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I, Introduction

The new heavy-ion accelerator facilities [1,2] at GSI, which came into operation in
1990, provide new opportunities for a variety of nuclear studies. With respect to exotic
nuclei the unique combination of the heavy-ion synchrotron S1S, the fragment separator
FRS and the experimental storage ring ESR (see fig. 1) is of interest. The SIS delivers
primary heavy-ion beams presently with intensities up to a few times 10° sec™. In com-
bination with the FRS secondary exotic beams with high energies (100 MeV/u up to 1-2
GeV/u) are produced and isotopically selected. These beams can be either used directly
for experiments, or injected and stored into the ESR and cooled to highest phase space
densities [1] (Ap/p < 107%, € <0.12 mm mrad) and optionally decelerated. These possi-
bilities open a variety of nuclear structure. studies in the region away from stability. In the
present contribution we want to focus on the investigation of direct reactions with such
exotic beams.

Fig. 1: Layout of the new
heavy-ion accelerator facility
at GSI. It consists of the
heavy-ion synchrotron SIS, the
fragment separator FRS and
the storage cooler ring ESR.
Direct reaction studies with
exotic beams in inverse
kinematics are alternatively
performed using external tar-
gets directly behind the frag-
ment separator. or using
internal targets in the storage
ring.
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Fig. 22 The method of inverse kinematics is sketched for the example of a (d,p)-
reaction on the nucleus *X.

A classical method to obtain spectroscopic information is the investigation of
light ion induced direct reactions, i.e. one- and few-nucleon transfer reactions, ine-
lastic and elastic scattering. This method was up to recently limited to stable or very
long lived nuclei, which aliow to produce stable targets. The availability of good
quality radioactive beams allows now to study such reactions on exotic nuclei using
the method of inverse kinematics, which is sketched in fig. 2 for the example of a
(d,p)-reaction.

In the next section the physics motivation and the physics program are de-
scribed, followed by a discussion of the experimental concept. In the last section the
status of a few selected first generation experiments will be discussed.

1. Motivation and Physics Program

In principle a farge variety of light ion induced reactions may be investigated for
various reasons. One- and few-nucleon transfer reactions, such as (d,p), (p.d), {(d,t},
(d,*He), (*He,t), (*He,u), etc., are used to populate single particle (hole}-states or two
particle {two hole)-states, whereas inelastic (p,p’), {a,a’) etc. scattering leads to the
population of collective states. In addition (p,p)}, {d,d), {a,a)}, etc., elastic scattering may
be used to investigate nuclear potentials. In the following a few selected examples
will be discussed in detail.

II.1. Transfer Reactions

The localization of single particle states, including the determination of their
orbital angular momentum and their spectroscopic strength, allows a test of the nu-
clear shell model! in the region away from stability. Here the question of new regions
of shell closures may be investigated. A parametrization of single particle proton
energies throughout the valley of stability was recently established by Mairle et al.
[3]. It will be of course interesting to test the predictions of such a parametrization
in the region away from stability.
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Of particular interest are few nucleon transfer reactions on nuclei at or in close
vicinity to doubly closed shells, such as **Ni and '*2Sn [4]. Here matrix elements of
the residual two-body interaction as derived:from the particle-particle- and particle-
hole - multiplett states in adjacent even - A nuclei may be investigated. As compared
to such investigations in the region of semi-magic nuclei, the doubly magic **Ni
(Z=28, N=28) and ***Sn (Z=50, N=82) -cores should simplify the analysis and in-
terpretation of the data considerably and many ambiguities may be removed. For
*25n information on the two-body residual interaction for a large number of new
combinations of shell model orbits is expected, which could nearly double the avail-
able information on two-body matrix elements in doubly magic nuclei. At present only
**Ca and *°®*Pb in the region of stability are comparable cases [5]. While measure-
ments around the exotic '*?Sn might be of most interest, less spectacular radioactive
beams, such as **Co, ¥’Ni, *’Cu in the vicinity of ®Ni and beams in the vicinity of **Ca
(*"Ca, YK, **Ca, *°Sc) and ?°*Pb (*°'Tl, 2°*Pb) may give important additional information.

The investigation of neutron pickup reactions, such as (d,p)-reactions, is of
considerable interest for astrophysical questions, namely for the understanding of the
synthesis of stable isotopes in stellar burning processes. Here the determination of
neutron resonances ( E,, /,, spectroscopic factors)-for a couple of neutron rich nuclei
may be the basis for improved calculations of neutron capture cross sections [6],
especially for alternative astrophysical environments, for example those with different
neutron densities. Of special interest is the region of the observed isotopic anomalies
[7]. Recent theoretical investigations (n-capture [8] and NSE-models [9]) localize the
region of interest to nuclei near **K, *°Ca, 5'Ti, **Cr, ¢'Fe, **Ni, etc. [10]. In addition,
spectroscopy on radioactive nuclei in the 2°Na-reglon may yield new insight in the r
p - process [11].

