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The projectile fragment separator FRS designed for research and applied studies with relativistic heavy ions was installed at
(GS1 as a part of the new high-energy SIS /ESR accelerator facility. This high-resolution forward spectrometer has been successiully
used in first atomic and nuclear physics experiments using neon, argon, krypton, xenon, and gold beams in the energy range from
500 to 2000 MeV /u. For the,first time relativistic xenon and gold fragments have been isotopically separated. In this contribution

we describe first experiments characterizing the performance of this spectrometer,
/

the projectile FRagment Separator FRS [2], and the
Experimental Storage and cooler Ring ESR [3] (see fig.

L. Introduction 1). The SIS can accelerate all ions, from hydrogen to

Heavy-ion research at GST has been extended to uranium, t0 a maximum magnetic rigidity of 18 Tm
relativistic energies with the new synchrotron SIS [1], which corresponds to energies of 1-4.5 GeV /u. The
main beam parameters of the SIS are summarized in

1 On leave frém: SINR Shanghai, P.R. China. table 1. Secondary beams of radioactive isotopes can
2 On leave from: Institute of Experimental Physics, Warsaw be produced via projectile fragmentation with a high
University, PL-00-682 Warsaw, Poland. rate and can be efficiently separated by the FRS. The
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Fig. 1. Layout of the new high-energy facilities at GSI. The

heavy-ion synchrotron SIS can accelcraie all ions from H 1o U

with energies up to 1-4.5 GeV /u. The projectile separator

FRS in combination with the storage and cooler ring ESR can

provide highly brilliant radioactive beams to all experimental
areas.

fragments separated in-flight can be studied directly at
the -final focal plane of the FRS, or they can be
injected into the ESR for cxperiments in the ring. The
cooling facilities of the ESR [4], drastically increase the
phase-spacc density of the radioactive beam, and a
variety of unique high-resolutiori experiments are pos-

Table 1

SIS beam parameters

Tons allions from Hto U

Energy 1-45GeV/u Bp,,,=18Tm

Intensity 2x 10" /spill (Ne™ ™) (presently 10° /spill)
4% 10 /spill {(Au®** ) (presently 10° /spill)
. {l—S-rr mmmrad (slow extraction)
Emittance E,.= . .
: 5-204 mmmrad (fast extraction)
e, = 5207 mmmrad
Time '
structure  10-4000 ms (slow extraction)
20— 50 ns (fast extraction)
Momentum
spread <1073

sible. Moreover, such cooled secondary beams can then
be extracted from the ESR and delivered to the differ-
cnt experimental facilities shown in fig. 1.

2. Design and technical layout

The FRS is an achromatic magnetic forward spec-
trometer with a momentum resolving power of 1500 for
an cmittance of 20w mm mrad. Heavy-ion beams with
magnetic rigidities from 5 to 18 Tm can be analyzed by
the device. The location within the SIS-ESR complex
was determined by the requirement of using the FRS
in combination with both instruments. The system has
four independent stages, each consisting of a 3(0° dipole
magnet and a set of quadrupoles before and after the
dipole to fulfill first-order focussing conditions; see fig.
2. The quadrupole magnets in front of the dipole
magnets are adjustablc to properly illuminate the field
volume of the bending magnets to achieve a high
resolving pawer and to minimize the vertical gap width
and thus minimizing the price of the dipole magnets.
The quadrupoles fallowing the dipole magnets deler-
mine the ion-oplical conditions at the four focal plancs
F, to F, indicated in the upper part of fig. 2, where the
magnelic elements and the particle envclopes arc
schematically presented for an emittance of 20+
mmmrad and a beam spot of 2.7 mm. In the achro-
matic mode of operation point-to-point images in the x
direction (i.e., in the direction of dispersion) are re-
quired at all four focal planes while waists in the v
direction (i.e., the direction perpendicular to both the
x and the oplical axis) are required only at F, and F,.
The dashed line in the figure indicates the ray for the
momentum deviation of 1% demonstrating that the
maximum dispersion (—6.8 cm /%) is reached at the
central focal plane. Moreover, it is required that the
angular divergence at this position does not depend on
the momentum deviation of the beam at the entrance
of the FRS, manifested by a parallel dispersion line
{((x'|3p) =0). The achromatic condition for this tune
is realized at the final focal plane by rcquiring that
both the image size and the angular divergence are
independent (to first order) of the momentum spread
of the incident beam G.c., (x18p) =0, (x'|dp) =0).

