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In-flight separation of unretarded nuclear reaction products has made considerable progress in recent years. Electromagnetic
separatars for exotic species produced by nuclear fission, heavy ion fusion, target spallation, or projectile fragmentation have been
developed to separate isotopes over the whole periodic table of elements wilh energies up to the GeV /u range.

Recently, the possibility to produce cxotic nuclear beams with energies far above the Coulomb barrier by projectile
fragmentation opened a new field of secondary beam physics, the direct use of isotopically separated beams of unstable nuelci for
nuclear reactions. Characteristic examples of in-flight separation will be discussed with emphasis on the new generation of
prajectile fragment separators, inchuding the future application of cooled and stored secondary beams for the application in nuclear

physics.

1. Introduction

In this paper the scparation of sccondary beams
produced in nuclear reactions will be discussed with
the restriction to in-flight separation techniques, where
the reaction products pass an electromagnetic separa-
tor unretarded with their full kinetic energy from the
nuclear reaction process leading to their creation. Sep-
aralors [or recoils from heavy ion fusion and also for
fission products have been reviewed in a number of
papers, e.g. refs. [1-4]. This paper will include the most
recent developments in the separation of relativistic
nuclei created by projectile fragmentation, give a short
overview on the production processes and the reaction
kinematics, and discuss briefly the various separation
techniques applied for exolic-beam production and
their limitations.

2. Sources of exotic nuclear beams

The classic sources of energetic secondary beams to
which in-flight separation is applicable are neutron
induced fission, e.g. ol heavy targets like uranium in
high flux reactors, proton induced uranium spallation
and complete fusion of heavy ions. Recently, develop-
ments have been made to use fragmentation of heavy
projectiles to produce energetic beams of unstable
nuclei with encrgies far above the Coulomb barrier,
which can be used directly for secondary reactions.

The regions of the chart of nuclel accessed by these
production methods are shown in fig. 1. The neutron
induced uranium fission produces a light and a hcavy
group of nuclides around krypton and xenon, respec-
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tively, and leads to neutron-rich isotopes because of
the large cxcess of heavy elements. Proton induced
fission creates symmetric fragments with a peak cross
section near palladium. Heavy ion fusion, the amalga-
mation of two nuclei, generally leads to neutron-defi-
cient heavy nuclei. This is the only type of reaction
discussed here which creates products heavier than
either of the initial nuclei. With this Lype of reaction
the heaviest known elements have been produced. Pro-
jectile fragmentation, which is in principle spallation in
inverse kinematics, leads to isotopes lighter than the
projectilc with peak cross sections close to the
neutron-deficient side of the stable isotopes. All these
rcactions, cxcept complete fusion, where only a few
isotopes near the compound nucleus are formed, lead
to broad isotopic distributions.

The kinematic properties of the reaction products
such as average energy, cnergy sprcad, and angular
distribution are determined by the mechanism of the
nuclear reaction. Fission fragments gain their energy
from the Coulomb repulsion of the fragments in the
phase of their separation. The recoil energy of a frag-
ment with mass A; emerging from the mother nucleus
with mass A can he obtained with the help of the
Viola systematics for fission cncrgics [5]:

Z
E[=0.2SW(A—Af). (])

Hcavy-ion fusion products suffer the full momentum
transfer from the projectile. The recoil energy of a
heavy cvaporation residue is:

A

£-"E, 2)
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Fig. 1. Regions of the chart of nuclei which can be accessed by neutron induced fission, complete fusion of heavy ions. and
fragmentation.

A, and E  denoting the projectile mass and energy,
respectively, and A standing for the mass of the
compound nucleus from which the evaporation residue
cmerges by particle evaporation. For the production of
exotic species the projectile energy is chosen close to
the Coulomb barrier, which for medium heavy and

heavy nuclei is close to 3 MeV /u (fig. 2). The velocity
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Fig. 2. Domains of kinetic energies of the reaction products
from various nuclear reactions.

of projectile fragments is ¢ssentially the samc as the
velocity of the projectile, their energy being
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E[r = (3)

These considerations show that all sourccs of sec-
ondary beams have energies below the Coulomb bar-
rier and cannot be used for seccondary reactions with-
out further acceleration except for projectile frag-
ments, which may have energies up to the GeV/u
range (fig. 2). The energy of projectile fragments is
only limited by the energy of the projectiles. Cyclotrons
typically deliver beams up to (.1 GeV /u; higher cner-
gies arc available from synchrotrons. The figure also
shows the energy limit where 50% of the ions arc fully
stripped. This is an important limit for efficient and
clean ion optical scparation,

The separation efficiency of in-flight separators de-
pends on the phase-space populated by the production
reaction. Separators accept typically less than 10 msr
and less than about 5% in momentum spread.