11.2. Elastic Scattering

The investigation of elastic scattering on exotic nuclei enables to deduce infor-
mation on nuclear potentials and on nuclear matter densities. Of particular interest
is (p.p)-scattering on light neutron rich niclei at high energies (around 1 GeV/u), as
was proposed by G.D. Alkhazov et al. [12]). From such data the nuclear matter-
distributions may be investigated, as was successfully done in the past for a large
variety of stable nuclei {13]. The techniques of inverse kinematics with radioactive
beams enables such investigations for nuclei far off stability. As examples of special
interest the neutron rich light helium- and lithium-isotopes (especiailly a comparison
of °Li and ''Li to investigate the question of the neutron halo [14,15]) may be consid-
ered. For such investigations the high incident energies (around 1 GeV/u) which are
available now at GSI are of considerable advantage as compared to elastic scattering
at lower incident enegies [16], because the mechanism of proton-nucleus scattering
at higher energies is simple, and thus the theoretical interpretation of the data is
more straight forward and unambiguous.

Another topic of interest is the investigation of the isospin dependence of
nucleus-nucleus potentials which may be derived from a comparison of elastic scat-
tering of two isobaric nuclei as projectiles, for example 0 ('*C, '*C) '*0O and "0 ('*O,
*0) 0, as proposed by A. Ogloblin et al. [17].
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11.3. Inelastic Scattering

A variety of interesting questions is connected with the investigation of inefastic
scattering on exotic nuclei [4]. Inelastic scattering to low lying collective states
should not only locate these states, but yield information on their collective strength,
deformation parameters, and transition densities. High spin states will dominate the
spectra for processes with larger momentum transfer. Therefore we may be able to
localize some of the stretched-configuration high spin states. Of particular interest is
also the localization and transition strength of the 1*-magnetic dipole states, which
are core excitations of spin-orbit partners, i.e. particle-hole excitations with maximum
radial overlap between the particle and the hole. The strength of these unnatural
parity states can be directly connected to the Gamow-Teller strength in nuclear beta
decay. For more details the reader may be referred to reports on studies on stable
nuclei performed at Indiana and Los Alamos [18].

ill. Experimental Concept

In order to study reactions to resolved final states in the heavy nucleus it is
advantageous to detect the light recoil nucieus. Quantities of interest for direct re-
actions are:

i) the energies of the light particles in the exit channel from which the nuclear level
schemes may be deduced.

ii) the structure of the angular distributions from which the spins (at least the |-
values) may be deduced. For transfer reactions there exists a rather close re-
lation between the position of the first diffraction maximum and the transfered
orbital angular momentum |.

ili) the absolute cross sections from which spectroscopic factors, collective strength
and optical potentials may be deduced.

Generally for direct reaction studies the forward angular region 0°<%,.,<60° is of most
interest. The energy resolution needed is of the order of the nuclear level spacings,
typically of the order of A E = 50 - 100 keV. Typical cross sections are of the order
of 1-100 mb/sr. These conditions lead to severe constraints for the quality of the ex-
otic beams and for the experimental setup, which are different for different kinds of
reactions, as will be displayed in the following sections. Before focussing in detail
on the kinematical conditions of the experiments to be performed in inverse
kinematics the procedure how to produce and handle the secondary beams will be
briefly discussed in the following section.

1H.1. Production and Handling of Secondary Beams

The method to produce beams of radioactive nuclei in the fragment separator
FRS is displayed schematically in figure 3 (see also references 2 and 19). Incident
stable heavy ion beams with energies between 100 MeV/u and 2000 MeV/u are de-
livered from the heavy ion synchrotron SIS and transported to the production target
of the FRS. For the isotopic separation of the projectile fragments with relativistic
energies they are analyzed with respect to their magnetic rigidity and their energy
loss.
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The FRS consists of four independent stages, each including a 30°-dipole mag-
net and a set of quadrupole magnets for focussing. In the achromatic operation mode
(shown in figure 3) a shaped energy degrader is installed after the second stage. The
isotopic separation is obtained in 2 steps (see lower part of figure 3). Due to the re-
action kinematics the fragments are separated with respect to their A/Z-ratio after the
second stage of the FRS. The energy loss of the ions penetrating the degrader pro-
vides a different A- and Z-dependent isotopic selection at the final focal plane. By
matching the velocity dispersions with the appropriately shaped energy degrader,
this separation can be made velocity independent. Finally, beams of individual
isotopes, well separated in space, are obtained, providing the following features:

- due to the production method (projectile fragmentation) the energies of the sec-
ondary beams are above about E> 100 MeV/u.

- the beam emittance is about £¢<20x mm mrad.
- the longitudinal momentum spread is of the order of Ap/p<+1%.