The ion-optical system can be corrected for
second-order abcrrations by using sextupole magnets
placed in front of and behind each dipole magnet.
These positions have been determined by thc magni-
tudes of the corresponding coupling coefficients follow-
ing the procedure proposed by Brown [5]. The required
scxtupole ficlds are relatively low, implying that the
induced aberrations of third and higher order arc
minimized. Results of ray-tracing calculations predict
that more than 90% of the first-order momentum

‘resolution is restored for a bcam characterized by a

V. RECOILS /FRAGMENTS
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Fig. 2. Ion-optical elements of the FRS (uned for different
operation modes. The 30° dipolec magnets are indicated by
D;-D, and the different focal planes by F;-F,. The
guadrupole magnets are placed in front of and behind the
dipoles. The upper part of the figure shows the high-resolu-
tion achromatic mode, the next part the high-dispcrsion mode,
and the lower part the high-transmission mode. The sextupole
magnets are only shown in the schematic plot for the high-res-
olution achromatic mode. The envelopes for the standard
achromatic and the high-dispersion modes are 20w and 40«
mmmrad in the x and y direciions, respectively, while the
corresponding envelopes for the high acceptance mode are
2207 and 50+ mmmrad. The beam spot was 2.7 mm. The
momentum deviation of 1% is indicated by dashed lines in the
upper and lower part of the-figure, whereas for the high-dis-
persion mode the momentum deviation is 0.1%. The v axis is
simultaneously the negative direction for the dispersion lines.

transverse emittance of 20m mmmrad and a momen-
tum spread of 2%, which represents the design accep-
tance of the FRS tuned in the achromatic ion-optical
‘mode described above. Furthermore, the sextupole
ficlds are needed to rotate the focal planc at F; so that
it is perpendicular to the optical axis. In table 2, the

main ion-optical parameters of the described mode are
presented.

The FRS can be used as an energy-loss spcctrome-
fer as well. Precisc measurements of energy transfers
in nuclear and atomic reactions are possible with such
a spectrometer independent of the relatively large mo-
mentum spread of the incident beam. In this mode of
operation the target is placed in the central focal
plane; the other scttings are identical to that of the
achromatic mode. _

Each FRS magnct is equipped with an independent
power supply allowing maximum flexibility in ordcr to
adapt the ion-optical conditions to the specific require-
ments of different experiments. The FRS has two
target stations at different distances from the entrance
quadrupole triplet. To achieve a high momentum reso-
lution at the dispersive focal planes, the corresponding
distance of the first target station is 2.20 m. The second
one, positioned at 0.90 m, allows a larger acceptance at
the expense of momentum resolution. The operating
parameters for the two achromatic modes are summa-
rized in table 3.

In the modes of achromatic operation .described
above the momentum dispersions of the first and the
second dipole stages are cancelled by that of the third
and the fourth, so that the overall system from target
to F, is achromatic. Applications which neither require
the achromatic condition nor a large transmission can
take advantage of the possibility to double the momen-
tum resolution. In this high dispersion mode of the
FRS, a parallel beam is required in x at the centre (see
middle part of fig. 2 and table 3).

An extreme operation mode that achievcs a large
acceptance combined with a modest resolving power is
presented in the lower part of fig. 2. The sclected
conditions are such that at the second and final focal
planes the system is achromatic and the dispersion line
crosses zero at the first and third foci (see table 3, high
acceptance mode). This exotic mode has already been
succcssfully used in an experiment searching for an-
tiprotons produced in subthreshold central collisions of
2000 MeV /u Ne projectiles impinging on NaF and Cu
targets {6].

