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Abstract

Spatial isotopic separation of relativistic uranium projectile fragments has been
achieved for the first time. The fragments were produced in peripheral nuclear col-
lisions and spatially separated in-flight with the fragment separator FRS at GSI.
A two-fold magnetic-rigidity analysis was applied exploiting the atomic energy loss
in specially shaped matter placed in the dispersive central focal plane. System-
atic investigations with relativistic projectiles ranging from oxygen up to uranium
demonstrate that the FRS is a universal and powerful facility for the production
and in-flight separation of monoisotopic, exotic secondary beams of all elements
up to Z=92. This achievement has opened a new area in heavy-ion research and
applications.
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1 Introduction

In first experiments with relativistic beams of light projectiles up to calcium at
the BEVALAC in Berkeley [1,2] it was demonstrated that projectile fragmen-
tation is a powerful mechanism to produce new exotic nuclei. Intermediate-
energy light secondary beams became an important tool in nuclear-structure
research and are meanwhile used in several laboratories, like GANIL, MSU,
and RIKEN which have devoted a major part of their experimental program
to this field. In order to study and to use a projectile-fragment beam it must
be purified by a suitable separation technique. The separation methods devel-
oped at the BEVALAC have been refined and applied in the other laboratories
mainly for beams up to medium masses [3]. Recently, new possibilities have
opened up at GSI for secondary-beam experiments at high energies; the sep-
aration of monoisotopic exotic beams up to gold has been achieved by the
projectile fragment separator FRS [4,5]. The spatial in-flight separation is a
prerequisite to effectively combine a secondary beam facility with other ion-
optical devices, e.g. with a storage-cooler ring [6].

The FRS [4] was designed to provide isotopically pure secondary beams of all
elements up to Z = 92 in the energy range of 100-2000 A-MeV. The device is
fully integrated in the high-energy facilities at GSI, see fig. 1. The projectiles
are accelerated by the heavy-ion synchrotron SIS [7] and produce the exotic
nuclei of interest in the production target placed at the entrance of the FRS.
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Fig. 1. Layout of the projectile fragment separator FRS [4] at GSI. The secondary
beams produced in the target can be investigated at the central and final focal
planes, Fy and F,, respectively. They can be also injected into the storage-cooler
ring ESR or directly transported to the target-hall facilities. The figure also shows
the standard detector setup for particle identification used at the target and at the
F,, F5, and F, areas. The abbreviations used to denote the different detectors are
explained in section 3 of this article.



The fragments are separated in-flight to be investigated directly in the FRS,
in the storage-cooler ring ESR [8], or in any of the detector facilities in the
target hall.

In this paper we present results demonstrating the performance of the FRS for
the most difficult case, the separation of uranium fragments, which successfully
terminates a first series of secondary-beam experiments with projectiles from
oxygen up to uranium.

2 Isotopic separation of relativistic projectile fragments

Electromagnetic dissociation (EMD) and fragmentation of heavy ions are the
dominant nuclear reactions at relativistic energies for the efficient production
of secondary nuclear beams.

EMD occurs at impact parameters larger than the sum of the radii of the
two colliding nuclei. High-lying collective modes (the giant resonances), can
be excited with very large cross sections. The excited projectile nuclei decay
via photon or nucleon emission, or, as in the case of uranium beams, also by
fission. EMD is a cold reaction process which produces fragments close to the
mass of the projectile, or fission fragments for the heaviest elements.

Fragmentation occurs at impact parameters for which the radii of the inter-
acting nuclei overlap. During the short nuclear encounter between projectile
and target several nucleons can be abraded leading to a highly-excited pre-
fragment. In the slower deexcitation step it decays mainiy via evaporation of
nucleons. The fragmentation process can provide nuclei far off stability.

Projectile fragments at relativistic energies are characterized by favorable kine-
matics for in-flight separation: The fragment velocity is close to that of the
projectile, and the parallel and longitudinal momentum distributions are nar-
row, i.e. the fragments are emitted in a narrow angular cone (< 1 degree), thus
the emittance of the fragment beam is small. Due to these properties, forward
spectrometers are well suited to collect and to separate these reaction products
and inject them into other ion-optical devices [9].