As discussed in more detail below, these beams from the FRS may be used directly
for selected experiments in inverse kinematics with external targets (see also figure
1), or they may be injected into the experimental storage ring ESR to improve the
beam qualities and to tune their energies.

Production Target
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Fig. 3: The operation principle of the fragment separator FRS at GSlI is displayed
schematically for the example of the exotic fragment "®Ni, produced via fragmentation
of **Kr at an incident energy of E=500 MeV/u (figure taken from reference 19). The
areas for the different isotopes displayed in the lower part of the figure are propor-
tional to the corresponding calculated transmission rates.
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The layout of the ESR [1] is displayed in figure 4. For our purposes its most
important components are the electron cooler, which provides beam ‘cooling to
highest phase space densities, rf-cavities which allow to tune the beam energy, and
the internal gas-jet target [1,20] (H,, He, O,, etc.), which may be used as interaction
target for the experiments in inverse kinematics. In recent experiments [1,21] it was
demonstrated that electron cooling provides excellent beam qualities, even for
heaviest ions, and that the simultaneous storage of different ion charge states is
possible. In addition the successful transfer of secondary beams from the FRS to the
ESR, as well as the stacking, storage and cooling at such secondary beams was re-
ported [22].

Target
hall

Fig. 4: Layout of the experimental storage ring ESR (for details see text).

In summary the ESR provides

A
- excellent qualities of the secondary beams: £<0.1 # mm mrad, _pp_ < 1078,

- the tuning of the beam energy down to about E<5 MeV/u,

- the use of the internal gas-jet target which allows for low background (pure H,), and
high- luminosities due to many beam-target interactions (revolution frequency
f=10°-10° sec™’, see below).
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111.2. Kinematical Conditions for-the Experiments in Inverse Kinematics

Single nucleon transfer reactions are best performed at energies of about
10-15 MeV/u, dependent on the Q-values in individual cases. The arguments for
the choice of this energy range are momentum matching for the transfer to states
of fairly low angular momentum, i.e. the corresponding single particle configura-
tions. Under these conditions the structure in the angular distributions is charac-
teristic of the transfered angular momentum and the extraction of the spectroscopic
strength in terms of a DWBA-analysis is straightforward. At higher incident energies
the analysis of the data is no longer as unambiguous due to the higher order
processes enhanced by the momentum mismatch between the transfered nucleon
in projectile and target, leading to a loss in cross section and I-selectivity [4,23]. In
contrast, incident energies between 100 MeV/u and 1 GeV/u are desirable for
elastic and inelastic scattering in order to optimize excitation probabilities, and to

allow for an unambiguous analysis of elastic scattering data, as mentioned already
above.
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Figure 5 displays, as examples, the kinematical conditions for (d,p)- reactions
(upper part) and (p,p)- and (p,p’)- elastic and inelastic scattering (lower part) on
3290, For the case of the (d,p)-reactions the emitted protons of interest cover an
angular range of 75°<¥9,,<180° , even for rather large negative Q-values. The
proton energies are of the order of E, <20 MeV and the average
dE / d8,<0.4 MeV/deg , thus standard detector systems with an angular resol-
ution of A8<0.25° wili be sufficient for the most cases.

For (p.p)- and (p,p’)- reactions the situation is quite different. The backscat-
tered protons of interest cover the angular range 60° <8, <90° with proton ener-
gies up to £, 80 MeV. The variation of the proton energy with the laboratory
angle reaches values of up to dE / d@,, = 6 MeV/deg, thus requiring high arigular
resolution of about A@=0.02° in order to obtain a reasonable energy resolution.

I11.3. Required Features of Secondary Beams and the Experimental Setups

The basic properties of the secondary beams and the experimental setups are
determined by the optimization of the incident energy, the energy resolution and
the counting rates. Dependent on the special conditions of each experiment meas-
urements may be performed at GSI either at the experimental area directly behind
the FRS, using conventional external targets, or with stored radioactive beams cir-
culating in the storage ring using internal ESR-targets (see section I11.1 and fig. 1).

For transfer reactions the radioactive beams produced in the FRS have to be
injected into the ESR in order to decelerate them to energies around 10-15 MeV/u.
This is because at GSl-conditions the exotic beams are produced [2] at consider-
ably higher energies, typically above E > 100 MeV/u . For the investigation of
elastic and inelastic scattering no deceleration will be necessary, but in many
cases storing and cooling of the beam to highest phase space densities [1,21]
(e<0.1= mm mrad, Ap/p < 10-*) in the ESR will be essential to obtain sufficient en-
ergy resolution.

For special conditions, such as short nuclear lifetimes (t,., < 1sec), which
do not allow for injection and cooling in the storage ring, and large nuclear level
spacing, which does not require highest energy resolution to resolve neighbouring
energy levels, experiments with beams directly from the FRS at external target
stations without using the ESR are foreseen. Under these conditions the quality of
the exotic beams from the FRS [2], (e< 20 » mm mrad, Ap/p < + 1%), wili allow to
receive a sufficient energy resolution.

