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The cover shows a schematic of an Electron Cyclotron Resonance (ECR) source for highly
charged heavy ions (upper part).
The lower part depicts a typical charge state distribution for tantalum behind an ECR ion source.
In general, an ECR source delivers for light to medium heavy ions the same charge state q as is
obtained with a stripper at 10 MeV/u and for very heavy ions with a stripper at 1 MeV/u.
(from talk presented by R. Geller on June 16 at PSI workshop)
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PAUL SCHERRER INSTITUTE
CH - 5232 Villigen PSI
Switzerland

Proposal
for a
Heavy Ion ECR - Source
at the
PSI - Philips Cyclotron

It is proposed by a large community of PSI- and external scientists to install an electron cyclotron
resonance (ECR) source for highly charged heavy ions at the PHILIPS (injector I) cyclotron. Such
a facility would then allow to produce high intensity heavy ion beams with energies up to 30
MeV/u.
A workshop hold in June 1989 clearly showed that with such a machine a large variety of
interesting heavy ion experiments could be performed. While at foreign heavy ion centres the
main focus is given to basic research in the field of nuclear physics we propose to concentrate the
scientific effort at a PSI heavy ion facility mainly onto applications in the fields of atomic
physics, chemistry, accelerator mass spectrometry, radiation biology and solid state physics. This
is adequate, in view of the broad infrastructure available at PSI together with the existing knowhow in many different fields. The proposed machine will thus be of great potential use for a large
community.
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1. Introduction
When the Swiss Institute for Nuclear Research (SIN, now Paul Scherrer Institute PSI) was
founded, it was agreed that theringaccelerator be injected by a cyclotron which would also be
used alone for "low energy" nuclear physics. This machine (injector I) was ordered from Philips.
As injector the machine had to provide a 100 uA proton current at a fixed energy of 72 MeV for
75 % of the time. For nuclear physics (25 % of the time) it had to produce variable energy beams
of light and heavy ions. Both aims were reached. In the injector mode the current was
successively raised up to 200 jiA. In the meantime the ring accelerator concept proved valid and
the extraction was improved to a level that even higher currents could be planed. A new injector
(injector II) was thus built. It has to produce beam intensities in the mA-range.
The Philips cyclotron is presently being used 50 % of the time for nuclear physics, 25 % for
medical applications and 25 % as injector. It serves also as reserve (back up) for injector II and for
isotope production. When injector II will be fully operational, the Philips cyclotron will be
accordingly more available for other purposes.
During the first years, the main effort of development by the injector I crew was obviously on the
production of light ion beams. Later on, limited resources implied that priorities be set for further
developments. This was discussed in the cyclotron user meeting of May 5,1977 '. In the minutes
is reported (translation):
"Mr. HA. Willax requests priorities to be set, e.g. pulsed beam, improvement of the source for
polarized particles, production of heavy ions. SIN has presently set the priorities in the
following order:
a) Improvement of the beams so far requested
b) Improvement of the source for polarized particles
c) Development of a heavy ion source on a test apparatus.
The users give their agreement, probably mainly because they have programmed their
research in accordance with the effectively available beams. A modification of the priorities
has probably to be considered, as soon as SIN will be in the position to produce heavy ion
beams.
It has to be noted that up to 1977 no heavy ion beams had ever been produced at SIN. It was not
sure at all that it would be possible to accelerate and extract such beams from the machine.

' Kurzbericht iiber die 23. Sitzung des PROGRAMM-KOMITEES vom 6. Juni 1977, PK 23
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In the following years the development program was performed according to these decisions. The
performances of the polarized ion source were successively improved and reach now a level
securing the outstanding position of PSI in this field.
Regarding heavy ions, the cyc.otron crew succeeded to produce ,4N ions with energies between
65 MeV and 98 MeV for a nuclear physics experiment in 1981 2 , proving that it was possible to
use the machine as heavy ion accelerator. Later on 7Li ions were also produced for nuclear
physicists.
In 1984, the first atomic physics proposal (Z-84-04) was accepted. In their first publication 3 , the
authors proved that they were able to observe resolved KnLn satellite lines in medium weight
atoms (Mo, Z = 42), using a transmission on-line curved crystal spectrometer (modified DuMond
geometry) and a 110 MeV oxygen beam. Prior to this work, resolved satellites were not observed
for atoms higher than Z = 22 (Ti). The investigation of high Z atoms is especially interesting
because of the presence of more M and higher shell electrons.
Further work was performed on Pd and Ho and K« lines were also observed. To pursue the
program, higher energy, more intense and more stable beams are required. More flexibility in
the choice of ions is also desired. All these conditions can be met by an ECR (Electron Cyclotron
Resonance) source for heavy ions. These needs gave the initial incentive to the present request.
The purchase and installation of an ECR source can hardly be justified by the needs of a single
experiment. It was therefore looked for other interested users and the result of this search was
very positive: As shown in sect. 5, many scientists from several fields would like PSI to provide
medium energy (5-30 MeV/u) ion beams. This demand reflect:: the development observed at
several heavy ion research centres which were originally planed for nuclear physics experiments:
after an initial period, a large variety of spin-offs have grown in many applications. Today, heavy
ions are used in fields such as biology, nuclear medicine, fusion technology, chemistry of exotic
elements, surface- and trace analysis such as accelerator mass spectrometry, solid state physics
etc.
We are convinced that Switzerland - so far a developing country in the field of heavy ion science should no longer hesitate to catch up. Moreover, it appears that it is now the right moment for
such a fundamental decision and a new appraisal of the 1977 priorities: The effort on the
polarized source development can be reduced in the next future without compromising the

