to produce and identify new neutron-rich isotopes in the element
range between Hafnium and Neptunium. For this a 1000 A-MeV 2*®*U"* primary beam will be
extracted from the synchrotron SIS-18 and focussed on the production target placed at the entrance
of the FRS. In general we plan to use a Be target of optimum thickness. In addition we will explore
also the rates with a medium Z target (Cu) to get higher excitations of the prefragments. The
expected maximum intensity for the primary beam will be more than 2-10° /s. A principal problem
for a realistic rate calculation for the new isotopes is that the cross sections are only measured close
to the valley of stability. Therefore, the first physical measurements will be the experimental
determination of the production cross sections and the achievable optimum rates. Presently, we take
extrapolated cross sections calculated by the computer codes EPAX [20], ABRABLA [21], and
COFRA [22], in general the codes have the information from previous experimental data
implemented. In this way, previous FRS experiments have contributed to the present realistic
predictions. The transmission and the losses due to the inevitable atomic charge-state population are
taken into account from realistic ion-optical simulations employing the Monte Carlo code MOCADI
[23] and the transport code LISE [24]. The experimental set at the FRS is schematically presented
in fig. 2. Layers of matter have been placed at the different focal planes to achieve spatial
separation of the fragments of interest. They have to be efficiently separated from the primary beam
and the undesired fragments produced with higher rates. The atomic charge-state population of the
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primary beam is really an experimental problem which requires suitable layers of matter to apply
the separation scheme of energy-loss and magnetic rigidity analysis (Bp-AE-Bp) combined with
energy deposition measurements in ionization chambers (IC) and time of flight (ToF), i.e. the Bp-
AE-ToF technique. The key to unambiguous separation and identification in flight, in spite of the
atomic charge states, is tracking to identify those ions that experience charge changing and to apply
the highest projectile energies (Bpmax=18 Tm) which is unique for GSI. The Bp measurements will
be performed by accurate position measurements using high-rate time projection chambers (TPC).
The primary beam intensity will be measured with a secondary electron monitor. The particle
identification will be supported by isomer tagging of known isotopes at the final focal plane.

Identification: Bp-AE(IC)-ToF, Bp-AE-Bp
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Fig. 2: Experimental setup for the identification and investigation of new neutron-rich isotopes in
the element range from Hf to Np. The function of the detector systems and the use of the FRS as
high-resolution spectrometer are described in the text.

The range of isotopes aimed for the present exploratory search reaches from neutron-rich Hf
isotopes up to Np. The rates have been calculated using the codes LISE and MOCADI where
specially extrapolated cross sections have been implemented. The isotopes which can be observed
for the first time are indicated in fig. 3. 148 isotopes can be observed for the first time with mainly
three field settings of the FRS. The lower limit has been assigned to a rate of 10" /s which means
about 1 ion per day. It is planned to run each setting for 3 days. The in-flight particle identification
starts with the detector system at the central focal plane F2 during the isotope search run. For these
series of measurements it is not required to operate ionization chambers at F2, whereas the TPC will
measure the momentum distribution of the primary fragments emerging from the target. The F1
degrader-stripper system is tuned to have a manageable rate for the F2 detectors. In the runs for new
isotope search a variable achromatic degrader system will be applied to achieve the spatial
separation at F4 where two IC are employed with a suitable stripper medium in between to
unambiguously disentangle the different ionic charge-states and elements.
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Fig. 3: Part of the chart of nuclides indicating the interest of the present proposal. The isotopes of
interest are indicated by crimson colour. The dark blue squares represent new isotopes of a
previous FRS experiment where also half-life measurements have been performed for Lead
fragments [25]. The search for the new isotopes will be done by mainly three different field settings
of the FRS, see Table 1.