Fission products are emitted into the full solid angle
and with wide energy distributions (fig. 3); the separa-
tion efficiency is as small as 107° [3].

Evaporation residues from heavy ion fusion are
kicked out of the target by the momentum transfer
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they suffer from the projectile; they are emitted into a
narrow cone in the beam direction and with a small
velocily spread. The phase-space population of the
recoils is determined by the recoil momentum from the
parlicles evaporated from the hot compound nucleus.
If n particles arc evaporated, the relative momentum
spread of the recoils is [6]

a,./p, = Vf Y pl/p,, (4)
n

where p, and p, are the momenta of the projectile and
the ith evaporated particle, respectively. Tvpical values
for fusion-cvaporation products created wilth suffi-
ciently heavy beams (A > 40) and with beam encrgics
close to the Coulomb barrier are solid angles of less
than 10 msr and velocity spreads of a fow percent in
the case of neutron evaporation, consequently the sep-
aration efficiencies are tvpically 10 e 100%.

Projectile fragments keep the velocity of the projec-
tile; their momentum distribution 1s determined by Lhe
Fermi motion of the abraded nuclcons and given by

Table 1
Secondary beam intensities for the various production methods

Goldhaber [7]. The relative momentum spread in the
beam direction is

—
\/ 5A, A

Here, p, is the Fermi momentum, pp=221
MeV /e, and p; the momentum of the projectile frag-
ment. For the transverse momenturn spread oy, i$
slightly higher by 0.3 GeV /c. Eq. (5) shows that the
momenium spread increases with the increase of the
number of abraded nucleons, which means that the
momentum spread of the fragments increases when
they become more and more cxotic. This effect be-
comes of increasing importance for light fragments. As
the momentum spread of the fragments is independent
of the projectile energy, they are well forward peaked
at high energies. Typical values for solid angle and
relative momentum sprcads for heavy and relativistic
fragments with A4 > 100 and FE /u = 500 MeV /u are 1
msr and 2%. This fits well into the acceptance of high
resolving spectrameters {Fig. 3). Separation efficiencies
of 50 w 100% can be achieved.

(3)

Pr
O.[r/p[r = E

2.1, Luminosities and production rates

The production rates {or exotic species are deter-
mined by the beam currents available from the source
of the primary beam (which may be a reactor to deliver
ncutrons for induced fission or an accelerator for cner-
getic ion beams), the target thickness, and the nuclear
reaction cross section.

The source strength can be characterized by the
luminosity, which is defined as

L =N,N,. (6)

where N, and N, are the beam current in particles per
sccond and the number of target atoms per cm?, re-
spectively. The primary fluxes of neatrons in a high-flux
reactor are 5 X 10'* /cm?. Heavy ion and proton accel-
erators as linacs, cyclotrons or proton synchroirons

Ind. fission HI-fusion Projectile fragmentation
F /<100 MeV /u E /u > 100 MeV /u

Projectiles on target [s ') Sx 10 104 1043 1w
Target atoms [cm ™ %] 1018 108 10%2 10%
Luminosity [s 'em ?] 5x10% 10°1 10% 10%
Production cross section [cm?] <103 <10°% 2% 10~
Sec. rates [s '] <5%10? <100 <10t 10
Separation etficiency 107%-10-° 0.2-1 0.1 1
Intensity of separated beam < 5% 10° <100 <10° < 10°

V. RECOILS /FRAGMENTS
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provide beams of 10" /s; the beams presently available
at heavy ion synchrotrons are smaller by about three to
four orders of magnitude. Later generations with high
current injectors will have comparative beam intensi-
tics,

Using recoil separalors, target thickness is generally
limited by the energy loss of the reaction products in
the target, which is advantageous for relativistic projec-
tile Iragments; they are typically 1 mg/cm? for fission
targets used in recoil separators and for fusion reac-
tions [3]. They range typically from 0.1 o 1 g /cm? for
projectilec fragmentation. The corresponding luminosi-
ties are 10* and 10* em =2 s~ for fission and fusion,
respectively, and range up to 10% cm =2 s~ ! for frag-
mentation (table 1).