2

S. Drissi et al. Nucl. Phys. A451 (1986) 313, ibid. A466 (1937) 385

3

B. Pemy et al., Phys. Rev. A36 (1987) 2120
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polarisation physics research program. The increased availability of the Philips machine will
allow to promote new fields without the need to cut beam time for on-going experiments.
In the next section the performances are summarized that can be expected from the installation of
an ECR source at PSI. Section 3 will discuss general scientific policy aspects, the situation in
similar laboratories in neighbouring countries and expectations for PSI. The validity of scientific
work to be performed with the upgraded accelerator is die topic of sect. 4. The advice of
competent and recognized scientist was required: At a workshop organized at PSI on June 16,
1989 a panel of distinguished speakers (see annex 1) has unambiguously shown that the
anticipated beams will provide excellent research possibilities in various fields of science.
Section 5 presents first proposals of experiments to be performed with the ECR-source equipped
cyclotron. They prove that the facility meets a real and broad interest.
In section 6 various questions will be discussed such as the choice of the exact type of source,
personal as well as technical support by PSI and external users, laboratory space and equipments
and machine improvements.
The question of costs and schedule will be matter of sect. 7.

2. ECR-ion source performance
In its 20 year history the Electron Cyclotron Resonance Ion Source (ECRIS) has become the ideal
tool for the production of highly stripped heavy ions. In in ECRIS a B-minimum structure is
generated by the superposition of a longitudinal mirror field and a radial multipole (generally
sextupole) field. If microwave power of an adequate frequency is injected into a plasma contained
in such a field structure, there exists a (closed egg shaped) surface where the gyro-frequency of
the electrons equals the frequency of the microwaves. Upon crossing this surface, the electrons
arc accelerated, resulting after many passages in a stochastic heating of the electrons to energies
of several keV. Due to the slow ambipolar plasma diffusion along die Z-axis of the B ^ structure,
a long exposure time of the ions to the hot electron bombardment is achieved. In this way, highly
stripped ions are produced by stepwise ionization to higher charge states. Modem ECRIS consist
of two stages, the first one delivering the cold plasma and the second one, operated at low
pressure (<10* mbar) plays the role of the stripper. ECRIS are also suitable for the production of
ions from solid materials.
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A big advantage of thh source is the absence of filaments, resulting in an inherent high stability
and reliability. The high gas efficiency reduces vacuum problems and makes the source attractive
for the production of beams of rare isotopes also.
The most advanced ECRIS are compact devices (length and diameter about 50 cm) and uses
permanent magnets and coils at room temperature. Typical parameters for different type of
ECRIS developed at the CENG in Grenoble are given in table 1 and their performances are
compared in table 2. The highest intensities and charge states vie obtained with the sources using
highfrequencies.The superiority of the source b' against the source b arises from its operation in
a higher B-field allowing for the existence of a second resonance structure (so called 2co-mode).
While operated at 10 GHz, it has the same performance as a 14 GHz source. A source of type b'
may be the optimum choice for our purpose. An overview of its performance is illustrated in Fig.
1.

Fig. 1:

ECRIS source CAPRICE; general performance for all elements

Table 1: Typical ECRIS parameters and prices (complete source and supplies)

ECRIS
Type

a
b
b'
c
d

RF frequency

8 GHz
10 GHz
10 GHz
14.4 GHz
16.6 GHz

RF power

B structure

1KW
2KW
2KW
2KW
10 KW

perm, magnets only
perm, magnets + coils
perm, magnets + coils
perm, magnets + coils
perm, magnets + coils

From R. Geller, PSI-Workshop, June 16,1989.

< BavcTafiC > Tot.electr.power kW

0.35 Ts
0.45 Ts
0.90 Ts
0.70 Ts
0.80 Ts

3
50
80
70
120

Cost

4.6 MFF
4.2 MFF
4.6 MFF
5.2 MFF
12.0 MFF

Table 2: Performances of different ECRIS types
q=

6

7

8

9

11

13

16

17

18

20

24

26

28

30

32

34

ECRIS

Type
!60

^Ar

*»Kr

,30

Xe

50
150
200
300

2
15
40
60

a
b
c~b'
d

0,1
1
4
10
80
300
300
300

25
100
140
200

3
15
110
120

0,1
2
20
35

25
50

15
50

10
30
30

12
40

a
b
c
d

0,1
<1
2

0,1 0,005

1
12
30
50

6
20
40

4
15
30

1
5
12

3

1

8
27
30

20
25

15
25

5
12

2
7

50

40

40

20

10

10
32

a
b
b'
d

0,1

2
3

1
2

a
b
c~b'

1

0,1

Typical currents obtained with different extraction voltages: 10 kV for type a, 20 kV for types b, b \ c and d (routine data CW, e)iA).