As external targets (CH,),foils with a thickness up to d < 1 mg/cm? (limited
by the amount of multiple scattering in the target) are used. For special conditions
active targets, such as H,- or He-filled time projection ionization chambers aflow
much higher luminosities (see section 1V). As internal target in the ESR a gas-jet
target [1,20] with a density up to 10'* atoms/cm? and a size of about 3-5 mm in di-
ameter may be used. Here the relatively small target thickness is compensated for
by the repetition rate of the beam and theé possibility to stack the beam in order to
reach highest luminosities (see next section). To obtain high angular resolution
internal fibre targets containing hydrogen (d < 10 um in diameter) may be used,
which provide a well localized interaction zone [24]. For the future aiso an internal
polarized hydrogen target is foreseen [24,25], which allows to study the spin de-
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pendent part of direct reactions. This allows, for example, the determination not
only of |, but of j in transfer reactions.

The intensities of secondary exotic beams from the FRS are mainly limited
by the intensities of the incident primary beams available from SIS, and the cross
sections for fragmentation. in table 1 estimates for a few examples are displayed.
The numbers given were calculated assuming a FRS production target of 4 g/cm?
*Be and a primary beam intensity of 5x10® sec™" at an incident energy of 350 MeV/u.
It should be pointed out that the assumed primary beam intensities are realistic for
GSli-conditions at the present time [1], at least for ions with A < 100, and may be
even improved in the near future. The fragmentation cross sections were taken
from calculations performed by K. Simmerer et al. [26]. In addition the trans-
mission through the FRS was taken into account with typical values around 25 %.
The estimates displayed in table 1 were verified in a recent experiment [27] with
*Ni, where a secondary beam intensity of 2-3x10* sec™ ®**Ni-ions was obtained.

For a typical experiment at an external target, for example (p,p’)-inelastic
scattering on °°Ni, as discussed in detail in section IV, the expected event rate for
inelastically scattered protons was estimated assumingztypical values around 20
mb/sr for the differential cross section [28], a 1 mg/cm* thick (CH,), -target and a
total useful solid angle covered by the detectors of Q=150 msr. The resulting ex-
pected event rate of 46/h shows, that the present conditions allow first generation
experiments to be performed for several cases of interest (see section If). On the
other hand it becomes clear from table 1 that some of the most interesting cases
in the region far off stability, such as nuclei in the vicinity of the doubly magic *?Sn,
will only be possible after a considerable improvement of the experimental condi-
tions. Essential for such experiments will be:

- an improvement of the primary beam intensities (ion source, high current
injector, transfer efficiency UNILAC—-SIS): => increase in event rates: factor
3-30.

- use of large area detector systems, covering the whole useful solid angle:
= > factor 5-10.

- use of the internal ESR gas target in combination with continuous beam accu-

mulation and stacking (see also next section): = > factor 3-100.
Production .
Isotope | Projectile | Cross Section lntens_;:ty
o[ub] [sec _]
56N 5*Nj 1400 5 .10*
seCr &Ni 2200 8 .10
f'Fe **Ni 4300 1.5-10°
23n 3Xe 0.5 2 .10

Table 1: Expected production cross sections and intensities of secondary beams
provided by the fragment separator. The numbers given are calculated assuming a
primary beam intensity of 5x10® sec™ at an incident energy of 350 MeV/u and a pro-
duction target of 4 g/cm? °Be {for further details see text).
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I1l.4. Comparison of the Conditions for the Use of External and [nternal ESR-Targets

The accumulation and storage of exotic beams in the experimental storage ring
ESR and the use of internal interaction targets may be of considerable advantage, not
only for the quality of the exotic beams due to beam cooling, but also for the
luminosities. A survey of the performance of the ESR for physics with exotic beams
is given in ref.[29]. In the present context a comparison between the conditions for
the use of an external target setup and for an internal storage ring target for direct
reactions in inverse kinematics will be discussed. Here external targets may be either
used with the direct beams from the FRS (as already discussed in the previous
sections), or with cooled and (or) decelerated beams extracted from the ESR.

For our comparison we will deal with the following assumptions:

- The thickness of an external (CH,),-target, used as a hydrogen target, is limited
to about d<img/cm? in order to keep the amount of multiple scattering of the
beam and the outgoing light particles at a tolerable level. This assumption
holds for most of the experiments to be considered.

- The density of the internal ESR gas-jet target is assumed to be 10" atoms/cm?,
which corresponds to the design value [20].

- The intensity of the secondary beam from the FRS is assumed to be 5-10%sec
(see table 1).

- The exotic beam from the FRS will be continuously accumulated, cooled and
stacked in the storage ring.

- As a total useful nuclear cross section (differential cross section times detector
solid angle) we assume ¢, =3 mb, which is reasonable for both inelastic
scattering (see previous section), as well as for transfer reactions, where the
differential cross sections are smaller, but the useful solid angle that can be
covered is generally considerably larger.