For injcction into the ESR [7] the second exit of the
FRS is chosen (see fig. 3). 1t consists of a quadrupole
triplet illuminating a 30° dipole magnet and two addi-
tional quadrupole doublets as needed to achieve the
final focus conditions and to additionally perform the
phase-space matching of the two ion-oplical systems.
Furthermore, a smail 7° dipolc magnet D} is needed to
allow for more space between the FRS dipole D} and
the entrance of the ESR. :

The technical design and operation of the FRS is
fully integrated into the SIS-ESR system. The magnets
are laminated although they will be used only in dc
operation. Besides the reduced purchase costs, the
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Fig. 3. Ton-optical elements of the FRS for the injection into the ESR. The envelopes are shown for an emittance of 20+ mmmrad
and the dispersion line for (1.5% momentum deviation.

Table 2

Calculated ion-optical matrix elements of the standard high-
resolution achromatic mode at the central and final focal
planes

Matrix element At F, AtT
(x]x) 0.79 1.00
(x]x") {em/mrad] 0 0
(x[8p) [cm /%] —6.81 0
(x'| x) [mrad /cm] 1.21 1.92
(x'[x") 1.27 1.00
(x'13p) [mrad /%) 0 -0
(yly) -1.13 0.83
(¥|¥") [em/mrad] -0.007 0.011
(y"| ¥) [mrad /cm] 12.32 —-27.44
G'ly") ~0.81 0.83
Table 3

laminated magnels are advantageous for experiments
demanding frequent changes of field settings. The H-
tvpe 30° dipole magnets can be operated up to a
maximum field of 1.6 T and are controlled by cali-
brated Hall probes., The precision and stability of the
probes is about 10~* T, All magnets have been care-
fully field-mapped over the full range of operation.
The resulting current-field relations as well as the
effective lengths are used as input parameters for our
ion-optical codes and operation procedures.

Each of the two targct stations of the FRS is
equipped with a water-cooled ladder which holds up to
15 targets of 20 mm diamcter. Dctails of the target
techniques used in this high-radiation area are de-
scribed in ref. [8]. A secondary-electron detector

Comparison of different ion-optical modes of the FRS. The accepted solid angles (£2) are shown for the corresponding emittances
(&) and accepted momentum deviations. The momentum resolving power, the magnification ((x | x)), and the dispersion coefficient
({x | 5p)) are presented.for the different operation modes. See also fig, 2

Operalinn' mode Standard achromatic Dispersive Hizgh acceptance
Target distance [m] 22 0.90 220 0.90
x [mm] +2.7 +2.7 +2.7 +2.7
€, [ mmmrad] 20 200 20 220
AP/ P)yee (%] 2 2 0.05 2
12 [msr) 0.32 34 032 4.6
Bpay [Tm] 18 86 18 8.3
Resolving power at F, 1600 160 - 0

at F, 0 0 3300 0
(x|x) at F, 0.79 -7.7 parallel 0.65
: at F, 1.00 1.00 —0.95 —0.77
(x[8p)[em/%] atT, -6.81 - 6.57 —-12.7 0

atF, 0 0 17.1 0

V. RECOILS /FRAGMENTS
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(SEETRAM) [9] placed upstrecam of the first target
station can mecasure high beam intensities exceeding
the ratc limitations of single-particle counting. In the
target area and also at each focal plane, two-dimen-
sional grids with gas amplification and current readout
are used for beam alignment [10]. They are especially
needed when fast-extracied beams from the SIS are
used in combination with the ESR. The particle detec-
tion in the FRS for slowly-extracted bcams is per-
formed by using multiwire proportional chambers [11]
installed at all the focal planes. At ', and F, pairs of
these deiectors placed at a distance of approximately 1
m are used for particle tracking to determine the
ion-optical properties of the device and to analyze the
primary beam or reaction products with respect to
position, angle, and Bp value. In the achromatic mode
the complcte phase space of the primary beam can be
determined by coincidcnce measurements at F, and Fj.
Slits are available at the entrance of thc FRS and at
cach focus. All the diagnostic elements are remotely
controlled and can be removed from the optical axis
via vacuum feedthroughs.