Accessible Rate (s™ FRS-
Z Last known Nuclides &) Setting Ne_w
From To From To E?;erﬁgﬁ? Nuclides

72 188 188 %4t 2.2E-03  1.6E-05 240s 8
73 18913 %913 9Ta  2.9E-03 2.0E-05 10
74 92\ 192\ 3w  3.6E-03 1.3E-05 11
75 ¥Re Re “®Re  6.5E-03 1.9E-05 12
76 1%0s 1%80s %0s  6.7E-03 2.7E-05 12
77 198 208 22 8.0E-03 2.3E-05 12
78 202py Wipy 25pt 1.0E-02 1.2E-05 12
79 S\ .\ Z5Au 4.8E-01 1.0E-03  *?Hg 10
80 210Hg 2THg 2®Hg  7.0E-01 1.3E-04 8
81 2127 2107 271 6.1E-01 8.3E-04 9
82 “ipp 3pp 23py  1.4E+00 1.0E-04 9
83 218g; 2o 226 6.2E-01 1.0E-05 8
84 “pg “9pg pg  1.4E+00 2.2E-04 8
85 2Bt 22pt Zlat 1.4E+01  7.2E-05 220t 8
86 RN “®Rn “BRn  3.8E+01 2.3E-04 5
87 232py 28y 2% 1.0E402 1.8E-02 2
88 *%Ra #lRa *®Ra  9.5E+01 5.3E-01 1
89 e Binc ZeAc  2.3E+02 1.1E+01 2
91 “pa

Sum: 144

Table 1: Calculated rates for the accessible new isotopes produced with 2-10° 22U projectiles/s in a
2.5 g/lcm? Be target equipped with a 220 mg/cm® Nb post-stripper. The rates include a full
transmission calculation and the ionic charge-state population. The layers of matter in the different
focal planes are selected to achieve mainly isotopes of the element range of interest.



Beamtime request for new isotope search:

To cover the calculated range of new isotopes with a lower limit for the rate of 10° /s which means
about 1 ion per day. It is planned to run the 3 settings (see Tablel) each setting for 3 days.

(sum =9 days)

2. Half-life Measurements

A strong motivation for half-life experiments in unknown territory of nuclides is that present
theoretical models are in general not in good agreement with the experimental data far from the
valley of stability as illustrated with results from a previous FRS experiment [25]. An influence of
these uncertainties in the knowledge of lifetimes is discussed in the context of astrophysical
relevance above. Note, in the region between N>128 and Z<82 we come very close to the r-process
path.
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Fig. 4: Results from a recent FRS experiment [25] clearly demonstrate the need of experimental
data to guide the theoretical model predictions. The total s-decay half-lives for Ir and Os isotopic
chains calculated with different theoretical approaches (DF3+CQRPA [26], FRDM [27])
compared with experimental values from Ref [25].

The experimental setup from previous RISING experiments or the new one with the AIDA
implantation array at the final focal plane, F4, of the FRS are both suited for the proposed decay
experiments of implanted atoms. It consists of two TPC position detectors, two consecutive IC
detectors for charge measurement and a fast plastic detector for ToF. The detectors enable a unique
ion-by-ion determination of charge, mass, energy, direction and focal plane position of the beam
species selected by the FRS.
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Fig. 3: The 'active catcher' of the present RISING campaigns consists of three Si strip detectors.

A variable homogeneous degrader behind these particle identification detectors slows down the ions
before implantation into the active catcher of RISING. This device incorporates two layers of three
DSSSD covering fully the focal plane. The catcher allows the detection of both the implantation
signal of a heavy isotope and the subsequent signal of the B-particle from its the decay. The typical
[-detection probability is larger than 80%. The 16x16x3 = 768 pixels of the detector enable an
increased rate of implanted nuclides without losing the correlation between identification in-flight
and the beta-decay. For a recent experiment on lifetimes of Lead fragments a method based on
statistical correlations including the spill structure of the beam and the unknown lifetime as free
parameter has been developed and applied successfully [28]. As a consequence the lifetime may
even exceed the cycle time of the accelerator (about a few seconds) and nuclei with lifetimes up to
30 s can be investigated. Shorter lifetimes down to 10 ms are also possible due to the segmentation
and a logarithmic amplifier which enable that betas can be detected while heavy ions pass through
other strips.