The total nuclear reaction cross section is of the
order of the geometric cross section, or cven larger in
the case of resonant ncutron capture. The production
cross section of a specific nuclcar species in general,
however, will be only a small fraction of this value, as
many competing reaction channels are open. In the
fission as well as in the fragmentation process a great
number of isotopes arc produced simultaneously just
with one target-projectile combination. In the heavy
ion fusion process only few nuclides are produced,
which facilitates their separation.

The production cross section for a specific nuclcar
species ranges from the order of 10 to 1000 mb down
to the picobarn region for the most exotic nuclel at the
limits of stability,

Tablc 1 summarizes the secondary beam intensities
for the three production methods discussed here, The
rates [or the most intense fission products oblained by
in-flight separation arc of the order of 5 % 10° for the
most intense species; they may be as high as 107 for
heavy ion fusion products. They range from 10% to 10*
for projectile fragments, where the advantage of the
high intensity of the cyclotron beams is partly compen-
sated by the increasc of target thickness and separator
transmission, which can be used for the more energetic
synchrotron beams.

3. Design principles and application of specific separa-
tion techniques )

An overview of the ion optical principles of the
various separation techniques for inflight separation
has been given recently [8]. Herc, only some basic
considerations for the applicability of the different
techniques for the various kinds ol reactions and en-
ergy regimes will be discussed (table 2),

Conventional ion optics uses magnetic and electric
fields or a combination of both to achicve a resolution
in momentum over charge, energy over charge or mass
over charge, respectively. The theorctical limit of the

resolving power of such systems for particles of the
magnetic rigidity Be is governed by the cmittance,
2x, X 2xy, of the becam to be separated, the usable
ficld area § covered by this beam in the deflection
field, and the bending radius p:

R BS 7
B 2x,2x,Bo’

where x, and x( are the halfwidths of the becamspot

and of the beam angle at the target, and B is the

magnectic field strength.

A similar condition can be derived for the electro-
static scparator. With E as the clectric field strength
and Fp as the clectric beam rigidity, eq. (7) can be
written for the electric field as

IRy VL

= = , (8
o ax2xiFo 2x,2x)Fp i

which gives the relation between the theoretical limit
of the resolution and the total voltage V' applied across
the deflection condenscr and the condenser length ..
From eq. (8) it is evident that the application of clec-
tric fields 1o scparate relativistic heavy ions is quite
limited. A condenser of 20 m length with a veltage of 1
MV across the gap has an energy resolution of 50 for
0.5 GeV /u ions which decreases to 10 at 1 GeV /u [9].

The resolution of systems consisting ol more than
one deflection field is obtained by combination of
these equations [10], Such combinations can be used to
cancel the velocity dispersion to obtain a mass over
charge resolution, which is the classic Mattauch—
Herzog design. In such combinations the mass-resolv-
ing power of the electric ficld is reduced by the rcla-
tivistic factor 1/y. To climinate the mass over charge
dispersion to obtain a velocity separation, the classical
Wien filter is used. In combination of electric and
magnetic fields with the directions of deflection per-
pendicular to each other, the addition of the dispersion
veetors cancels out the velocity dispersion for ions of a
certain mass over charge ratio along a paraboia, while
the momentum and energy information are kept along
the deflection dircctions of the magnetic and eleetric
ficld, respectively. This is the Thomson design of the
parabola spectrograph. Of course, it is unimportant
from the ion optical point of view whether the fields
are spatially scparated or superimposed. All these pos-
sible field combinations havc been used to separate
fission products and fusion recoils [1-3].

Another possibility 1o achieve mass separation is
thc use of combinations of deflection magnets and
RF-ficlds. Ions of certain velocity bands are scparated.
To obtain an optimal mass resolution the time-depen-
dent dispersion of the RF-field is used. The resolution
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of such separators at accelerators with a bunch length

Aris [11]
m L At
am T By

where L s the distance between RF-deflection and the
target, and ¢ is the velocity of light.