3. First experimental results
3.1. lon-optical measurements

The ion-optical perlormance of the FRS was tested
in the magnetic rigidity range from 4 o 18 T'm using
differcnt projectile and fragment beams. High-energy
light ions are well suited for ion-optical measurcments
using the described particle-tracking detectors because
these ions suffer only relatively small energy and angu-
Jar straggling in the detector material. For example, in
an experiment using 1000 MeV/u ¥Ar we verified
first-order imaging conditions and achromatism of the
system by coincidence measurcments between the dit-
ferent multiwire proportional chambers positioncd at
F, to F,. The achromatism was verificd by inserting a
striped target at the entrance of the spectrometer.
Particles penctrating the siriped target suffered an
energy loss of aboul 1%. They were clearly separated
from ions which suffered no energy loss (i.c., missed
the stripes) at the dispersive focal planes, but both
ensembles were refocussed at F,. The required condi-
tions for the momentum dispersion at the different
focal planes were also verified by tracking ions passing
through the FRS in different ionic charge states. The
results of these investigations are in good agreement
with the design goals, e.g., the measured momentum
resolution was better than 1500 for an emittance of
17 mmmrad. Morc detailed studies of highcr-order
aberrations will be performed with new tracking detec-
tors under development which will avoid the disturbing
influence of wire planes [11].

3.2. In-flight separation of relativistic projectile fragments

The main design goals of the FRS are to spatially
separatc the nuclear reaction products from the pri-
mary beam and to perform an efficient isotopic separa-
tion for sclected projectile fragments [12]. Pioneering
experiments performed at the BEVALAC [13-15] have
proven that projectile fragmentation is a proccss well
suited for the production and in-flight separation of
exotic nuclei. Mcanwhile, such experiments are suc-
cessfully carried out at medium energics as well {16-18]
using a more sophisticated degrader technique.

The kinematic properties of the projectile frag-
ments are determined by the nuclear reaction mecha-
nisms and the slowing-down processes in the produc-
tion target. Relativistic projectile fragments, created in
peripheral nuclear collisions, are characterized by nar-
row forward-peaked angular distributions with frag-
ment velocities which Iie closc to that of the projectile.
Thus a zcro-degree spectrometer has high utility in
accepting and separating such projectile - fragments.
The mass difference (A.A) and charge difference (AZ)
of the selected fragments with respect to the projectile
are the crucial parameters determining the longitudi-
nal momentum distribution widths at a fixed mean
velocity. The contribution duc to the atomic energy
loss in the target scales with AZ? (Bethe theory) and
the spread due to the fragmentation process with the
square ool of A A [19]:
o(py) =8TVAA MeV /e (1)
The relative contribution of both processes which are
basic limitations for the acceptance and the isotopic
resolution of spectrometers at medium cnergies, be-
comes smaller with increasing energy thus favouring
the production and separation of relativistic beams.

In fig. 4, the FRS transmission and the momentum
spread are calculated for different fragments produced
by 1 GeV /u U projectiles in a 1 g/cm” Be target. A
mass-to-charge ratio of 2.63 is assumed for reaction
products in the calculation. The influence of the kine-
matics due to the fragmentation process is shown by a
dashed line. The full line includes the atomic slowing
down processes. It is clearly demonstrated that the
transmission is nearly 100% up to AZ = 15, suggesting
the usc of projectile beams which lie close to the A
and Z of the desired sccondary beam {20].