Under these conditions we expect for an external target, with only one passage of
the beam through the target, an event rate of 46/h. For the conditions of the internal
ESR target we take advantage of the fact that many beam - target interactions with
a typical repetition rate of 10°-10° sec™' are possible. The relevant number to be
considered is the ratio of the nuclear cross section and the cross section which
leads to a loss of the beam out of the ESR. We assume charge exchange processes
in the internal target to be the dominant loss process (besides nuclear decay of the
exotic nuclei, see below). The fully stripped beam injected into the ESR will un-
dergo electron capture and- consequently be lost. The electron capture cross
sections are strongly dependent on thé nuclear charge and the energy of the beam.
For the present estimates we use scaling laws from Schlachter et al. [30] (for the
lower energies), and from Stéhlker et al. [31,32] (see also ref. [29]). For the ex-
ample of a 10 MeV/u **Ni*®**-beam we obtain an electron capture cross section of
Ouem = 5.4x1072cm? leading to a lifetime of the beam in the storage ring of T .
=47 sec, and a ratio between nuclear and électron capture cross section
Oucil Oeom = 5.6x107¢. Taking into account the production rate of the exotic beam
we expect an average event rate of about 1000/h, which represents for this case
an advantage of the internal over the external target of a factor 22. In fig. 6 the ratio
of event rates obtained with an internal target R,,, and with an external target R, is
plotted versus the nuclear charge Z, of the beam for incident energies of 10 MeV/u
and 100 MeV/u. Due to the Z, - and E-dependence of the charge exchange cross
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section we obtain the displayed dependence of R,,/R,, . For the case of the lower
beam energy (solid line in fig. 6) a "break even” point R, /R;,, =1 is reached for
heavier beams, where the lifetime of the beam in the storage ring is only of the
order of a few seconds. It should be pointed out that the situation may be still im-
proved by using the possibility of multiple charge state operation of the ESR
[1,21]. On the other hand, we have to take into account in addition the transfer ef-
ficiency for the beam between the FRS and the ESR, which depends on the quality
of the exotic beam in each individual case.
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Fig. 6: The ratio of event rates R,./R.,. expected for a direct reaction in inverse
kinematics, investigated usmg an internal hydrogen gas jet target (R,,) and an ex-
ternal (CH,), target (Red), is plotted versus the nuclear charge Z, of the projectile.
The situation is displayed for beam energies of 10 MeV/u (sohd line) and of 100
MeV/u, in the latter case for a nuclear lifetime of 1, = (dashed line) and of
T..= 100 sec (dashed-dotted line). The experimental conditions which were as-
sumed for the present calculations are listed in the text.

For the case of the higher beam energy the gain for the internal target may

be orders of magnitude higher (dashed line) due to the longer lifetimes of the
beams in the storage ring (for example t,,, = 1200 sec for Z,=28). Of course in
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this case we have to take into account the nuclear lifetime of exotic beams which
might contribute considerably to the loss processes of the beams in the ring. As
compared to the dashed line (for infinite nuclear lifetime of the exotic beams), the
dashed-dotted line, where a nuciear lifetime of 7, =100 sec was assumed, is
more realistic for the case of the higher energies. Here an improvement of about 2
orders of magnitude, almost independent of the nuclear charge of the projectile, is
expected. This demonstrates the advantage of using internal targets for many sit-
uations and justifies the effort for performing experiments in the technically chai-
lenging UHV-environment of heavy-ion storage rings.

iV. Status of First Experiments

In this section a few selected first generation experiments will be discussed.
The status of experimental developments for these experiments, as well as first
results will be displayed.

IV.1. Investigation of (p,p’)-Inelastic Scattering on %¢Ni

As a first prototype experiment with an external target (p,p’)-inelastic scat-
tering on the doubly magic nucleus **Ni to the first excitated state at 2.70 MeV has
been investigated at an incident energy of E=100 MeV/u. This experiment is in-
tended to yield a more accurate value for the poorly known [33,34] matrix element
for the transition connecting the 0*-ground state to the first excited 2*-state, and
therefore to allow a more sensitive test of shell model calculations for that nucleus.
In addition this experiment provides a good test case for addressing the problems
associated with doing inverse reactions with radioactive beams. The first
diffraction maximum in the angular distribution of the inelastic cross section for the
excitation to the 2.70 MeV 2*-state in *Ni (expected at ©,,, = 12° — 18°) is local-
ized between 9,, = 78.5° and 8,, = 80.9° in the laboratory system for the inverse
kinematics. Due to the large level spacing in **Ni the inelastically scattered protons
to the 2*-state are energetically. well separated from the elastic protons (see fig. 7).
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This allows to resolve inelastic scattering from elastic, even with a large angular
acceptance of the detector system (A3, =2°), and when using the direct beam
from the FRS with an energy spread of about AE = 2.5% without beam cooling in the

ESR.

