Relativistic Beams
of Exotic Nuclei
A Powerful Tool for

Nuclear Structure Physics

A total of 75 targets of differ-
ent elements with differing
thicknesses can be installed at
the target station af the
entrance of the fragment sepa-
rator. Fach of the cylindrical tar-
gets, which have a diameter of
two centimeters, can be moved
info the path of the ion beam
with millimeter precision using
step motor control. If required,
the target holder can also be
exchanged by remote control.

The production of exotic nuclei
beyond the region of nuclei known
today, and the study of their pro-
perties have a long tradition at GSI.
The best-known examples are the
experiments to synthesize the hea-
viest elements—those with atomic
numbers 107 to 112. Besides the
structure of such exotic nuclei, such
investigations also focus on astro-
physical questions such as the stel-
lar nucleo-synthesis. Since the addi-
tion of the SIS heavy ion synchrotron
to the GSI facilities, the most impor-
tant tool for these experiments has
been the fragment separator, where
relativistic beams of exotic nuclei
can be produced and separated into
isotopically-pure components. In
conjunction with the ESR experi-
mental storage ring and the various
experimental facilities in the target
hall, this facility has opened up uni-
que opportunities for nuclear struc-
ture research. Moreover, these
opportunities will be considerably
extended in the course of the pre-
sent intensity upgrade programme.
GSI will thus be able to strengthen
its position as one of the world’s lea-
ding laboratories as far as the study
of radioactive secondary beams is
concerned.

So-called “magic” nuclei have a spe-
cial significance within the landscape of
the nuclides. In a manner analogous to
the shell structure of the electrons sur-
rounding the nucleus, the protons and
neutrons making up the nucleus also
form closed shells at particular proton
and neutron numbers. Such closed
shells lead to particularly stable config-
urations—the so-called magic nuclei. If
both the proton and the neutron num-
bers are magic, then the nucleus is said
to be doubly magic, and holds a special
fascination for nuclear physicists. Thus,
the ability to correctly predict shell clo-
sure is an important test for nuclear
models, particularly when the nuclei
concerned are far off stability. Physi-
cists believe that the study of these and
neighboring nuclei offers especially
clear insight into the effective interac-
tion between the nucleons.

»~Magic” Nudear Physics

The first production and identifica-
tion of the doubly magic nuclei tin-100
[1] and nickel-78 [2] thus belong to
highlights achieved to date at the frag-
ment separator, the importance of
which may be compared to the synthe-
sis of the heaviest elements at the UNI-
LAC. Moreover, it may prove possible to
produce a further doubly magic nucleus,
nickel 48, in coming experiments at the
fragment separator. With 28 protons
and just 20 neutrons, this nucleus has
such an extreme surplus of protons that
its observation would, in itself, be a lit-
tle scientific sensation. The production
and investigation of such magic iso-
topes and their neighbours, far off the
valley of stability, will thus continue to
be one of the central issues of the
experimental programme at the frag-
ment separator.

But there is more to nuclear physics
than magic or even doubly magic
nuclei. To take but one example, the
question of the location of the bound-
aries within which matter can exist at
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The Fragment Separator
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in proportion fo the square of
their nuclear charge—can be
introduced in the mid-plane.
The combination of momentum
selection, energy loss, and
repeated momentum selection
produces an isotopically pure
separation at the exit of the
fragment separator.

Figure 1: The fragment separa-
tor consists of a combination of
magnefic dipoles (green),
which deflect the fragments,
and magnetic quadrupoles (yek
low), which serve to focus the
fragment beams. A so-called
degrader (blve)—in practice
an aluminum wedge in which
the fragments are slowed down

all, even for a short lifetime, is of fun-
damental importance. If, for example,
physicists create nuclei with increasing
proton surplus in comparison to the
stable isotopes of the same element,
eventually a boundary is reached—the
so-called proton drip line—beyond
which a further proton no longer
remains bound to the nucleus. In the
case of nickel-48, it is not known
whether or not the isotope can exist in
bound form. In the same way, extreme-
ly neutron-rich nuclei are subject to the
constraint of the neutron drip line.

In the region of the drip lines a
series of new and interesting phenome-
na occur. Light elements with a high
neutron surplus such as lithium-11
show a strongly increased nuclear
radius. In this nucleus, the outer, weak-
ly bound valence neutrons form a dif-
fuse cloud around the core of the nucle-
us, a so-called neutron halo. An analo-
gous, but much weaker halo effect has
also been observed for extremely pro-
ton-rich nuclei such as boron-8.