The FRS [4] is an achromatic forward spectrometer that consists of four
identical sections each equipped with a 30 degree dipole magnet, a magnetic
quadrupole triplet, and a doublet. Magnetic hexapoles placed directly in front
of and behind each dipole are used to correct second-order image aberrations.
The ion-optical system can be operated in the range of magnetic rigidities
between 5 and 18 Tm. In the standard achromatic mode of the FRS the tar-
get is 2.28 m 1n front of the first quadrupole triplet resulting in an acceptance
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Fig. 2. Ion-optical layout of FRS in the achromatic standard mode [4] calculated in
third order with the program GICO [10]. The upper figure shows the trajectories of
ions in the dispersive direction () starting at the entrance with three different posi-
tions, five different angles, and three different momenta (épﬂ = —0.5%,0%, +0.5%).
The lower part shows the corresponding trajectories in the perpendicular direction

(y)-

of 20 7 mm mrad in horizontal (z) and 40 # mm mrad in vertical (y) direction
together with an acceptance in momentum of Ap/p = 2%. Since the typical
beam spot at the target is 2-3mm wide, the dispersion of 6.8cm/% in the
central focal plane allows a Bp-resolving power of 1600.

Figure 2 illustrates the ion-optical layout of the system. In this third-order
calculation with the program GICO [10] the field strengths of the hexapoles
are tuned to minimize the second order image aberrations and to orient the
focal planes at F, and F4 perpendicular to the optical axis.

The pure magnetic-rigidity analysis selects all projectile fragments that have a
similar mass-to-charge ratio, since these reaction products have approximately
the same velocity. For fully-ionized fragments this separation corresponds to
an A/Z selection. To achieve a spatial isotopic separation, a second indepen-
dent selection criterion is necessary. This is done by using in addition the
atomic slowing-down within a thick layer of matter. An energy degrader is
placed in the dispersive plane F,. The following two dipole stages analyze the
atomic energy loss (AE). This combined Bp-AE-Bp analysis allows a spatial
separation according to nuclear mass and charge [4,11,12]. The best separation
can be achieved if the energy degrader is shaped such that the achromatism



of the ion-optical system is preserved. The selected thickness of the degrader
is usually about half of the range of the fragment. The degrader can also be
shaped to allow an optimum energy bunching. This is needed if the fragments
are to be studied after implantation in thin detectors or for applications of
radioactive tracer beams [12,13].

Using this separation method requires a precise knowledge of the atomic in-
teractions of heavy ions in matter. The Bp-AE-Bp method is most effective if
the energy of the fragments is high enough to ensure that the ions emerging
from the production target or from the thick energy degrader are completely
ionized. Fragments in several charge states cause ambiguities in the Bp analy-
sis. Due to the high resolving power of the FRS the system is very sensitive to
a precise prediction of the energy loss of the heavy ions in the different layers
of matter. Uncertainties of the order of 10~2 are not tolerable for the magnetic
field setting after the thick degrader since the dispersion of the second half of
the FRS of 8.62 cm/% would lead to a misalignment of the secondary beam at
the final focal plane of the spectrometer. Careful calibration of the thicknesses
of all materials are performed by energy-loss measurements with the primary
beam before the magnetic field strengths are scaled to the predicted rigidity
for the desired fragments. We have performed experiments with the FRS to
study the atomic charge-exchange and energy-loss processes to predict and
optimize the separation [14,15].

Our results from the atomic-collision studies are implemented in the ion-
optical program MOCADI [16] which is used to calculate the magnetic field
strengths and the degrader properties for a selected fragment beam. MOCADI
simulates the transport of relativistic heavy ions through matter and ion-
optical systems. The ion-optical description is based on third-order transfer
matrices calculated by the program GICO. Detectors, targets, apertures and
other mechanical dimensions (chambers, vacuum tubes etc.) can be taken into
account in the ray-tracing calculation to predict a realistic ion-optical trans-
mission for exotic beams through the FRS.

The separation efficiency calculated with MOCADI includes the ion optical
transmission of the separator and losses due to nuclear reactions of the sec-
ondary beam passing matter. The nuclear absorption in the production target,
degrader, detectors, vacuum windows etc. are implemented by using the Kox
formula [17] for the total reaction cross section, the EPAX prediction [18] for
the production cross section of the specific fragment, and the electromagnetic
dissociation according to Bertulani and Baur [19]. The kinematics of projec-
tile fragmentation is included by the systematics of Morrissey [20]. MOCADI
allows to simulate most experimental conditions and to compare measured
spectra such as position distributions, time-of-flight and energy-loss spectra
with the calculated ones. Besides preparing and guiding a secondary-beam
experiment, the calculated spectra can be used to deconvolute the different
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contributions of the measured spectra, e.g. to disentangle the atomic and nu-
clear interactions in the measured momentum distributions.