Particle identification with respect to A and Z is
achieved by coincidence measurcments of the energy
loss (A £) in a MUltiple-Sampling Tonization Chamber
(MUSIC) [21}, the magnetic-rigidity (Bp) analysis at
the dispersive ocal planc F,, and the velocity determi-
nation with time-of-flight (TOF) detectors placed at F,
and F,. The flight path of the ions was 35 m. The
design valuc of the Bp-resolution (ABp /Bp < 10~*) of
the FRS was verified in sevcral cxperiments using
particles in the Bp range from 4 to 18 Tm. The TOF
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Fig. 4. Calculated momentum spread and transmission of 1

GeV /u 28U fragments produced in I g/cm? Be. The dashed

line indicates only the contribution due to the nuclear reac-

tion process, while the full line includes the contribution from

the energy-loss diffcrence of the projectile and the fragment
and the effect of energy-loss straggling.

was mcasured by two position-sensitive plastic scintilla-
tors [22] with an intrinsic time resolution of about 100
ps (FWHM). The MUSIC placed at the final focal
plane reached a Z resolution of AZ = 0.3 (FWHM) as
proven in experiments with projectile fragments up to
Au. The experimental results confirm that the FRS in
combinzgtion with the TOF and the MUSIC detéctors
is capable of identifying all particles up to the heaviest
fragments.

The method for particle identification described
ahove has been applied successfully in systematic mea-
surements of the nuclear cross section distributions
using Ar, Kr, Xe, and Au projectiles with energies of
500-1000 MeV /u. Fig. 5 shows the measured mass
distribution of elements 20 < Z < 29 produced via frag-
mentation of 500 MeV /u ®Kr in a 2 g/cm* Be target
[23]. The Bp setting of the FRS was 11% larger than
the one measured for the primary beam after passage
through the production target. In this measurement we
were able to unambiguously identify the exotic neu-
tron-rich isotopes "' Cao, ®Fe, ®Mn, “Cr, **Ti, and bly
as indicated by arrows in fig. 5. In view of the low *Kr
beam intensity (5 X 107 /spill) this result demonstrates
the power of such a separation system. Preliminary
results on the existence of these nuclei have also been
reported in ref, [24],

Reliable predictions of nuclear fragmentation cross
sections are of crucial importance in planning future
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experiments at the FRS. Stimmerer et al. [25] have
therefore developed an empirical parametrization
(EPAX) based mainly on radiochemical data of pro-
ton-induced target spallation. The cross sections mea-
sured for the ®Kr + Be reaction are compared with
EPAX predictions in fig. 6. The number of incident
projectiles was measurcd with the SEETRAM detector
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Fig. 6. Measured production cross sections of neutron-rich

isotopes of Ti, Cr, Fe, and Ni as created via fragmentation of

. 500 MeV /u *Kr in Be. The data are compared with the
empirical parametrization EPAX {23].
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and the total transmission was calculated with a com-
puter code [26). The agreement betwecn the cxperi-
mental results and EPAX {dashed lineg) is excellent for
these light neutron-rich nuclei, justifying thc confi-
dence in our predictions for the production rates of
more exotic nuclei.

3.3. Preparation of secondary beams

For many investigations it is necessary that the
sclected radioactive beam is spatially scparated from
all other reaction products. Due to the relativistic
velocities of the projectile fragments, a separation by A4
and Z is not possible using only electric or magnetic
sector fields [2]. Therefore we have chosen a method
based on a combination of magnetic rigidity analysis
and atomic energy loss of the fragments in matter, The
principle of separation as adapted to FRS is schemati-
cally presented in fig. 7. The keys to isotopic separa-
tion arc an achromatic ion-optical system characterized
by a high momentum resolving power and a profiled
energy degrader placed at the dispersive focal plane F,
[2,27-30]. The first two dipole stages of the FRS per-
form an A /Z sclection for fully ionized reaction prod-
ucts, i.e. the fragments with the same magnetic rigidity
are focussed on the same position of the energy de-
grader. The different atomic energy loss ol the ions
penetrating the degrader provides the additional selec-
tion criterion needed for the separation of a selected
nuclide (Bp—A E-Bp method). An experimental result
demonstrating the separation method is presented in
the lower part of fig. 7. In this experiment Lhc FRS was
tuned on ®F produced by fragmentation of 500 MeV /u