Due to the nature of the electromagnetic force all
separators working on a purely ion optical basis sepa-
rate ions according to their mass over charge ralio. In
the low energy domain, where the ions are not fully
stripped, a certain nuclear species is distributed over
various ionic charge states, with abundances of 10 to
20% on the average [12]. To achieve a high separator
transmission, gas lilled separators can be used. In
charge exchange collisions with the filling gas the ionic
charge states of the Lrespassing ions fluctuate around
the average charge state [3]:

g=uvZ' (10)

(%)

The average deflection in magnetic devices now
depends only on the nuclear charge and mass. Conse-
guently, ions covering wide velocity and charge distri-
butions are separated with high efficiency, however,
due to straggling effects, energy loss, and the statistics
of ionic charge cxchange, with moderate resolution.
The pressures to optimize the competing effects in
thosc systems arc of the order of torrs.

One advantage of recoil separators is that the ions
leave the target ionized and no ion sources are nceded.
This is important e¢specially in the region of refractory
elements. The short separation time which is deter-
mincd by the flight time through the separator counts
in microseconds. Therefore, nuclei at the very limits of

stability, such as ground state proton cmitters and the
heaviest known elements, have been discovered and
investigated with in-flight separitors. Furthermore, the
possibility to measure coincidences, for instance with
processes occurring at the target, e.g. the de-excitation
by [ast gamma cascades, has been one great success of
this kind of separator.

For relativistic ions new separation methods have
been developed, as all separation methods discussed
here have their drawbacks [9]. The most promising
method used at present is the combination of magnetic
separation and energy loss in a degader [14-16). The
energy loss scales with:

dE

— aZ?/g%, (11}
dx

and hence allows a discrimination according to the
nuclear charge.

A separator of this type consists of an achromatic
analyzer with a degrader placed at the intermediate
dispersive focal plane. The whole system is tuned so
that all fragments suffering the same differential loss in
the degrader are focused at the cxit of the separator.
Such separators provide isotopically separated sec-
ondary beams. Evidently, the resolution of such a sepa-
rator is limited by the energy straggling in the de-
grader. Fig. 4 shows that this method is limited to
relativistic particles, as in this energy regime the rela-
tive broadening of the momentum spread, due to en-
ergy straggling of the particle to be scparated, is suffi-
ciently small. A drawback of this method for low en-
ergy ions is the fact that ionic charge cxchange of not
fully stripped ions leads to satellite peaks in the parti-
cle spectra.
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Fig. 4. Relative energy straggling of relativistic heavy ions in a degrader of 10% and half-range thickness, respectively, as 4 function
of energy. The degrader material is aluminum [13}.
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Fig. 5. Coupling coefficient for the chromatic aberration,
calculated for two sections of the GSI fragment separator [13].

3.1. Corrections of aberrations

To obtain the theoretically possible resolutions it is
necessary in most cases to correct for aberrations. For
the ion optical correction elements to be effective,
however, they must be placed in the correct position
along the ion optical system. The coupling coefficients
show how efficiently a correction element at 4 specific
position corrects an aberration [17].

With the formalism of these coupling coefficients it
can be achieved that a certain correction elecment influ-
ences only a specific aberration, which is of special
importance if it is necessary to correct aberrations by
tuning a separator on-line. As an example fig. 5 shows
the strength of the coupling coeflicient to the chro-
matic aberration for one section of the GSI fragment
separator.

4. The different separator types and their applications
4.1. Recoil mass separators

The application of the various discussed separation
mcthods [or sccondary bcams is determined by the
reaction kinematics, the energy spread and the 1sotopic
resolution. In fact, all of the methods have been used
successfully in the research with secondary beams. In
the following section, an overview of a number of
separators will be given and only specific new develop-
ments in this field will be discussed in detail. Table 2
shows a comparison of the various techniques and their
main applications. Magnetic separators discriminate
particles only according to their magnetic rigidity or
momentum over charge ratio. As all sources of sce-
ondary beams deliver heams with considerably wide
momentum sprcads, an additional velocity determina-
tion 18 necessary to achieve a sufficient mass separa-
tion. Combinations of magnetic and clectrostatic
dipoles to achieve an energy-independent mass separa-
tion have already been used in early times for the
separation of fission fragments [18]. Here the target is
placed in the focus of the electric sector fietld, and the
detector in the focus of the magnetic scctor ficld to
achieve a parallel beam between the deflection fields.