The 1sotopic resolving power of the fragment separator has been successfully
verified in several experiments with primary beams ranging from oxygen to
gold at energies between 300 and 1000 A-MeV [4]. The level of difficulty in-
creased with increasing 7 of the projectile due to the fact that with smaller
relative mass differences between neighboring isotopes the separation becomes
more sensitive to aberrations of the ion-optical system as well as to the imaging
and separation properties of the degrader system. Thickness inhomogeneities
of the target, degrader and detectors and the resulting straggling as well as in-
complete electron stripping are further complications for the heavier projectile
fragments. A uranium beam is the crucial test case for the isotopic separation
of the heaviest possible projectile fragments.

3 Spatial separation of uranium projectile fragments

The goal of the present experiment was to produce and to separate uranium
fragments at the highest energy available from SIS. The projectiles were ex-
tracted in the charge state 73% at an energy of 950 A-MeV which is close to
the maximum magnetic rigidity of the synchrotron. The charge state acceler-
ated is determined by the ionic charge-state distribution behind the stripper
foil in the transfer beamline between the linear accelerator UNILAC and SIS
at an injection energy of 11.4 A-MeV. Already from the first experiments on
charge exchange processes of the heaviest ions at the BEVALAC [21] it could
be deduced that even at 1 A-GeV hydrogen-like and helium-like ionic states
contribute significantly to the equilibrium charge state distribution of uranium
ions. As outlined in the previous section, the requirement for an unambigu-
ous isotopic separation using the Bp-AE-Bp identification alone is therefore
not fulfilled for the present experiment. In the first part of the experiment we
have therefore investigated the equilibrium charge state distribution of ura-
nium projectiles at different energies penetrating different target materials.

3.1 Charge-state distributions of uranium ions

Several targets between beryllium and lead were mounted in the target station
at the entrance of the FRS. Their thicknesses (several hundred mg/cm?) were
selected such that the emerging charge-state distribution is independent of the
incident charge state, i.e. the equilibrium charge-state distribution is obtained.
Behind the target the uranium projectiles were separated according to their
charge state by the first dipole magnet and recorded event-by-event using the
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multiwire proportional counter (MWPC) installed at the first focal plane F;
which is part of the standard diagnostics of the FRS. The results for ura-
nium projectiles at 950 A-MeV are presented in fig. 3. This figure shows the
measured charge-state fractions after penetrating different target materials.
The lines in this plot represent a theoretical prediction based on high-energy
approximations (23,22].

The experimental results demonstrate that the highest abundance of fully
stripped uranium ions is obtained by penetrating medium to high 7 target ma-
terials. This behavior is determined by the different energy- and Z-dependences
of the two different electron capture processes, the radiative electron capture
and the kinematical electron capture. The radiative electron capture is domi-
nant for light targets. It is striking how reliably the theory can reproduce the
data at a fixed velocity in the different target materials.

The criteria for selecting an efficient fragmentation target are: 1. High density
of target atoms, 2. small energy and angular straggling, and 3. high electron
stripping efficiency. The conditions 1 and 2 require low-7 targets like beryllium
whereas the last condition, which is very important for the heaviest projectile
beams, requires a heavy material. We have chosen a copper target as a suitable
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Fig. 3. Measured equilibrium charge-state distributions (symbols) of a 950 A-MeV
uranium beam as a function of the nuclear charge of the target. The data are

compared to theoretical predictions (lines) [22].
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compromise, since its stripping efficiency is only slightly below that of lead,
see fig. 3, but its atomic straggling effects are much smaller.

In fig. 4 we show the measured equilibrium charge-state distribution for ura-
nium ions emerging from copper targets over a wide energy range, again com-
pared to theoretical predictions. The experimental results agree quite well
with theory. Furthermore, it can be seen that only about 80% of 950 A-MeV
uranium ions are fully ionized which means that hydrogen-like and helium-like
charge states of U projectile fragments will inevitably be superimposed in the
Bp-AE-Bp separation.