Achromatic
Degrader

AN T

Ay in a 2 g/cm’® Be target. The result of the first and
second selections is clearly demonstrated: the combina-
tion of the two-fold Bp-analysis and the energy-loss
characteristic in the F,-degrader (11 g/cm?® Al) pro-
vides a secondary beam of '*F with only a few contami-
nants. The best spatial separation can be obtained with
a degrader shape which preserves the achromatism of
the spectrometer.

Moreover, the shape of the degrader and’the char-
acteristics of the ion-optical system can be used for
interesting phase-space maodelling of the fragment beam
[30]. Profiled matter placed in dispersive ion-optical
systems can petform quite complex transformations
within the different coordinates {position, angle, and
energy) of the fragment beam. The basic features of
this non-Liouvillian optics can be discussed in terms of
transformation matrices (so-called o-matrix formalism
[5]) in which the straggling processes of the particles
are included by convolution procedures [26,30]. For
detailed preparations of an experiment at FRS using
the Bp-AE-Bp separation method, a Monte Carlo
code MOCADI, which includes both higher-order op-
tics and the atomic and nuclcar interaction processes,
was developed [26].

By changing ion-optical parameters such as the
magnification or dispersion of the FRS stages in front
of and behind the degrader, or the mechanical profile
of the degrader, it is possible to realize the desired
imaging conditions. Two main solutions were devel-

~ oped for energy bunching and for achromatic focussing

in the x direction, respectively. In our experiments it
was more practical to mainly change the decgrader
shape and to work with fixed ion-optical conditions.

Fig. 7. The isotopic separation principle of the FRS, illustrated by measured fragment distributions produced by At projectiles.
The goal of this experiment was to separate and implant **F ions.
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Fic. 8. Mechanical tayout of the F,-degrader system.

The degrader shape and the thickness have to be
optimized for the specific requircments of each experi-
ment and the degrader slope has to be readjusted for
each selected isotope. Tt is therefore necessary to have
a versatile and flexible degrader system operated by
remote control. These requirements are fulfilled with
the realization of the degrader system schematically
shown in fig. & {8,31]. The ladder and the wedges of
this array represent the homogencous parts of the
degrader, whercas the degrader slope along the x
direction can be adjusted with two wedge-shaped discs
rotating simultaneously in opposite directions. At rela-
tivistic energies the required degrader shape deviates
only slightly from a linear approximation which is real-
ized by this construction.
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Fig. 9 shows measured examples of phase-space
imaging for a secondary beam of *P produced via
fragmentation of S00 MeV /u *Ar. The degrader slope
was changed such that a focus in x direction
(achromatic degrader, left-hand side of fig. 9) or en-
ergy bunching (monoenergetic degrader, see right-hand
side) were achieved. The achromatism of the FRS in
combination with the degrader was verified with the
striped target too {see above).

A precise knowledge of the atomic slowing-down
properties of relativistic heavy ions is crucial to the
successful application of the Bp-AF-Bp separation
method. This statement becomes obvious if one keeps
in mind that the momentum dispersion from F, to F, is
8.5 cm/%. A wrong cnergy-loss prediction for the
F,-dcgrader by a fraction of a percent can thus prevent
the desired isotope from being detected at F,. There-
fore, stopping power (dE/dx) and range measure-
ments have been incorporated into first experiments at
the FRS. At relativistic cnergies, many complications
in the theoretical description of heavy-ion stopping
phenomena due to multiple charge-exchange processes
are drastically reduced, since the ions carry only few
electrons or are completely ionized.