Modern recoil mass separators used for the separa-
tion of evaporation residues from heavy-ion fusion are
collected in table 3. They employ quadrupole focusing.
As a typical example, the Argonne Fragment Mass
Analyzer (FMA) is shown in fig. 6. A guadrupole
doublet at the separator entrance shapes the beam to
illuminate the dispersive elements properly. The ad-
vantage of such a design is that the size of the detlec-
tion fields can be optimized with respect to resolution
and transmission, as the illumination of the usable field

Table 2
The various ion optical methods of isotope separation
Scparation Limitations Comments
parameter
Low energy
Magn. spectrometer pr/q Av /v determines Am /m for pre-separation
Recoil mass A/q E-field determines jonic charge states

separatar E nox
time structure

RF-separator E

create ambiguities

determines Ac /@

Gas filled A, Z

Intermediate energy
Magnetic achromat A, Z
with energy degrader

full stripping
magnet separator of ions

FE-straggling in degrader
determines AM /M, AZ /2

high transmission,
weak resolution

kinematics
enlarge beamspot
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Table 3

Recoil mass separators, The abbreviations are Q: quadrupole,
D: magnetic dipole, L: electric dipole, W: crossed-field Wien
filter

Configuration Solid angle m /Am
[msr]

Rochester [4] QQQEEQQQ 1-5 n3-102
CARP [19] QDEQ 3 320
LNC [20} QQ EDE 5 280
FMA [21] QQEDE QQ & 300
Dareshury [22] QQO WW QQQ 8 300

D QQQ
SHIP +NASE QOQQ EDD 3 130

[231 DDE QQQ
DQQ

arca can be adjusted by the entrance quadrupoles. The
use of an eleetric field as the first dellecting element is
advantageous for the separation of heavy recoils from
fusion. The projectile beam is separated efficiently due
to the reaction kinematics (eq. (2)). The splitting of the
clectric fields has the effect that the projectile beam
will not hit the condenser platcs. Scparators of this
type are compact and have a high transmission because
of the strong focusing of the quadrupoles. Other recoil
mass analyzers use a combination of a velocity filter
and a dispersion-matched magnetic dipole. As velocity
filters are charge refocusing, they climinate back-
ground from projectiles with exotic charge states. Fig. 7
shows the Daresbury separator. The cmployment of
two velocity filters allows efficient separation of the
projectile background. The class ol RF-separators will
not be described here as their application is rather
special; gas filled separalors cannot deliver isotopic
beams because of their poor resolution of A/AA =79
and Z/AZ =38 [3].

TARGET

Fig. 6. The Argonne fragment mass analyzer.

4.2 Fragment separalors

For hcavy ions of intermediate energy a new type of
separator is used: The combination of magnetic analy-
sis and energy loss in solid material. This has two
reasons: the application of high voltage deflectors of
technical feasibility and considerable resolution is lim-
ited to about 100 MeV /u (cq. (8)), and, sccondly, the
energy-loss straggling of relativistic ions becomes so
small (fig. 4) that the encrgv loss of particlcs can be
determined with sufficient precision to measure the
nuclear charge reliably cven for the heavicst ions, an
observation well known from the application of ioniza-
tion chambers.. A description of recently built or
planned facilities is given in the proceedings of the
conferences on radioactive beams held to date and in

-the proceedings of this conference [24,25]. An overview

of existing and planned fragment separators is given in
table 4. )

The LISE separator at GANIL [14,15] which was
first used Lo separate exotic beams from projectile
fragmentation in a large scalc cxperimental program is
shown in fig. 8. LISE is a large magnetic forward
spectrometer of high resolution. 1t consists- of two
identical magnetic dipoles with a deflection angle of
45°, a confliguration of QQDQQ QQDQQ QQ, and is
symmetric with respect to the central dispersive focal

Table 4 )

Separators for projectile fragments, courtesy of A. Artukh [26]
LISE SPEG SPEG+4d RIKEN GSI NSCL LNR
France France France Japan FRG USA Dubna
1984 1985 1986 1989 1990 1991 1962