The background from implanted ions and their decay products up to a nucleus with lifetime longer
than the run time will increase in the detector during the experiment. However, by a suitable
selection in the FRS and in addition by the good separation in range with the monoenergetic
degrader this background activity can be reduced. The total background rate coming mainly from
nuclides with lifetimes longer than the cycle time but much shorter than the duration of the
experiment will then be at an equilibrium and in good approximation the background decay rate
will equal the rate of implanted ions times the length of the decay chain up to long-lived nuclei
(t >length of experiment). The fraction of random coincidences can then be calculated from Poisson
statistics. For example, with an extraction time of 1s and an inter-spill time of 4 s a rate of 20
implanted ions per spill around ?*Po will only lead to a fraction of random coincidences of about
10 % which can be handled in the statistical analysis. This already takes into account the long decay
chains including alpha emitters for this case.

A system where the catcher is exchanged frequently could have some advantages but it would
require a rather thick catcher of about 1mm thickness and this would consume a lot of material.
More important is the advantage given by the granularity of the detector together with the
individual identification of the ions. With such an 'active catcher' we can run at even higher rates
than with a passive catcher which is exchanged after each spill. Lifetimes shorter than one second
will be measured during the spill.



We will go beyond N=126 and concentrate on lifetime measurements only which complement the
approved FRS-proposal aimed at the investigation of high-spin isomers at the N=126 line [11]. A
first setting will concentrate on “®Au (reference fragment centred at the optical axis). As always in
the course of these lifetime measurements, only a few nuclei around the reference fragment can be
implanted thus we will have to change the FRS setting to implant other nuclides. With an intensity
of 5x10° 28U per spill and an enlarged cycle time of 5 s “®Au fragments can be implanted at an
average rate of 0.026 ions/s with good separation to keep the total rate in this setting even below 1
ion/s, see Table 2. After accumulating decays over 1 day and considering the efficiency of the
detectors, 749 decays should be observed. This amount should stick out clearly from the
background of random coincidences. But with less than 100 per day this condition is not given for
an activated detector. Several setting in the region of N>126, Z<82 are planned to cover the whole
area. Afterwards the area around 2*Po will be investigated. The count rates for a *Po setting are
given in Table 2.

Table 2: Two examples of rates of implanted nuclei and expected identified decay events. In
addition four more settings are planned for half-live measurements.

Table 2 “2pg Implantation | Decay
“®au | Implantation | Decay setting | rate /s events /day
setting | rate /s events /day 219Bj 5.5E-03 158
205py 1.4E-03 40 220 5.4E-02 1544
207py 1.0E-03 30 221B;j 3.5E-02 1020
26y 8.2E-03 236 222 3.2E-03 92
S\ 6.2E-02 1794 221pg 7.6E-02 2177
28Ay 2.6E-02 749 222p 5.0E-01 14400
29y 6.7E-03 193 223pg 2.2E-01 6293
2%Hg | 2.4E-02 691 224pq 4.7E-02 1354
2Hg | 1.1E-01 3053 225pq 1.0E-03 30
249 | 8.4E-02 2419 .\ 1.2E-02 333
2Hg | 8.0E-03 230 224t 4.9E-01 13968
2107 8.0E-04 23 S\ 8.9E-01 25661
21T 1.9E-02 547 26t 1.4E-01 3974
sum 0.35 S\ 1.2E-03 34
225Rn 6.9E-03 199
sum 2.5

The whole range of nuclides with unknown lifetimes we want to cover in this experiment can be
reached in the following 6 settings centred at *°Rn, Po, ?°Pb, ?*Hg, *®Au, and 2*°Pt fragments.
We must consider that each setting is optimized for only a few nuclides in order to achieve the good
separation. One of the key points is the separation in atomic range with a monoenergetic degrader in
contrary to the search for new isotopes with the achromatic degrader. As we have to slow down the
ions the suppression of atomic charge states, which may influence the particle identification, will
not be as good as at high energies but these nuclides have a substantially longer half-live.