d
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At the extraction energies convenient for injection in the Philips cyclotron, the intensities are 3 to
10 times smaller. According to our estimates, the accelerated current will be a few percents of the
one observed at the source. This estimate is confirmed by measurements performed at several
laboratories. At KVI, which is equipped with the same Philips cyclotron as PSI, a transmission of
3 % has been observed. It can therefore be expected that the intensities delivered on target will be
of the order of 1 % of those quoted in table 2 and Fig. 1.
The energy range is in principle given by a lower limit of E/A ~ 0.6 Me V/u (minimum HF
frequency) and a maximum value of E/A =120 Z2/A2 Me V/u (max. magnetic field) However, due
to the rapid decrease of the intensity as a function of the extractic i voltage of the source and to
the missing experience in operating the cyclotron at the highest field, the practical range will be
between 2 and 28 Me V/u. The expected performances can be roughly summarized by the intensity
vs. energy relations given in table 3.

Table 3: Expected accelerated beam intensities in ejiA on target

Energy [MeV]

16

0
Ar
84
Kr

40

50

100

200

300

400

.5
.15
-

1.5
.5
.10

2
.5
.15

2
.3
.10

.4
.15
.05

ECRIS have been developed at many places. The leader position in this field is held by R.
Geller's group at CENG in Grenoble, who has developed more than 20 sources operated with
success at different accelerators like GANIL, SARA, GSI, CERN, KVI, RIKEN. The sources
listed in table 1 are commercially available. They are simple, compact, and do not require
excessive power or cryogenics. The ECRIS type b' best fits the prospected needs at PSI.

13

3. Scientific policy aspects
3.1 General comments
Several heavy ion accelerators are operated in the world and in the neighbouring countries. It is
therefore relevant to ask what is the present and the future of European machines, the addressed
scientific problems, infrastructure and available beam time for external users.
As a general comment, we note that some of the facilities producing medium energy (5-40
MeV/u) beams and devoted mainly to nuclear physics experiments have an uncertain future, and
some may be closing in about five years. In other cases, extensions to higher energies are under
way by the construction of additional equipments (SIS at GSI) or of a completely new machine
(superconducting cyclotron in Groningen). Some 10 to 15 years ago, main focus was given to
heavy ion physics at energies near the Coulomb barrier. Unquestionable successes have been
registered in some fields, for instance in the study of high spin states or of collective phenomena
of interacting nuclei. In some other areas, e.g. in attempts to produce superheavy elements,
difficult problems have been met so that the progress was not as fast and spectacular as had been
anticipated. In several cases it was found that systematic data up to higher energies were needed.
Fundamental physics, moreover, is expected at these higher energies. These are reasons why new
and more powerful machines were built, although the present facilities still permit very interesting
experiments to be performed with beam time requirements always surpassing the available time.
This is because there exists a large spectrum of atomic and nuclear phenomena which can
exclusively be studied with heavy ions.
Examples are investigations of inner-shell processes in atoms or quasi-molecules, high-spin states
in nuclei, production and decay analysis of exotic isotopes in some special fields of the chart of
nuclei including production of new elements, reaction mechanism studies such as quasi-elastic
transfer, deep-inelastic processes, quasi-fission and extra-push phenomena but also sub-barrier
fusion. This interest is reflected, by the way, in the very well attended nuclear physics meetings:
as an example the spring meeting 1988 of the nuclear physicists (DPG) of the German Physical
Society, hold at the Hahn Meitncr Institute, and organized in common with Belgium, Holland,
Denmark and Sweden, had over 800 participants, among them over 350 students.
A completely different aspect is the rising interest of heavy ion beams in various other scientific
areas like atomic and solid state physics, chemistry, biology and medicine. There are large
differences in the weights of these fields at the various laboratories and this will certainly be an
important factor for their future. We are convinced that it is just this aspect which would make a
PSI heavy ion machine to a facility which can be used in a broad range of applications.
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3.2 International situation
We will briefly review here the situation of heavy ion laboratories in neighbouring countries.

3.2.1 Institut des Sciences Nucleaire (ISN), Grenoble France
The SARA facility is a heavy-ion accelerator mainly devoted to nuclear physics. It is a system of
two coupled cyclotrons with stripping of ions between the two. Ions come from one of the two
ECR sources. The maximum energy is 40 MeV/u for fully stripped N = Z ions up to Ar.
The main experimental facilities are reaction chambers, a magnetic spectrometer, a mass separator
and helium jet, a charged pion spectrometer (SPIC) and a 4JC multidetector (AMPHORA).
Outside users are welcome despite the fact that requests for beam time are about 50 % in excess
of available time. Operation of the machine will certainly continue for the next five years. The
further future is not yet determined, as far as we know. It will probably depend on several factors
like the decision to build (or not) a high energy electron accelerator in France.
3.2.2 Centre de Recherches Nucleaires, Strassbourg, France
The centre is equipped with a 18 MV MP tandem which is used for a heavy ion research program
mainly in nuclear physics (~ 90 %), the remaining time being devoted to solid state physics
(surface analysis) and astrophysics. The nuclear experiments address questions of nuclear
structure and nuclear reaction mechanisms. A new accelerator ("Vivitron") is in construction and
should be operational in 1991. It is again an electrostatic machine with a maximum voltage of 35
MV.
The institute has heavy equipment, in particular a multidetector system "chateau de cristal". It has
been agreed upon a close collaboration with Daresburg for the development of FUROBALL, a
powerful multidetector system for nuclear spectroscopy. This collaboration is open to other
partners.