Configuration 20D20¢ - 20Q82D ea-channel 305DSO 30D2QFd 30DSD20Q 2D2Cd
Fdz2QD QFd +SPEG Fd2QS5D 2QD3QFd Fd3QFd?2 Fd2Cd
2QFa(20)) S3QFa 3QD20QFd QSDSD 2DFa(2Q)
_ 3QFa2QFa 20D30QFa 3QFa

Af2 [msr] 1.0 4.9 L0 5.0 0.7-2.5 0.3-43 6.4

Ap/pl%] +2.5 +2.5 +0.5 +3.0 +1.0 +1.5 +10

Ro/Ap -~ 800 10000 2000 2000 8000 3400 4360

(8720}

Bp [Tm] 32 2.8 2.8 5,76 5-18 5.4-7.2 45

Tag. fg/cm?] ~0.2 ~02 ~0.2 ~1.0 0.1-10 ~1.5 <10

Length [m] 18(24) 13.8 82 21(27) 74 19(22) 14.5(18)

Mode achrom. disp. disp. achrom. achrom. achrom. achrom.

© V. RECOILS /FRAGMENTS



272 (;. Miinzenberg / Separation techrigues for secondary beams

Target Crossed- tield devices Sextupole
l l Sextupcle
Sector magnet
Acceleralor =——e - - . : {p-1.5m;
Seam . /
O Q-Pole . Q-Pole Velocity | ?_.P?'?
triplet triplet’ slit ky ripte
¥-ray detectors 50°
E-AE
detector

fig. 7. The Dareshury recoil mass separator.
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Fig. 8. The LISE separator in its latest version: combined with
a velocity filter, courtesy of D. Guillemaud Mueller,

plane but extended by a guadrupole doublet at the
exit. The separation principle is explained in fig. 9. The
first stage of the separator selects in 4 /Z, as all ions
passing the separator are fully stripped. It selects a
band of isotopes along the line A/Z = const., the
width of which is determined by the velocity spread of
the fragments. The energy loss in the degrader is
analyzed in the second part of the separator in terms
of momentum change, which puts a second cut in the
A, Z plane. As a result, a single isotope can be
sclected. For low cnergics and light isotopes the mo-
mentum distribution of projectile fragments is compar-
atively broad (eq. (5)), which spoils the isotopic selec-
tion. Therefore, LISE has been extended recently by a
crossed-field velocity selector to include velocity analy-
sis (g, 9. This filter has the configuration QQ WW
QOQQ, and the Wien filter is divided into two subsec-
tions each of which has a length of 2.5 m. The con-
densers can be operated with a voltage of 300 kV
across a 10 cm gap [27].

achromatic Degrader

Fig. 9. The isotopical separation of projectile fragments. The

magnetic separation of the fragments cuts along constant

A /Z (solid lines). The second cut is made by the energy loss
in the degrader (dashed lines).



G. Miinzenberg / Separation techniques for secondary beams 273

4.3, The energy degrader — non-Liouvillean optics

The trespassing ions dissipate energy in the de-
grader, therefore Liouvillean oplics is no longer appli-
cable. Neverthelcss, it is possible to find a bcam trans-
fer matrix for the degrader, including the 4 and Z
dependences of the bcam paramciers [28]; conse-
quently, the energy degrader can be used like a con-
ventional ion optical element. The non-Liouvillean op-
tics of the degrader has been discussed in ref. [29]. As
all ion optical quantities scale in relative units, the
energy loss in the degrader creates a mismatch in the
dispersions between the two separator stages. If the
dispersion of the first separator slage is D, the disper-
sion of a beam with the central momentum p,, is

x(P) =D Ap/py. (12)

The new momentum p, behind the degrader is sub-
stantially smaller, whereas the momentum spread Ap
does not change to first order. Conscquenily, the dis-
persion must be compressed to match the dispersions,
if the symmetry of the separator is to be maintained.
This can be achieved by shaping the degrader accord-
ingly with a wedge of appropriate angle [14]. A change
of the magnification of onc scparator stage would, of
course, have the same effect; however, symmetry would
be lost. Evidently, an incrcasc of the wedge angle
would further bunch the momentum distribution of the
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Fig. 10. Contour plots of the particle distributions at the final
{ocus of the GSI fragment separator for the achromatic (up-
per panel) and the monoenergetic setting (lower panel) of the
degrader. The coordinates are position and magnetic beam
rigidity [30].
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Fig. 11. Comparison of the emittances of the projectile beam