START-DETECTOR

BEAM FROM FRS

(CH; n~

STOP-DETECTOR
TRACKING-DETECTOR PSD1
VETO-DETECTOR

S| -DETECTORS

TRACK ING-DETECTOR PSD2

Fig. 8: Schematical view of the experimental setup for the (p,p’)-experiment on **Ni

(for details see text).

Fig. 9: Beam-properties of
the *®Ni-beam provided by
the fragment separator.
The position in x-direction,
measured with a position
sensitive scintillation de-
tector (PSD1) positioned
close to the (CH,), -target,
is plotted versus the time
of flight. The *¢Ni-beam is
well centered and has a
width of about 15 mm
(FWHM).  Impurities of
neighbouring isotopes are
well separated. For the
isotope identification the
additional AE-information
(see fig. 8) is used.
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The experimental setup is sketched in fig. 8. Total energy and time of flight
of the recoil protons were measured with 18 silicon detectors (48x8 mm? active
area each, 2500 um thick), which had been installed inside a vacuum chamber in
the geometry of a concentric ring of 20 cm radius around a 1 mg/cm? (CH,), -target.
The target was mounted normal to the beam on a linear translation stage and could
be moved in beam direction. Thus, an angular range of 77.5°< 3, < 83.0° was
covered. A set of scintillation detectors was used to track the beam particles and
to verify their nuclear charge and mass by time of flight and energy loss measure-
ments. As tracking detectors, two position - sensitive scintilJators [35] (PSD1 and
PSD2, 140x140 mm?® active area, read out with four photomultipliers; the position
information is obtained by comparing the energy signals of left/right and up/down,
respectively) were mounted upstream and downstream from the target. These de-
tectors, as well as the TOF-system, operated in vacuum and had been tested to al-
low for maximum beam intensities up to 10° sec™; a position resolution of Ax<
2 mm, and a time resolution of At < 250 psec was observed. An example for the
beam properties of the **Ni-beam, provided by the fragment separator for the
present experiment, is displayed in fig. 9. The x-position measured with a position
sensitive tracking detector {(PSD1), positioned close to the target, is plotted versus
the time of flight. The **Ni-beam is well centered and has a width (FWHM) of
15 mm (about the same in y-direction). Impurities of neighbouring isotopes, iden-
tified by using the additional AE-information (see fig. 8), are well separated. The
average intensity of the **Ni-beam was about 3 -10* sec™.
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Fig. 10: Measured energy spectrum for p(**Ni,p’}**Ni* at 100 MeV/y and §,,=79.1°
(left-hand side) in comparison with the expected spectrum obtained from a Monte-
Carlo calculation {right-hand side). The spectra are not normalized on each other
in vertical scale.
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The result of a preliminary data analysis is displayed in fig. 10 (left-hand
side), where the energy spectrum for the scattered protons is shown. The identifi-
cation of the recoil particles was done by time of flight (time resolution =3 ns).
The background originating from °°Ni+'’C-collisions was measured with pure
?C-targets and subtracted from the yield obtained with the 1 mg/cm? (CH,),-target.
After corrections for energy loss and multiple scattering of the protons in the target,
two structures appear in the energy regions, where the elastic and inelastic yields
can be expected. The shape of the spectrum is in fair agreement with that resulting
from a Monte-Carlo simulation (right-hand side of fig. 10), using optical model
[36] and DWBA calculations, assuming f,= 0.2 [37]. The angular cut in inelastic
scattering covers the first diffraction maximum, for elastic scattering it is near a
calculated minimum 'in the angular distribution. Included in the simulation are
multiple scattering effects of the outgoing particles in the 1 mg/cm? (CH,), -target.
From the present analysis we deduce a preliminary value for the inelastic cross
section in the first diffraction maximum of (da/dQ) = 24.8 mb/sr with an error at this
point of the analysis of 10-20%. A more detailed analysis of the data, including the
information on the scattering angle from beam tracking, is presently in progress.

IV.2. Investigation of (p,p)-Elastic Scattering on Light Neutron-rich Nuclei

This experiment aims to investigate high energy (800 MeV/u) elastic proton
scattering on light neutron-rich nuclei, such as ®He, ®He, ®Li, °Li, "'Li in order to in-
vestigate their nuclear matter distribution [12] (see also section ). In the recent
past extremely neutron-rich nuclei, in particular ''Li, have attracted considerable
attention, as a number of experimental evidences indicate that these nuclei have
qualitatively new spatial structure with an extended neutron tail [14]. Various ex-
perimental results suggest the *'Li-nucleus to consist of a dineutron in the field of
a ‘Li-core [15]. Therefore a comparison of the nucleon distributions of °Li and *'Li,
where a different behaviour due to this giant neutron halo of ''Li is expected, will
be of special interest.