3.2.3 Grand Accelerateur National d'lons Lourds (GANIL), Caen, France
The accelerator has been operating for six years, with a PIG ion source until December 1985 and
with an ECR source since then. The machine was designed to match the needs of nuclear physics.
The maximum energy for ions with mass up to A = 40 is 95 Me V/u. The use of an ECR source
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has contributed to decrease the initial set-up time 4 besides providing more intense beams of better
stability.
About 85 to 90 % of the beam time is allocated to nuclear physics experiments. The rest is shared
between atomic and solid state physics. Since the latter users request 6 times more beam time than
available, a new medium energy beam facility (SME) is in construction for them. The energies
will range from a few to 13.4 MeV/u (well inside the range projected for PSI). It is, however, a
parasitic line, so that the users will not be able to chose the ion types. Improvements to GANIL
are continuously under way. Presendy they concern the ions source and secondary beam lines.
The machine operation has a wide support.

3.2.4 Kernfysisch Versncller Instituut, Groningen, the Netherlands
As implied by the institute name, nuclear physics is the main field of interest at Groningen. The
present accelerator is quite similar to the PSI injector I. It is a K = 160 machine5. Major pieces of
equipment are a QMG/2 magnetic spectrograph, spectrometers for in-beam y-ray and conversion
electron spectroscopy and a large heavy-ion detector.
In order to maintain a broad and intellectually challenging nuclear physics program, the institute
is constructing (in collaboration with the Institut de Physique Nucleaire, Orsay) a K = 600
compact superconducting cyclotron. This new machine will therefore considerably extend the
capabilities of the present accelerator.
3.2.5 Gesellschaft fur Schwerionenforschung (GSI), Darmstadt, Germany
About 15 years ago in Darmstadt world-wide the first heavy ion accelerator was built which is
able to deliver very heavy ions up uranium with energies needed to overcome the Coulomb barrier
with any target nucleus. For e.g. the system 238U + 238U the projectiles must have an energy of 6.1
MeV/u (total energy of 1.45 GeV) to induce nuclear processes. The machine, UNILAC, is a linear
accelerator with a length of about 150 m. The particles are stripped at an energy of 1.4 MeV and
then accelerated further to final energies of up to 20 MeV/u. Due to the uniqueness of the machine
those proposals have priority which demand very heavy ions such as Xe, Pb or U.

4

A. Joubert in Proc. XII Int. Conf. on Cyclotrons and their Applications, Berlin May 1989
(GANIL report A89 01)
5

K = 160 implies that ions can be in principle accelerated to an energy of 160 q2/A[MeV1 where q
is the charge state of the ions.
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Presently a new accelerator is getting operational, the SIS, a synchrotron for high energy (HeV/u)
heavy ions. This ring machine uses the UNILAC as injector. However, due to the much lower
duty cycle of SIS a simultaneous operation of both machines with independent ions and energies
will be possible using two ion sources. Also under construction is a storage ring (ESR) to operate
behind the SIS. It should go into operation in 1990.
Even though officially the UNILAC low energy program is intended to continue one can
generally observe a strong trend of the intcnal GSI staff to focus on the SISfccility in order to
enter into the new field of high energy heavy ion physics. This makes especially for external users
a continuation of low energy experiments more difficult because of much reduced internal help.
The experimental facilities available at the UNILAC are outstanding. They include on-line
separators (mass-separator, magnetic-spectrometer, velocity filter SHIP, gas-jet device), a broad
variety of detector arrays for reaction studies or for in-beam Y-spectroscopy (high-spin states), a
laser system coupled to the on-line mass separator and electron-positron spectrometers for studies
of the still unexplained positron-peaks in heavy-ion interactions at below-barrier energies.
Moreover, a variety of special designed devices for experiments in the fields of biology and solidstate physics are available.

3.2.6 Hahn-Meitner Institute (HMI), Berlin-West
The HMI institute has a cyclotron (VICKSI) which can be fed by two injectors, a 8 MW tandem
or a 6 MV Van de Graaff. This makes the machine able to accelerate light- to medium-heavy ions.
For e.g. ^Ar a 10 McV/u beam with an intensity of about 1 pnA is presently available. For , 6 0
maximum beam parameters aic 12.5 MeV/u and 15 pnA.
The experimental equipment contains several devices for applications in the fields of nuclear,
atomic and solid-state physics. It includes time-of-flight (TOF) set-ups, magnetic separator,
neutron-multiplicity counter, 47t-particles detectors, superconductive magnet for spin-rotation
measurements, vertical beam-line, conversion-electron spectrometer, on-beam Mossbauer
spectrometer, curved cristal spectrometer, McPherson- and TOF-electron spectrometers, and a
Nd(YAG)laser.
It is interesting to note that in recent years a steady change in priorities occurred for the VICKSI
program. A few years ago nearly 100 % of the beam time was devoted to nuclear physics. Today
already about 50 % of the beam time goes into the field of solid-state physics and material
science. According to present believe and to internal policy this trend will even continue with
nuclear physics becoming a minor program at the accelerator.
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Hence, HMI is an excellent example of how a heavy ion centre may develop from a nuclear
physics oriented basic research institute to a centre which uses the experience gathered as spinoffs for a large variety of applications in other fields.
3.2.7 Technical University Munich, Germany
At the Munich tandem laboratory a 12 MV MP tandem can be coup'ed to a linear postaccelerator.
This structure is useful for ion beams with masses in the range 30 < A < 80. A typical beam used
frequently is s, Ni. It can be delivered witfi about 4.3 MeV/u and a current of 1 pnA. For lighter
ions the maximum energy remains the same.
The facility has been mainly used for on- and off-line nuclear spectroscopy and for investigations
of nuclear reactions. Recently it was also applied in the field of accelerator-mass-spectrometry,
especially for the detection of trace amounts of the spallation nuclide 36C1 from environmental
samples. The energy after the postaccelerator is high enough to produce fully stripped ions for
masses up to A = 40.