The energy-loss expcriments were carried out with
the first two FRS sections. The position distributions
of the ions were measured with multiwire proportional
chambers placed at F; and I%,. In fig. 10 we presemt
first results of dE/dx measurements of 780 McV /u
Xe ions in differcnt monatomic solids. The experimen-
tal data are compared with the Bethe theory and also
with the Ahlen theory including the higher-order cor-
rection terms to the first Born approximation [32]. The
agreement of the experimental data with the Ahlen
theory is very good for these projectile—target combi-
nations, whereas the Bethe formula underestimatcs the
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Fig. 11, Mcasurcd vields of fully stripped 800 MeV /u % Xe jons (left-hand side) and 1000 MeV /u *"Au ions (right-hand side) in
different target materials, compared with theoretical predictions (dashed lines), see text.

experimental results by about 5%. It is noteworthy that
the achieved momentum-resolving power of the FRS
was better than 3 X 10~ in these measurements, which
enables the energy loss to be determined to better than
'19. The target thicknesses were chosen to cause -an
energy loss less than 10% of the incident energy. The
experimental results suggest that higher-order terms
are indeed needed to improve the stopping theory for
relativistic heavy ions. This conclusion is in accordance
with the results deduced from range measurements
performed at the BEVALAC [32].

The Bp-AE-Bp method requires that the energy
of each ion is high enough to ensure that multiple ionic
charge states do not disturb the unambiguous Bp-anal-
ysis. Therefore, we measured equilibrium charge-state
distributions of relativistic ions that penetrated various
target materials. These experiments were performed
with the first FRS stage [33], where the magnitude of
the dispersion allows the observation of at least two
charge states simultaneously. The position distributions”
for all ions werc recorded with the multiwire propor-
tional chamber at F,. In fig. 11 the experimental abun-
dances of fully ionized 800 MeV/u Xe and 1000
MeV /u Au projectiles are shown for different target
elements (Be, C, Al, Cu, and Pb) compared with the
theoretical predictions [26] using the high-cnergy ap-
proach, i.e, assuming that only bare, H-, and He-like
ions need to be considered [34]. The agrcement be-
tween theory and experiment is remarkable except for
that obtained with Pb targets where a higher degree of
electron stripping than predicted was observed. Be-
sides the interesting atomic physics aspects of these
measurements, we conclude that a medium-Z produc-
tion target should be used for fragmentation products
using the heaviest projectiles in order to avoid contam-
inations due to the different charge states.

In order to verify the isotopic resolution of the FRS
by means of the Bp-AE-Bp method, *P fragments
from 500 MeV /u and 1000 MeV /u Ar + Be reactions
were investigated. The measured separation guality is

in excellent agreement with our calculations [26], see
fig. 12. The degree of difficulty in separating secondary
beams was then gradually increased. We used Kr, Xe,
and Au bcams to test the design goals and to study the
physics limitations that determine the production and
isotopic separalion of relativistic projectile fragments.
In the following, we discuss representative results ob-
lained with Au projectiles. A 1 GeV /u gold beam was
fragmented in an 1.4 g/cm? Al target. The choice of
the target material was guided by the results of the
above-mentioned charge-state measurements. The FRS
was tuned to separate ¥ Pt isotopes using a 5.6 g/cm?
Al degrader at F,. The position distributions, shown in

T T 1 T 1 ! 3 ' I
I sp o]
" 200 -
s
c R J
I
8 100 calculated
L %P -
0 A_._.L_.ﬂkgb ] ) ] Ll
-100 -50 0 50 100
x [mml]
80 i T | ! I ¥ ¥ ’ l
» g0 | -
gt L i
% 40 - "
8 | fneasured j
20
0
-100 -50 0 50 100
x {mml]

Fig. 12. Measured separation of **P produced by 1000 MeV /u
*Ar in Be using an achromatic degrader at F,. The data are
compared with our MOCAID calculations.
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Fig. 13. Measured (left-hand side) and calculated (righl-hand side) position distributions of fragments produced by 1000 MeV /u
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fig. 13 (left-hand side), were recorded in coincidence at
F, and F,. The results clearly demonstrate that by
introducing slits at both focal planes a single isotope
can be provided at F,. It should be noted that this is
the first time that isotopic separation for such heavy
relativistic projectile fragments has been achieved. The
experimental results are compared with the calcula-
tions performed with MOCADI [26] (see right-hand
side of fig. 13). The overall agreement between experi-
ment and simulation is very good. The slight bending
observed in the experimental data within each clement
is probably due io residual image aberrations.