Beamtime Request for Half-live Measurements:

The whole range of nuclides with unknown lifetimes we want to cover in this experiment can be
reached in the following 6 settings centred at 2°Rn, *Po, ?°pb, #'Hg, ?®®Au, and %Pt fragments.
One setting should run for one day. In addition for each setting 4 hours are required to tune the
atomic range and to optimize the separation.

In total we request: 1 week



3. Momentum distributions of secondary fragments after one-nucleon removal reactions

The proton and neutron density distributions are basic ground-state properties of each nuclide. The
charge radii of stable heavy ions have been determined by classical electron scattering [29], by
analysis of atomic transitions in exotic atoms orbited by negative particle much heavier than
electrons (e.g. muons, antiprotons) [30], or by laser spectroscopy of the hyperfine structure and
isotope shifts [31]. The information is strongly restricted by the isotopes which could be provided
by the applied production and separation scenario of the target nuclei or reaction products.
Presently, only laser spectroscopy, analyzing the isotope shift and hyperfine structure of spectral
lines, yields access to charge radii of short-lived nuclides. Experimental information on both matter
distributions of heavy nuclei over a large Z range of stable isotopes have been deduced from
annihilation measurements of antiprotonic atoms [32, 33]. This method gave reliable results as
demonstrated for nuclei which have been studied with other methods as well. Again the limitation
was the availability of targets and thus only stable and long-lived target material could be applied
in the antiprotonic method. In addition the material had to be selected such that the (A-1) product
after the annihilation could be quantitatively analysed by radiochemical methods.

Here, we propose a novel and quite versatile method for very heavy ions namely to measure the
momentum distributions of fragments after one proton or one neutron have been removed from the
selected primary fragment in addition to the interaction and charge-changing cross sections.

Concerning the physics case, the proposed experimental studies will provide novel insight into the
evolution of the mass distribution in heavy nuclei by varying the charge-mass asymmetry.
Measurements of momentum distributions are a standard tool of reaction physics for light exotic
nuclei, e.g. [34, 35]. However, in the mass region A~200 considered here one encounters new
challenges by the much higher density of states in the proton and neutron valence shells, see fig. 6.
This is already true on the mean-field level, not to mention the additional effects resulting from core
polarization. Removal reactions on heavy nuclei will therefore correspond to an average over
breakup cross sections from states of an energy window below the lowest particle emission
threshold. Hence, breakup reactions can be expected to be especially sensitive to the skin
components of nuclear density distributions. Measuring proton and neutron removal cross sections
on the same isotopes will allow the independent investigation of the evolution of the proton and the
neutron valence components along isotopic chains.
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Such results will provide important constraints on nuclear models: A prediction of any type of self-
consistent HFB calculations is that both proton and neutron rms radii increase with increasing
neutron excess, but the proton radii with a milder variation. This behaviour is directly related to the
action of the isovector mean-field potential, e.g. as seen in Fig. 7 below. Therefore, precise results
on the isotopic dependence of proton and neutron valence rms radii will provide additional
constraints on the isovector potential and, as such, on the symmetry energy coefficient of mass
formulas and microscopic model.

A second, equally exciting option of the experiment is to exploit the strong absorption for
spectroscopic work. Scattering of heavy nuclei on nuclear targets is a strongly absorptive reaction.
In that respect, these systems behave similar to antiproton-ion scattering, although the physical
processes behind the large reaction cross section are very different, but as seen from ref. [37] what
counts is only the overall strength of the flux going into the non-elastic channels.. Hence, similar to
the antiproton case investigates theoretically in ref. [37] measurements of total reaction cross
sections will provide independent information on the rms-radii., In ref. [37] it was shown that at
high energies around 1 A-GeV the absorption cross sections are directly proportional to the rms
radii of the reacting nuclei. Within the eikonal approximation the proportionality constant is even
obtained analytically. It is found to depend only on the incident energy besides numerical constants,
meaning that it acts a mass-independent scaling factor. Therefore, it is easily determined
experimentally from measurements on stable isotopes with known values of the corresponding rms
radii.