(left panel) and the beam of separaled projectile fragments

(right pancl) from the example of *P produced by fragmenta-
tion of 1 GeV /u ¥Ar [31].

beam, until an optimum value whercby the momentum
spread of the particles is only determined by the sepa-
rator resolution and the energy straggling in the de-

‘grader (fig. 10). This demonstrates the interplay be-

tween momentum spread and beam emittance. As a
part of thc momentum space is shuffled into the x, x’
space, beam emittances of the fragment beums arc
comparaltively large. The bcam width x, at the final
focus is due to this effect [29]:

de _
X, = Vl(V2+Y2‘D2H}xO’ (13)
1

where I} and V, are the magnifications of the first and
sccond séparator stages, respectively, and do/dx; is
the velocity gradient created by the angle ol the de-
grader wedge. This cffcct is illustrated in fig, 11, where
the emittance of the initial projectile beam from the
GSI1 heavy ion synchrotron SIS is compared to the
cmittance of a fragment beam. This example shows **P
praduced by fragmentation of Ar of 1 GeV /u from
an cxperiment at the GSI projectile fragment separa-
tor. While the emittance of the projectile beam is as
small as 1.8w mmumrad, the fragment beam has an
emittance of 4|41-r mm mrad.

5. Secondary beams for nuclear reactions

The separators discussed in the previous scetions
have been uvsed up to now predominantly for studies of
exotic nuclei in the ground state or in their various
modes of excitation and shapes oot far from it. The
creation of exotic nuclear beams with energies far
above the Coulomb barrier, however, allows the study
of nuclear reactions., This new generation of exotic-
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Fig. 12. The GSI heavy ion synchrotron SIS and the projectile
fragment separator FRS with a dedicated experimental area
{experimental area 2) and the beam linc to the experimental
storage and cooler ring ESR. ESR is equipped with the
clectron cooler and the internal gas target (experimental area
3). After passing ESR, radioactive beams can be {ransported
to the experimental area for relativistic-heam experiments
(experimental area 4).

beam experiments has been pioncered in Berkeley. In
these experiments, interaction cross sections of light
exotic projectile fragments with energics from several
hundred MeV /u to some GeV /u were measuared on
an event-by-cvent basis using particle telescopes and
the HISS magnet [16]. A, disadvantage of such experi-
ments is the small phase-space density of the [ragment
beams. To define the phase space of the fragments
event by event, lheir coordinates have to be deter-
mined by particle tracking, which is limited by the
detector resolution and the maximum countrate of the
setup.

High phase-space density can be achieved by beam
cooling. This new technique will be applied at GSI,
where the projectile fragment separator FRS has a
connection Lo the storage and cooler ring ESR (fig. 12).
Fragment beams can be cooled and decclerated to
cover the energy range from 500 to 3.5 MeV /u. Exper-

iments in the ring with an internal target are possible,
as well as experiments with extracted beams which can
be led to practically all experimental areas [3(,31].

The FRS has four sections, each of the configura-
tion QQDQQ. The separator at present has two exits:
One leading to a dedicated experimental area, the
other leading to the entrance of the storage ring. First
results for electron cooling of relativistic, heavy ion
beams have been obtained for *’Ar, " Kr, and 2¥Bi
beams. The momentum spread of the cooled beams at
cncrgics close to 150 MeV /u was as small as 5 x 1079,
and the beam emittance was 005+ mmmrad [32].

6, Summary

The development of separation techniques for sec-
ondary beams has made considerable progress in re-
cent vears, Interesting and important contributions to
the physics of exotic nuclei, such as the detection of
short-lived species at the limits of nuclear stabitity
(ground state proton emitters or the heaviest elements)
or the investigation of nuclcar matter in exolic states,
as superdeformation was only possible using in-flight
separation tcchniques. A new generation of experi-
ments to investigate nuclear reactions with secondary
beams has already been started with the measurement
of reaction cross sections of ncutron-rich light nuclei.
For the future, the use of cooled secondary beams over
large energy ranges wiil open a wealth of experimental
possibilities with secondary beams of high brilliance
and well defined energy.
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