Due to the short nuclear lifetimes (for example t=8.7 msec for ''Li) these exper-
iments are to be performed at an external target station without use of the ESR.
The low production rates for the very neutron rich nuciei (about 10%-10° sec™ for
""Li) demand for thick effective hydrogen targets and large solid angle detectors.
To meet these experimental conditions a hydrogen-filled time - projection ionization
chamber, which serves simultaneously as a gas target and a detector, will be used.
The recoil detector IKAR [38] (see fig. 11), provided by the LNPI St. Petersburg,
was originally developed for high energy proton-, pion-, etc., scattering [39], and is
presently under reconstruction and test for the proposed experiments. It operates
at a hydrogen pressure of 10 atm. The effective target length is 500 mm. The whole
setup is rotationally symmetric with respect to the beam axis. It consists of six
identical cells of ionization chambers, each containing a cathode, a grid and con-
centric anodes. The amplitude- and the drift time-analysis of the signals from the
electrodes yield the proton recoil energies E, (or AE, for £,> 5 MeV when the recoil
protons leave the active volume), the angle 6, of the recoil protons, and the coor-
dinates of the interaction vertex in the grid-cathode space. The energy- and
angular-resolution is AE=120 keV, and A8 =0.5° (for £, >3 MeV), respectively.
The detector is able to stand secondary beam intensities up to the order of 10*
sec™.
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Fig. 11: Schematical view of the recoil detector IKAR used to detect scattering an-
gle and energy of elastically scattered protons (for details see text).
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Fig. 12: Predicted differential cross sections dao/dE, versus the recoil energy E, for
'H ("'Li,'H) "'Li-elastic scattering at an incident energy of E=800 MeV/u. The *cal-
culations were performed assuming nuclear matter distributions with (solid line)
and w*t/bout (dashed line) a neutron-halo, but both with the same nuclear radius
<rr> 3.6 fm for *'Li.

Figure 12 shows predictions [12,40] of differential cross sections for
'H("'Li,"H)""Li-elastic scattering at an incident energy of E=2800 MeV/u for proton
recoil energies up to E, <11 MeV, corresponding to an angular range
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0°<8,<6.5° . A comparison of the solid line (calculated assuming a nuclear
density distribution with a neutron haloJ and the dashed line (without neutron halo)
gives an idea of the sensitivity of the present experiment on the ''Li neutron halo.
We conclude that at these high incident energies, which allow an unambiguous
analysis of the data, a good sensitivity on the neutron distribution in the region of
the giant neutron halo is expected.

IV.3. Investigation of (d,p)-Transfer Reactions Using the Internal ESR Gas-Jet Target

The aim of first experiments at the internal ESR gas-target is to investigate
{d,p)-reactions on nuclei in the vicinity of the doubly magic **Ni and in the
A =50-region (*K, *Cr, *'Fe, 5'Ti) of astrophysical interest. As compared to exper-
iments at external targets we have to deal with much stronger requirements. This
is because the experimental setup, including the detector systems, has to meet the
UHV-conditions of the ESR.

i 1 1 Il 1 I
2 ;i:;:rom’c
10" B without -
“N(*™Ne "N)®Ne gas—jet
E =150 MeV/u
6,,=89.6°
2
=1
3 10' .
8101
.
¢ Rutherford
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- Il |
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Fig. 13: Energy spectra for "*N(**Ne,"*N)*°Ne-elastic scattering at £, =150 MeV/u
and at 8, =89.6° measured at the internal ESR gas target. Spectra taken with (left
hand side) and without (right hand side) gas-jet are shown. The data are compared
with the result of a computer simuiation for Rutherford scattering (solid line).

To study the conditions of the internal gas-jet target first test measurements
with stored stable beams (**Ne, “°Ar) have been performed using a preliminary
setup which includes a relatively small solid angle detector system (Q =1.2 msr),
mounted near 8,, = 90° . This setup allows to investigate elastic scattering near the
grazing angle and will be used for luminosity and beam-lifetime measurements in
the ESR. A typical energy spectrum obtained for "*N(**Ne,'*Ni}**°Ne-elastic scatter-
ing at @, = 89.6° is displayed in figure 13. Besides a peak due to electronic noise
an energy distribution of elastically scattered '*N-particles is observed, which is in
good agreement with that expected for Rutherford scattering in the region below
the grazing angle. The observed count rate is consistent with a luminosity of 10**
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cm™? sec™ for the present measurements and a gas-jet density of about 1x10'
atoms/cm?®. Without gas-jet only a negligible background rate is observed in the
interesting region of the spectrum. The conditions of the gas-jet target have been
improved recently [1]. Jet-densities at the interaction region of 610 atoms/cm? for
Ar and 1-10" atoms/cm? for N, were obtained.