The need for experimental data on the nuclear matter distribution is demonstrated by radii
calculations using HFB and RMF microscopic calculations employing different effective forces.
The deviations of the theories are especially large for the neutron predictions.
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Fig. 7: Calculated and measured nuclear radii for Pb and Po isotopes. Only for a few Pb isotopes
the charge radii have been measured [40]. Almost no experimental information is available for the
neutron density distributions. The calculated neutron and proton radii predicted within the Hartree-
Fock-Bogolyubov (HFB)[38,39] and the Relativistic Mean Field (RMF)[41] methods are presented.
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Experimental details in addition to the setup discussed above:

Practically, this means, we fully identify a selected fragment in flight up to central focal plane of the
FRS where the isotope of interest impinges on a hydrogen (polyethylene) break-up target. Either a
radiation resistive ToF detector like a Diamond system will be positioned at the focal plane at F1 or
a Cherenkov counter placed at F2 will be used to measure the velocity in front of the breakup target.
In the first measurement cycle one proton is removed in the next a neutron is removed from the
same incident fragment in a collision at about 900 A-MeV. The measured momentum distributions
will reflect the nuclear orbitals of the removed nucleons. These high-resolution momentum
measurements include the determination of the corresponding removal cross section.
Complementary to this set of differential data we will measure also the charge-changing and the
interaction cross sections. The determination of the nuclear charge-changing cross section will be
performed with the isotopically separated fragment beam penetrating two ionisation chambers (1C)
with the interaction target in between. Due to the inevitable atomic charge-state population of the
fragments penetrating matter (target, degraders, detectors) the challenge is to correct this influence.
A simulation demonstrating the feasibility is presented in fig. 8 for an example of nucleon removals
off 22U fragments. From the simulations we can conclude that we can realize the goal of accurately
measuring the 5 physical quantities (2 removal cross sections, the interaction and charge-changing
x-sections and the corresponding momentum distribution) for one isotope. Since this part of the
proposal requires the highest experimental challenges we plan to start this with the 2**U ions and
neighbouring isotopes. Special dimensions (stripes, holes) of the production target will be employed
similar as we have performed our experiments with pionic atoms [42]. Since the nuclear charge
(proton radii) distribution of **®U is experimentally known this measurement will serve as a bench
mark. It is important to measure the evolution of the matter distribution. The main goal is to deduce
information on the neutron skin which would present important constraints on the effective
interactions in nuclear models.

This measurement will be worldwide unique and requires the highest performance of the FRS and
the detector systems including tracking. After this pioneering test measurement we plan to measure
n-rich short-lived isotope chains which could not been studied with the restricted experimental
methods up to now. Note, our novel method is versatile and can be applied to all nuclides with
count rates above 10 s™.

300 —

: 233U __>232Pa
250}

counts
counts

400 E'ZSSU __>232U

300 £
E 200/

150/~
100

50}

1 N Y | i I p_—y i i
0 20 0 0 10 %5 20 0 0 10

“F4_x[mm] “F4 x [mm

Fig. 8: Calculated position distributions at the final focal plane for neutron (left panel) and proton
removal (right panel). A 1 g/cm? Al degrader at F1 and a breakup target also of 1 g/cm®has been
considered in this simulations. The resolution function of the FRS is indicated by the full
histograms. The ion-optical dispersion and the magnification were 7.22 cm/% and 1.11,
respectively.
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Beamtime request for Momentum and Cross Section Measurements:

1 day to set up the detector system for the momentum measurements.
3 days to perform pilot measurements:
Tracked primary beam

238--> 27y, »*'pa (removal measurements)
238> 28Np, 28pa (Delta resonance, new reaction aspects [43])

Fragments
233--> 2321, ?pg (removal measurements)

229y--> 228, 228pg (removal measurements)

In total we request for this pioneering run 4 days.
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