4. Conclusions and outlook for the experimental pro-
gram

In this report we have presented the ion-optical and
technical characteristics of the FRS and have shown
first results on the separation of relativistic nuclear
fragments using the high-resolution achromatic mode.
The isolopic separation of heavy relativistic fragments
produced by xenon and gold projectiles was performed
for the first time. Although the experiments were
mainly aimed at verifying the ion-optical properties of
the FRS and studving the separation power of the
Bp-AE-Bp method and the corresponding physical
processes, several exotic isotopes were alrcady identi-
fied. The deduced nuclear cross section data are in
good agreement with the empirical parametrization
EPAX and allow a morc rcliable prediction of produc-
tion ratcs for exotic species.

Our first experiments in atomic physics were aimed
at jonic charge-staic and energy-loss measurements.
The data on ionic charge states confirm the results
obtained at the BEVALAC [34] and verify the validity

of theoretical models implemented in our simulations.
The energy-loss measurements proved successful due
to the exccllent performance of FRS. Obviously
highet-order correction terms (o the Bethe theory are
necessarv to improve agreement between theory and
experiment.

The differcnt dipole stages of the FRS offer an
ideal condition for particle—photon coincidences, be-
cause one can prepare and sclect the desired charge-
exchange cvents. The atomic physics program at the
FRS will concentrate in the ncxt experiments on the
spectroscopy of few-clectron systems and on the inves-
tigations of resomant electron capture processcs in
amorphous light-Z targets and in single crystals under
channcling conditions. The use of cooled beams [rom
the ESR will open a new field for channeling studies
using relativistic hcavy ions [35]. The high energies at’
SIS allow for the first time expcriments on the reso-
nant coherent excitation of both nuclear and atomic
levcls in stable or even in radioactive atoms produced
and separated at the FRS. '

Radioactive beams produced and separated by the
FRS have a wide field of applications. An applied
physics experiment has been conducted by using the
scparated '“Ne beam created by fragmentation of 400
MeV /u **Ne in Be. The degrader shape was chosen to
bunch the cnergy distribution of the fragment beam.
Its decav properties enabled us to usc this fragment
beam as a diagnostic tool after implantation. Rangc
distribution were measured with a positron emitter
camera [36]. This was a first investigation at the FRS in
the field of radiation biophysics, and this project will
be continued with light projectile beams.

The future FRS experimental program for nuclear

" physics will be characterized by the production and

investigation of exotic nuclei complemented by reac-
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tion studies. The study of neutron and proton rich
nuclei will be continued to understand problems cen-
tral to nuclear structure and astrophysics. In this field
we will perform an experiment to produce neutron-halo
nuclei (e.g. Y'Li) in the rcaction O + Be and investi-
gate the nuclear structure via secondary reactions using
the large neuiron detector LAND [37]. In the near
future SIS will provide uranium beams which allow us
to extend our [ragmentation studies up to the heaviest
ions. Uranium fragments will be studied also in sec-
ondary reactions via electromagnetic dissociation.

The combination of the FRS with the ESR will
open a new field with secondary beams of high phasc-
space density. The excellent performance of the elec-
tronic cooling facilities in the ESR has been demon-
strated recently for stable beams of Ne, Ar, Kr, and Bi
[4]. The momentum spread of less than 1077 and the
transverse emittance of (.057 mmmrad are basic pre-
conditions for the planned high-resolution experi-
ments. Examples of such investigations arc dircct mass
measurcments and nuclear structure studies with direct
reactions in light targets, i.e. (d,p)- and {p,p')-scatter-
ing with exotic nuclei cooled in the ESR.
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