For the investigation of direct reactions at the internal ESR-target a new setup
for the interaction region, which allows to use large solid angle detector systems
in the whole angular region of interest, is presently in preparation. A schematic
view of this setup is displayed in fig. 14. it consists of a beam chamber and a de-
tector chamber. The whole setup will operate at UHV-conditions. Movable detector
systems may cover the angular range 20° < 8, < 160°. The vertical acceptance is
A¢p= +£20°. The beam chamber allows to mount detectors in the angular range
0° < 8,,, < — 20° for kinematic coincidence experiments.

For the detection of the light particles we want to follow the concept of multi-
detector arrays consisting of PIN-diodes, which provide excellent energy resolution
{AE<30 keV for 5.5 MeV a-particles {42], and are available at relatively low cost,
thus allowing to cover large solid angles. Fig. 15 displays the layout of a prototype
detector consisting of 100 PIN-diodes (1 c¢m? active area each) in a 10x10 quadratic
arrangement. In order to reduce the amount of electronics a semicollective readout
method was used, which allows to obtain energy and time signals from each of the
100 PiN-diodes with only 20 electronic channels. For that purpose the 10 PIN-diodes
in each row are connected at their N - contacts and the 10 PiIN-diodes in each col-
umn at their P - contacts. The 10 rows deliver the energy signals, the 10 columns
the time signals, and by a coincidence - condition the identification of the diode
which fires. is obtained. This scheme only works reliably, if muitiple-hit events are
rare, which is the case for our studies. The prototype detector was used in a test
experiment [42] with a stable '**Xe-beam from the UNILAC-accelerator, where the
d{'*Xe,p)'*Xe*-reaction leading to excited states of '*'Xe was investigated at
E=5.9 MeV/u using the method of inverse kinematics. For that purpose a
deuterated Ti-foil (100ug/cm?, Ti:D-content 1:1) was used as a target. A typical en-
ergy spectrum obtained at 8,, = 120.8° is displayed in fig. 16. Peaks corresponding
to transitions to the strong single-particle states in '*’Xe are clearly resolved on a
continuous background. A detailed energy versus time-of-flight analysis showed,
that the dominant part of this background (=90%) consists of protons, most likely
evaporation protons from the Xe + Ti reaction. The observed energy resolution was
of the order of AE =80 keV, mainly determined by the angular resolution. It may be
improved by enlarging the distance target-detector and by using better quality
beams, e.g. cooled beams of the ESR. For first measurements of (d,p)-reactions
at the ESR PIN-diode detector arrays consisting of 16x16 PiN-diodes, well suited for
the UHV-conditions of the ESR (bakable up to temperatures of 200°C), are presently
in preparation.
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Fig. 14: Schematic view of the future experimental setup at the internal gas target.
It consists of a beam chamber housing the interaction region between the stored
beam and the gas-jet target, and a detector chamber. The detector chamber will
contain arrays of PIN-diodes which are movable in the angular range 20° <
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Fig. 16: Energy spectrum of protons emitted in the reaction d{'**Xe,p)*"Xe* at
9., =120.8° .

Y. Conclusions

The combination of the new heavy-ion facilities SIS, FRS and ESR at GSI
opens new possibilities for a large variety of nuclear studies. The method of inverse
kinematics with good quality exotic beams allows for nuclear structure studies on
nuclei in the region away from stability by investigating light ion induced reactions,
such as transfer reactions, inelastic and elastic scattering. The physics motivation
for such investigations was discussed in detail. Some of the most interesting
questions focus on

- the test of the nuclear shell model in the region away from stability,

- the investigation of matrix elements of the 2-body residual interaction,

- astrophysical aspects, such as the understanding of the synthesis of stable
isotopes in steliar burning processes,

- the investigation of nuclear matter distributions of (light) neutron rich nuclei,

- information on collective strength and transition densities, etc..

The conditions for exotic beams at GSI, namely the high energies available and the
high quality cooled beams from the ESR, allow addressing at least some of these
questions. Nevertheless, it should be kept in mind that we are dealing with "sec-
ondary reaction experiments” where cross sections of the order of a few millibarns
limit the event rates twice, first in producing the exotic beams, secondly when in-
vestigating the reaction of interest. This leads to the following essential require-
ments for most of the experiments:

- highest luminosities available for both steps mentioned above,
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- large solid angle detector systems, for example arrays of PIN-diodes, or active
gas targets such as time-projection ionization chambers,

- external and internal ESR-targets, dependent on the specific conditions (nu-
clear lifetimes, level spacings, etc.),

- high resolution and high luminosities provided by the ESR through cooling and
stacking.

First generation experiments, which are presently in preparation or recently
performed, are (p.p’) and (p,p)-scattering on %*Ni and light neutron-rich nuclei such
as ®®He, and ®*''Li, as well as (d,p)-reactions on Ax50-nuclei. The investigation
of one of the regions of most interest near the doubly magic **Sn will need con-
siderable improvements of the experimental conditions for a successful realization.
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