3.2.8 MPI • fur Kemphysik, Heidelberg
The Heidelberg 13MV tandem-postaccelerator system is operational since 1979. It yields in its
extended version 9,7 MV in CW and 18,5 MV in pulsed mode with a duty factor of 0,25. Typical
examples of postaccelerated beams are 164 MeV ,2 C, 332 MeV 32Si, 476 MeV 79Br, 511 MeV 127I
and 640 MeV ,97Au with electrical intensities of about 10 to 100 nA.
The postaccelerator has also successfully been used for deceleration of highly stripped ions.
Most recent, a heavy ion cooler storage ring TSR was added to the tandem-linac combination.
Commissioning started in spring 1988. TSR can be used for energies up to 30 MeV/u at a charge
to mass ratio q/A = 0.5. Electron cooling is used for phase space cooling. Stored intensities of up
to 1010 panicles are obtained by combined stacking. Life times in TSR for e.g. fully stripped ions
of ,2 C or , 8 0 are about 5 to 10 min. Several fields of physics will use TSR for experiments.
Various charge changing processes important for atomic-plasma- and astrophysics, such as
radiative electron capture (REC), dielectronic recombination and electron-electron induced
recombination will be studied.
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3.3 Scientific policy for PSI
Among the expectations on PSI as a national scientific centre is the development of chal'engmg
research projects and to establish centres of excellence especially in fields which cannot be
covered by the universities. Quite generally PSI should also provide a few larger facilities as th^
core of scientific research for external users. Projects where scientists of many disciplines (e.g.
nuclear-, atomic-, solid state-physics, chemistry, biology) can join their efforts is particularly well
suited for PSI. From this point of view there are several arguments to support the present request:
® The project exactly meets the objective to provide a research instrument to a large variety of
scientists of the same premises. Such a facility could not be installed at any Swiss university
laboratory.
® The total cost is moderate and the price/performance ratio exceptionally good.
® Major discoveries are seldom programmable, a broad research program with adequate
facilities offers the best opportunities for creative talents. In addition there is always crossfertilization between the various scientific fields.
An ECR source equipped machine can compete with other facilities in Europe. In some sense it is
even unique because for e.g. light heavy ions such as 12C or 16 0 besides the "high-cost" machines
GANIL or GSI where beam time is very limited it would be the only facility delivering beams of
a few hundred pnA with energies up to 20 MeV/u (and at lower intensities with energies up to 30
MeV/u).
In addition, due to the very extensive infrastructure available at PSI with physics (nuclear and
solid-state), (radio)chemistry and biology laboratories, a PET for detection of positron emitters, a
hot-lab for handling highly radioactive materials such as actinides targets, a gas-jet facility for
transportation of short-lived reaction products, etc., excellent conditions exist to use a heavy ion
beam in many different fields. This aspect is important to realize because quite frequently projects
intending to use heavy ions in applied sciences at a given accelerator fail due to an non-existing
infrastructure.
We therefore conclude that the proposed ECR source will provide an excellent facility for
applications of heavy ions in the fields of atomic and solid state physics research as well as for
radiochemical or biological activities. Moreover, it would help to maintain a low-energy nuclear
physics program in Switzerland. It is stressed, however, that it is not planed to develop nuclear
activities requiring heavy and expensive instruments.
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4. Scientific relevance of accelerated heavy ion beams

It is an important point to assess if the anticipated beam will permit to address relevant scientific
problems. To answer this question a workshop was organized at PSI on June 16,1989 (annex 1).
Five invited speakers have presented examples of research programs which are performed with
ion beams in the anticipated range of energies and intensities. Some have made suggestions for
PSI. In his summary talk, Prof. G. Herrmann from Mainz has clearly expressed the general
consensus that in all surveyed fields interesting projects can be considered. The experts thus
support the present request from the point of view of its scientific relevance.
In the following we shortly discuss challenging applications of the upgraded cyclotron, mainly
using material presented by the experts at the workshop.