Information on neutron-rich iso-
topes is especially interesting for astro-
physics. Today, we know that the
process of nucleo-synthesis in the inte-
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rior of stars and in the course of super-
novae explosions proceeds via exotic
nuclei. Neutron-rich nuclei along the
path of the so-called r-process play an
important role in the formation of the
heavy elements. These nuclei are
formed by rapid (r) neutron capture
during the course of supernovae explo-
sions. The better-known the properties
of these neutron-rich isotopes, the
more exactly nucleo-synthesis in such
astrophysical processes can be mod-
eled, and important variables such as
the neutron flux density in the “element
kitchen” of a supernova can be deter-
mined. One important criterion for the
reliability of the model is how accurate-
ly it reproduces the observed relative
abundances of the different elements.

The following discusses the produc-
tion of exotic nuclear beams at the frag-
ment separator in more detail, with
consideration of the different reaction
mechanisms and the separation tech-
niques utilized at this, one of the most
important instruments for nuclear
structure physics at GSI. Related
reports on the broad research pro-
gramme of experiments at and in con-
nection with the fragment separator
have already appeared in previous
issues of GSI-Nachrichten (4/96, 5/96,
6/96 and 1/97).

Prior to the construction of the SIS
heavy ion synchrotron, nuclear reac-
tions at low energies around the
Coulomb barrier were used to produce
exotic nuclei at GSI. These reactions,
which were studied at the UNILAC,
populate a relatively small region of the

chart of nuclei around the nucleus to be
synthesized. The situation is different,
however, in the case of high-energy
reactions, which were first used exper-
imentally at the BEVALAC in Berkeley
during the ‘70s. When relativistic ions,
accelerated to almost the velocity of
light, collide with a thick target, a broad
spectrum of nuclei with mass and
charge numbers below those of the pro-
jectile nucleus fly onward, close to the
velocity of the primary beam. An exotic
nucleus can be separated from this
mixture almost free of background.
This is accomplished by deflecting the
ions in electromagnetic fields and, in
addition, slowing them down in thick
layers of matter. This is the basic prin-
ciple of the FRS fragment separator at
GSI, which is illustrated schematically
in Figure 1 [3].

Fragmentation or Fission

When a projectile travelling at rela-
tivistic velocity hits a target nucleus,
two distinct geometrical zones can be
distinguished in the reaction: the region
where the two colliding nuclei overlap,
in which the nuclear matter is com-
pressed and heated, and the “spectator
matter” which remains comparatively
unaffected. To put it more clearly, the
“spectator matter” is sheared off from
the projectile nucleus in the collision.
This remnant of the projectile, which
continues in the original beam direction
with practically unaltered beam veloci-
ty, must rearrange itself corresponding
to the remaining numbers of protons
and neutrons. The energy released in
this process is dissipated by boiling
particles off—mostly neutrons in the
case of heavy nuclei. The distribution of
fragmentation products is thus centered
on the neutron-poor side of the valley of
stability. Both the experiments in
Berkeley and the systematic studies
carried out during the first years of
operation of the FRS at GSI have shown
that the fall-off in the probability of



fragments formation on the neutron-
poor side follows approximately a
Gaussian distribution. The probability
of formation decreases by approximate-
ly one order of magnitude for each
missing neutron (Figure 2).

In order to produce the neutron-rich
isotopes so relevant to the astrophysical
questions mentioned above, another
type of nuclear reaction can be utilized
at the FRS: the projectile fission of rela-
tivistic heavy ions. When a projectile
nucleus does not collide directly with a
target nucleus, a fragmentation reac-
tion cannot occur. If, however, the
nuclei pass extremely closely, they can
be excited by the Coulomb field
between the projectile and target
nuclei. In the case of heavy projectiles
such as uranium, this excitation can
cause the nucleus to undergo fission.
Due to the fact that the stable isotopes
of heavy ions are neutron-rich, the fis-
sion fragments produced in this man-
ner lie on the neutron-rich side of the
valley of stability (Figure 2 and 3). One
especially interesting feature of this
process is the large number of new
exotic nuclei that can simultaneously be
produced and identified. One such
nucleus is the doubly magic nucleus
nickel-78.

Separation and Identification

The fragment beam of the FRS con-
tains a complex mixture of different
ions travelling at almost the same
velocity. Magnetic dipole fields are nor-
mally used to separate the different ion
species from one another according to
their mass to charge ratio A/Q. Magnet-
ic quadrupoles are used to focus the
fragment beams.