In future experiments the contaminants due to incomplete electron stripping
can be further reduced by increasing the energy of the initial beam, see fig.
4. In principle this is possible by accelerating the projectiles in higher charge
states. This can be reached by stripping the extracted SIS beam to 92* and
reinjecting the uranium beam via the ESR into the synchrotron. At the time
of our experiment this option was not available. Future post-acceleration in
SIS will then provide fully ionized uranium at a maximum energy of 1350
A-MeV, this would reduce the intensities in the hydrogen- and helium-like
charge states below 8% [22].
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Fig. 4. Measured equilibrium charge-state distributions (symbols) of a 23¥U beam
after penetrating a copper target as a function of the incident energy [14]. The data
are compared to theoretical predictions (lines) [22].
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3.2 Ezperimental procedure for the spatial isotopic separation

A main aim of the experiment was to demonstrate the isotopic separation
power of the FRS for the heaviest fragments at relativistic energies. As an
example we selected the isotope 2*U produced in peripheral collisions of
950 A-MeV 233U projectiles in a 205 mg/cm?* copper target. The beam was
slowly extracted from SIS with a pulse length of 2s and an intensity of 108
ions/spill which was measured by a secondary-electron transmission monitor
(SEETRAM) [24,25]. The diameter of the beam spot at the target was about
2.5mm (FWHM) both in horizontal and in vertical direction.

The first two dipole stages of the FRS were tuned to a magnetic rigidity of
13.851 Tm to center the isotope 23U on the optical axis of the spectrometer,
this setting corresponds to an A/Z ratio of 2.566. The magnetic field strengths
of the bending magnets were measured with an accuracy of 107 using cali-
brated Hall probes. The magnetic rigidity of ***U behind the production target
differed by 0.8% from that of 2*¢U. Therefore, we used the horizontal slits at the
first focus F; to stop the primary beam. To obtain spatial isotopic separation
a degrader was mounted at the central focal plane F; [26]. The effective thick-
ness of the matter in the F; section was 5300 mg/cm? of aluminum comprising
the degrader itself as well as the corresponding thicknesses of the scintillation
detector in air and the vacuum windows. The position-sensitive scintillator
[27] served as a start detector for time-of-flight (TOF) measurements and for
the determination of the Bp of each fragment to extract the A/Z ratio. The
selected fragment **%U was slowed down in the degrader to an energy of 542
A-MeV, and therefore the third and the fourth dipole stage of the FRS were
tuned to a Bp value of 9.773 Tm. The achromatism of the FRS was conserved
by adjusting the slope of the degrader to -5.31 mrad in the dispersive direc-
tion. Behind the degrader only about 47% of the uranium fragments are fully
ionized. The H- and He-like charge states are populated to about 42% and
11%, respectively, see fig. 4.

We have measured the position spectra of the fragments at the central focal
plane F; and the final focal plane F4 event-by-event. The position information
was obtained by measuring the time difference between the two light signals
on both sides of the scintillator. The resolution obtained was about 50ps
(FWHM) which corresponds to a spatial resolution of 4mm (FWHM). The
position calibration was achieved by using MWPC detectors that are part of
the standard beam diagnostics of the FRS [28]. During the experiment the
MWPC were removed because their thickness inhomogeneities resulting from
the 50 um wire planes would deteriorate the resolution of the spectrometer.

To verify the expected isotope distribution the fragments had to be identified
with respect to A and Z. The magnetic rigidity of the particles in the second



half of the RS was determined by the magnetic field strengths of the corre-
sponding bending magnets and by the horizontal position of the ions at I, and
F4. The mass-to-charge ratio was determined by measuring the time-of-flight
for the path length of about 34 m. The time resolution achieved was better
than 90 ps (FWHM). Finally, the nuclear charge of the ions was determined by
their energy-deposition in a MUItiple-Sampling Ionization Chamber (MUSIC)
[29] mounted at the exit of the separator, see fig. 1.

3.3 Results for the separation of *°U

Figure 5 shows the measured position of the fragments at the central focal
plane plotted versus the corresponding position at the final focal plane. The
desired nuclide 23U is centered in both planes, and the islands visible along
a diagonal above and below represent other fully-ionized uranium isotopes. A
small portion of the primary beam that was not completely removed by the
slits at Iy 1s still visible. At the left-hand side of the figure one can see a shifted
image of this isotope distribution. It consists of uranium fragments that left
the production target fully ionized, but left the degrader in the hydrogen-
like charge state. Due to the dispersion of the second half of the FRS of
8.62m they are shifted by 95mm relatively to the uranium nuclides which
were fully ionized. The weak islands in between these two dominating chains
are mainly bare protactinium isotopes. The ions to the right side of U%*
represent uranium isotopes which left the production target in a hydrogen-
like charge state and kept one electron behind the degrader.

By using the time-of-flight (TOF) and the energy-deposition in the MUSIC
chamber it is possible to remove the contaminants due to incomplete stripping
of the ions in the offline analysis. In figure 6a the contaminants due to different
lonic charge states are removed, and the fragments are spatially well separated.
The mass resolution of the FRS deduced from this spectrum corresponds to
A/AA= 240. On the left hand side of the spectrum the row of the thorium
isotopes 1s now visible. In figure 5 it was completely covered by uranium
fragments in the H-like ionic charge state. This shows that by using both the
time-of-flight and the energy-deposition information it is possible to suppress
the background due to incomplete stripping by several orders of magnitude.