4.1 Atomic physics
When discussing the physics of atomic collisions the adiabatic parameter is particularly
important. Definitions are
collision velocity
Adiabatic parameter:

=

v
— = T|
u

=

u
Zeff
- =
u0
nrff

orbital velocity
orbital velocity
Binding:
Bohr's velocity

u 0 = 2.210" ems'
A small adiabaticity parameter indicates that the target electrons make several turns during the
interacting time, so that orbital can adjust to the variable potential. Large values imply a sudden
interacting. Fig. 1 shows several interaction domains as function of T|.
The region which can be investigated with a particular accelerator depends on the energy per
nucleon and on the binding energy of'.he target electrons which will take part in the reaction. The
shaded area in fig. 1 indicates the region which can be covered by the upgraded cyclotron. With
regard to the logarithmic horizontal scale and the fact that n can take (practically) the values 1 and
2 (K and L electrons), the field of investigation is quite important.
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Among the possible interesting ^search projects. Prof. Mokler recommends to investigate
• Captt re distribution (study of nitial n and 1 population)
• Solid/gas effects
• Wake (propagation of states ir solids)
• Spectroscopy of heavy target atoms
Possible other subjects are
• Quasi molecular reactions
• Electron emission
• Recoil ions
• Channelling
• Beam plasma interactions
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A proposal in one of the recommended research directions is listed in sect. 5.
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It appears from the above list (and from annual reports of heavy ion accelerator laboratories) that
there are close relations between some of the atomic physics and solid state research projects.

4.2 Nuclear physics
There is a very large variety of problems which can be studied with the proposed ions in nuclear
physics. A possible classification leads to the following list:
(D Statistical analysis of nuclear excitations. We can regard the nucleus as an assembly of
elementary fermions which, when filled into a finite size volume, represents a gas of particles.
The individual energies are determined by the dimension of the enclosure. With rising
excitation, the additional energy may be concentrated in a few degrees of freedom or
eventually be statistically distributed among all accessible degrees of freedom. The
distribution relates to the problem of dissipation. It can follow different regimes, statistical or
chaotic.
® Nuclear reactions. A very rich choice of subjects is open. We mention quasi-elastic, deep
inelastic and fusion (especially at subbarrier energies) reactions, for example studies on
break-up, incomplete fusion or on the emission of continuum frays. The explicit treatment of
valence nucleons necessitates the introduction of a two-center approach and leads to problems
similar to those encountered in atomic physics (for instance Landau-Zener transitions).
Although fission was discovered 50 years ago there are still important unsolved fundamental
problems related to this important subject. Much effort is presently given to studies of quasifission reaction.
<3> Nuclear structure. A number of interesting problems are challenging: test of nuclear models
like IB A, change of deformation along the yrast line (cold nuclei), collective states built on
high spins.
Some of the experiments require heavy and sophisticated equipments which are neither presently
available nor considered for PSI. Many others can make use of the existing scattering chamber
and of the available electron and 7-ray spectroscopy equipments.

4.3 Chemistry
Heavy ion chemistry has developed in recent years to a domain which is active in the following
fields:
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studies of chemical properties of radioactive (mainly heavy) elements;
analytical- and physical - chemical investigations under extreme conditions ("single*' atom or
molecule regime);
investigations of nuclear decay properties of exotic nuclei, mostly in the region of actinidcs
and trans-actinides;
studies of heavy ion reaction mechanisms.
Not yet explored are applications in the field of radiation chemistry and only poorly developed in
the field of solid state chemistry.
At heavy ion centres such as GSI Darmstadt, LBL Berkeley or JINR Dubna presently nuclear
chemists focus their interest much on investigations in the field of heaviest elements. This is
caused by nuclear but also chemical reasons. For production of isotopes of heaviest elements light
to medium heavy ions with energies near the Coulomb barrier are used. Such beams could be well
delivered by a ECR equipped PHILIPS cyclotron. In studies performed at the 88-inch cyclotron in
Berkeley reactions with e.g. "O projectiles with an energy of 115 MeV and a beam intensity of
about 0.5 pp>A were used to produce single atoms of heaviest element such as the last actinide
lawrencium (Z = 103) or element 105 (proposed name hahnium. Ha, or nielsbohriurn, Ns,
according to controversial claims of its discovery at LBL or JINR, respectively). To produce such
elements actinide targets are needed such as 249Bk which can only be breeded at high-flux
reactors.
In the following the most recent chemical studies which were made with element 105 are shortly
summarized. Fully automated HPLC chemistry separations of a short-lived isotope of element 105
(^lOS with T1/2 = 35 s) were used to study its chemical properties (see Fig. 1). This task is a
challenge for an analytical chemist because it is not at all clear whether conventional chemical
procedures can also be applied in the ultra-trace level with only a few atoms. It covers
fundamental questions such as to what extend can chemical properties - and resulting procedures be extrapolated to the few atom level6.

6

R. GuilJaumont et al., Radiochim. Acta, 46, 169 (1989)
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A i n u EKKT (MtV)

Fig. 1:

Summed a - spectrum of all samples from 1600 chemical separations using fully
automated HPLC • separations from HCVHF solutions into Triisooctylomine (TIOA)
on Vottalcf. The time neededfor one individual separation was 30 s. The separations
were performed with a total of about 500 atoms of element 105, i.e. with less than one
atom per separation.