The FRS consists of a total of four
groups of dipole and quadrupole mag-
nets. Each dipole deflects the beam by
an angle of 30 degrees. The magnetic
fields are normally set so that an achro-
matic focus is produced at the output of
the fourth stage. Here, the ions with the

same mass to charge ratio are focused
into a small area, regardless of their
initial angle or momentum. Naturally,
such an ion-optical arrangement does
not allow separation of a single iso-
tope, as all ions with the same ratio of
mass to charge are allowed to pass. To
separate this mixture of isotopes
according to nuclear charge number,
the ions must be passed through thick
layers of matter, where they lose ener-
gy. The energy loss is dependent on the
nuclear charge number of the frag-
ment. The principle is particularly
advantageous at high beam energies,
such as those delivered by the SIS
heavy ion synchrotron. At these ener-
gies, all light and medium-heavy, and
most heavy nuclei are completely ion-
ized, i.e. their ionic charge is equal to
their nuclear charge. In addition, the
relative smearing-out of the velocity
and the angular straggling during the
passage through matter is low, enabling
material thicknesses of several centime-
ters to be used without significantly
enlarging the beam focus.

In practice, a wedge-shaped “degra-
der” of aluminum is used in the central
plane of the FRS. An isotopically pure
beam with a diameter of a few centime-
ters can be produced at the output. In
order to further increase the degree of
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confidence with which the isotope can
be identified and interfering isotopes
can be separated, the position and
flight time of the ions in the second half
of the separator and their energy loss
are measured in suitable detectors.
Both the nuclear charge and the mass
of the ions can be obtained from this
data. In this way, the observed ions can
be individually identified, so that even
extremely rare nuclei can be tracked
down like a needle in a haystack.

The process is highly efficient. For
ion beams of exotic nuclei produced by
means of projectile fragmentation, the
transmission through the fragment sep-
arator reaches over 90 percent. The
decisive factor here is that the frag-
ments almost completely retain both
the direction and velocity of the prima-
ry ion beam. In contrast to this situa-
tion, during the projectile fragmenta-
tion of uranium, energy is released and
transferred to the fragments, changing
their velocity and direction. Transmis-
sion of such beams through the frag-
ment separator is thus limited to
around 10 percent. On the other hand,
this leads to an advantage: If the FRS is
set to select only such nuclei with veloc-
ities higher than that of the ions collid-
ing with the target, then only nuclei
formed by fission are selected.

Figure 2: Isotope yields for pro-
jectile fragmentation of '*”’Xe
(red and blue points) and fis-
sion of U (green points). The
dashed lines show the intensi-
fites expected affer the intensi-
ty upgrade. The line on the left
marks the proton drip-line, the
dashed area on the right shows
the region of nuclei relevant for
the r-process.
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In comparison to on-line mass sepa-
ration using conventional ion sources,
the process employed at the FRS has
the advantage that the chemical prop-
erties of the isotopes so produced are
irrelevant. For example, the isotopes of
the element tungsten, which is difficult
to vaporize, can be produced in the
same way as those of the volatile ele-
ment mercury.

These advantages of the fragmenta-
tion process, the possibility of pure sep-
aration and clear identification, high
efficiency, and universality formed the
foundation for the major successes of
the fragment separator mentioned at
the beginning of this article. During the
experiments yielding the first detection
of tin-100 and nickel-78, it thus proved
possible to identify a few nuclei of these
isotopes out of a background of more
than 10" other nuclei.

Figure 3: The figure shows the
sotopic distribution of uranium
fission fragments recorded at

Fission Fragments
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After the Intensity Upgrade

The experiments at the fragment
separator will benefit particularly from
the planned increase in intensity of the
SIS heavy ion synchrotron. Nuclei
which were previously only available in
extremely small amounts will be pro-
duced in such numbers that it will be
possible to use them for mass measure-
ments in the ESR and other spectro-
scopic studies. Experiments of this type
are already planned, especially for tin-
100 and for the astrophysically interest-
ing nuclei around nickel-78.

Linked with the intensity increase
are higher technical demands on the
infrastructure and on the operation of
the fragment separator, for example in
the area around the target station due
to the increased radioactive activation,
or in data acquisition, due to the much-
increased data rates. The correspond-
ing measures are currently being
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implemented, so that the intensity
increase available as of the middle of
next year can be fully utilized. In con-
nection with the storage ring and the
experimental facilities in the target hall,
this will allow GSI’s leading role as a
laboratory for relativistic radioactive
beams to be consolidated and extended
even further. ™
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