The velocity spread of the fragments determines the efficiency and the resolu-
tion of the pure spatial separation. The spread is caused by nuclear reactions
and by the atomic energy-loss straggling. In addition, one must take into
account the energy spread caused by the stopping-power difference of the pro-
jectiles and the fragments due to the depth of the nuclear reaction within
the thick production target. The energy straggling induced by the degrader
is a main contribution to the width of the position distributions at F4. The
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Fig. 5. Position distribution of the 950 A-MeV uranium fragments recorded at the
central plane F; and at the final plane Iy of the fragment separator.

calculated results from MOCADI are shown in fig. 6¢c. The overall agreement
between calculation and experiment is quite good indicating that the atomic
and nuclear kinematics are correctly implemented in the code.

For some experiments it is important to provide a beam of one single isotope at
the exit of the FRS, e.g. for implantation and half-life determination. This can
be done by removing all other fragments using the slit systems at I; and Fy4. In
figure 6b this is illustrated by selecting only those isotopes of figure 6a which
are in between the two dashed horizontal lines indicating a possible setting
of the slits at F,. This figure shows the fragment distribution obtained at the
final plane under that condition. The selected isotope ***U is well separated
from all the other isotopes. The result of the MOCADI calculation is shown
on the right-hand side in figure 6d.

In figure 6 it is striking that the production cross sections for the one and two
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Fig. 6. (a) Position distribution of the uranium fragments after removing the con-
taminants due to hydrogen-like and helium-like ionic charge states. (b) Position
distribution of the fragments at the final plane obtained with the horizontal slits
at the central plane adjusted to the positions indicated by the dashed lines in the
upper picture. A simulation of the experiment using the program MOCADI [16] is
shown in part (c) and (d) of the picture.

neutron removal channels are enhanced compared to the production cross sec-
tions for the other fragments. The explanation is that these two nuclides are
dominantly produced by electromagnetic dissociation after deexcitation of the
giant dipole resonance and to a smaller contribution by the giant quadrupole
resonance. The 3n fragmentation channel, however, cannot be explained by
single-step electromagnetic excitations only. There is strong evidence that the
double giant dipole resonance contributes to the 3n channel [30,31]. The mo-
mentum distributions are signatures of the different nuclear reaction mecha-
nisms, this topic will be discussed in a forthcoming publication.
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4 Summary and Outlook

With the spatial separation of relativistic uranium isotopes we have success-
fully verified a main design goal of the FRS. Isotopically pure secondary beams
throughout the whole periodic table up to uranium can now be provided for
the first time using the Bp-AE-Bp method. It should be mentioned that the
same method has been applied to separate neutron-rich fragments created
by projectile fission of relativistic uranium beams [32]. In a first pilot study
we have proven that this reaction has produced about 40 new neutron-rich
isotopes.

Decay studies with implanted nuclei have shown that due to the clean sepa-
ration half-lives can be extracted already from the decays of few atoms [33].

Already the first experiments at the projectile fragment separator have shown
new perspectives of secondary-beam physics at relativistic energies. The iso-
topically separated uranium projectile fragments produced in the recent ex-
periment were used to study low-energy fission in a large range of nuclei from
lead up to uranium which was not accessible before [34].

The storage ring ESR with its cooling facilities can be used to increase the
phase-space density of the hot fragment beam by several orders of magnitude
down to a transverse emittance below 0.05 # mm mrad and a relative momen-
tum spread below 107° depending on the beam intensity [35]. High-resolution
experiments can be performed by using either the internal gas-target in the
ring or the extracted beam. The first injection of secondary beams from the
FRS into the ESR has already shown the unique features of this combination
(36].

The new exit of the FRS, presently under construction (see fig. 1), will provide
secondary beams for exclusive experiments in the target hall using e.g. the
large neutron detector LAND [37], the magnetic spectrometer ALADIN (38], or
the spectrometer KAOS [39]. First experiments with the FRS in combination
with the facilities LAND and ALADIN have also been successfully started to
study the halo structure of very neutron-rich light nuclei [40].

The projectile fragment separator FRS is a central part of the new heavy-ion
secondary-beam program at GSI. In its combination with the other high-
energy facilities it allows new experimental techniques and provides access to
information on nuclear structure and decay which was not accessible before.
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