As a result it was found that this element does not behave similar to tantalum. A tantalum-like
behaviour would be expected on the basis of the position of element 105 in the periodic table of
elements. Surprisingly, the data indicate that the chemical properties of element 105 are
somewhat intermediate between those of niobium and protactinium. Further studies are needed to
confirm this preliminary interpretation. If true, this might indicate that relativistic effects in the
atomic orbitals can change chemical propenies of heaviest elements, a theoretical prediction made
recently by several authors. This would then show that for heaviest elements the law of
Mendelejew is no longer valid.
In addition to chemical investigations such separations can also be used as a technique for nuclear
decay studies of isotopes of heaviest elements. So far on - line separators arc only of limited use
in this Held, hence, nuclear chemical techniques are a good alternative to get access mainly to
neutron - rich isotopes of heaviest elements. For such nuclides very interesting nuclear
phenomena have been found recently. First, the half - lives of neutron - rich isotopes seem to
increase. As an example we refer to the nuclides 260Md (T)/2 = 32 d) or 262Lr (T)/2 = 3.6 h)
discovered by the nuclear chemistry group at LLNL in Livermore. Second, for trans - einsteinium
elements some spontaneously - fissioning isotopes exhibit a new decay mode, the symmetric
fission. This surprising result is not yet fully understood and more data arc needed. The chemical
separations described above for element 105 are intended to be used in future experiments to
study the fission decay properties of neutron-rich isotopes of this element. Such data will lead to a
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bener understanding of the classical - still not well understood - prccess of nuclear fission but also
to the question whether there exist so far undiscovered "superheavy" elements with atomic
numbers around 114 which should have rather long half -lives.
Though many attempts were made over the past decade to find such elements in nan re or to
produce them by heavy ion reactions no evidence for their existence have been found yet. On the
other hand, even most recent theoretical predictions claim that due to shell effects there should
indeed exist such an island of stability around elemenc 114. Presently, the general opinion is mat
all the experimental failures can be explained by non-optimum heavy ion reactions used so far.
Such superheavy elements have only a chance to survive their "birth" if they are produced with
low excitation energy because they have no liquid drop stability. However, it is well known that
already at moderate excitation energies shell effects are damped out. All reactions used so far to
synthesize superheavy elements have produced primary products with rather high excitation
energies. Hence, present interest in this field is much forwarded to the problem of how to make
"ultracold" nuclear reactions. Sucn processes are somehow reversal to the spontaneous - fission
decay. For a most recent review of this topic see7.

4.4 Biology
(Extract from G. Kraft, Nucl. Science Applications, 3,1-28 (1987))

In the last three decades particle accelerators for heavy ions have been developed mainly for
nuclear physics experiments. However, the evolution of an accelerator-oriented atomic physics
community has demonstrated that heavy ion accelerators can be used successfully to study
problems in atomic physics too. In a similar way, heavy ion radiation biology has developed at a
few heavy ion machines. The motivation for the use of accelerated heavy panicles in
radiobiologic al experiments has three origins.
1. The biologically relevant 8-electrons are produced by primary ions as a continuous track
having a well-defined diameter and ionization density inside the track. The diameter of the
track is determined by the maximum range of the 8-electrons and depends only on the
velocity of the ion, independent of atomic number, while the ionization density is determined
by the energy loss of the particle, which depends on the atomic number squared. By an
appropriate choice of ion mass and energy, it is possible to change both parameters
independently. Hence, the damaged area in a cell and the intensity of damage can be varied
independently, which is not possible using electromagnetic radiation.

7

P. Armbruster, Transactinides Elements, Proc. Nucl. Phys. Conf. Sao Paulo, Brazil, Aug. 20-26

(1989)
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2. With increasing space research, more people are being exposed to solar and cosmic radiation.
While solar flares consist mainly of light ions such as protons and helium ions, cosmic
radiation includes a small component of heavy particles up to iron. Because energy loss
increases quadratically with the projectile atomic number (see Fig. 1\ the dose dcoosited by
the heavy component of cosmic radiation is comparable to the dose from lighter ions. From
the viewpoint of radiation protection it is interesting to ask whether the highly concentrated
ionization density, for example in an iron track, may cause long-term effects, such as
mutation and transformation, similar to or different from those of sparsely ionizing protons or
electromagnetic radiation.
3. Finally, beams of highly energetic ions are used in radiotherapy and radiosurgery to deliver a
high and concentrated dose to a well-defined tumor volume. The lateral and range straggling
of particle beams is small, and most of the energy is deposited at the end of the particle range
(see Fig. 2), i.e. in the tumor volume and not along the incoming part. Therefore, beams of
relativistic heavy ions exhibit a much better depth-dose distribution than any other type of
ionizing radiation and the therapeutical use of these beams was proposed at the end of the
1940s. Radiotherapy with proton beams is now a routine procedure at Harvard, Moscow,
Leningrad, Villigen and Uppsala. Therapy with heavier particles is available only at Berkeley
where at the 184" Cyclotron patients are treated with helium ions and at the Bevalac with
heavy ions such as carbon, neon, silicon and argon. As a consequence of the very promising
results of these treatments, a dedicated medical heavy ion synchrotron is under construction in
China, Japan, and a proton synchrotron in Loma Linda, California.
The biological and medical applications of particle accelerators are therefore no longer only
parasite users of nuclear physics machines, but are becoming an independent field of heavy ion
research in their own right.
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Linear energy transfer (LET) of heavy ions as a function of the specific energy.
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4.5 Applications of heavy ions in the field of solid state physics
As a heavy ion penetrates a solid it is decelerated essentially via (i) direct transfer of recoil energy
to target atoms through elastic collisions and (ii) electronic excitations and ionisations of target
atoms (electronic energy loss). It is generally accepted that in bulk solids with metallic
conductivity atomic rearrangements (displacements, site changes) are primarily induced by elastic
collisions and not by electronic excitations or ionisations.
In f.he field of applied solid state physics scientists are mainly interested to study the interactions
of heavy ions with the electrons of the target with the purpose to understand the scenario of
induced effects. This is a multiparameter task:
1) One has to now how the energy is deposited onto the electrons of the target.
2) The electronic relaxation in the target structure is a function of the nature of the material, e.g.
it is different for insulators, semiconductors or metallic conductors. Since targets are often of
very complicated structure it is difficult to define good parameters to be used as a signature of
the processes which have occurred.
3) Finally, one has to find a reliable characterisation of induced effects. This includes
measurements of electrical resistivity, form changes or direct observations such as TEM, (online) Mossbauer spectroscopy, perturbed angular distribution measurements etc.
The time scales which are covered in an interaction of a heavy ion with solid material and the
induced effects can be summarized as follows: For the time range of about 10 17 to 10 16 s
excitation and ionisation of the target atoms occur along the ion path. The penetration depth is a
function of the heavy ion energy; e.g. for 12C ions in Al about 0.4 \im at E = 150 keV, 1.7 Jim at 1
MeV, 0.18 mm at 100 MeV and 1.5 mm at 360 MeV (Emax for PHILIPS cyclotron). Along the ion
path a high density of radially emitted 5 - electrons are ejected. Their energy varies from about 20
eV to 10 keV. The mean energy is about 100 eV. This leads to the fact that the target around the
ion path becomes essentially a plasma. Typical ranges for these electrons (in Al) are about 55 (im
for 100 keV, 37 nm for 1 keV or 6 nm for 100 eV, respectively. The energy of the ejected
electrons is much too low to induce direct elastic displacements of target atoms. After about 10"15
s the energy of the electrons is transferred to the atoms by collective interactions (e- - plasmon, c phonon and e' - e" couplings). The resulting induced effects cover e.g. radiolysis of sensible matter
(ionic chrystals, polymers etc) or production of latent tracks in insulators.
The electronic energy loss (dE/dxc) induced effects can be separated in a low and a high
absorption regime.
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In case of low electronic dE/dx values no interactions between created excitations and ionisations
have to be considered. The damage processes are fairly well understood and can be described by
exciton mechanisms. Such studies are mainly performed with electron- or photon beams.
In the case of high electronic dE/dx values a high density of excitations and ionisations are
produced simultaneously. The damage mechanisms are expected to be collective: Coulomb spikes
(~ 10"15 s) should occur due to screening effects by free electrons of the positive target atoms and
thermal spikes due to the high electron diffusivity. In addition, transient modifications of
interatomic potentials are expected. Such studies are mainly performed with swift heavy ions
(kinetic energy about 1 MeV/u).
The main features of interactions between high energy heavy ions and solids can be seen from
Fig. 1.
(keV/A)

4-00

600

Rp -X (pm)
Fig. 1:

Energy loss values of high energy heavy ions in Y3Fe5Ol2 (upper part) and ratio
between electronic and nuclear stopping power (lower part) as a function of depth
(for details see text) (from talk presented by J.C. Jousset on June 16,1989 at PSI).

For the magnetic oxide Y3Fe50]2 the energy loss values (upper part) are shown for several heavy
ions as a function of the penetration depth. The end of the curves represent the surface of the solid
and Rp-X = 0 the end of the ion path. The lower part depicts the ratio between electronic and
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nuclear (elastic collisions with nuclei) stopping power. From Fig. 1 the following advantages of
high energy heavy ion applications can be read:
due to the long accessible ranges stacks of relatively thick samples can be irradiated
simultaneously,
a large spectrum of electronic energy loss values can be investigated from about 100 eV/A up
to 5 keV/A, and
-

for the plateau region (high energies) values for (dF/dx)e /(dE/dx)B are very high, about 2000.

In the following, some presently on-going studies in the fieid of heavy ion applications at GANIL
and at HMI are summarized.
Investigations in magnetically ordered oxides (Y 3 Fe 5 0 I2 ) showed that for dE/dx values > 8
MeV/^m latent tracks are made of continuous (dE/dx > 17 MeV/jim) or discontinuous (8
MeV/^m < dE/dx < 17 MeV/nm) damaged cylinders. For dE/dx < 8 MeV/jim latent tracks
are spherical shaped defects along the ion path. For dE/dx > 8 MeV/um the fraction of the
paramagnetic phase increases as a function of the dE/dx value.
Amorphous metallic alloys such as Fe85B15 or Pd^Sij,, show anisotropic growth effects when
bombarded with a heavy ion dose above an "incubation fluence" 8 . Such a behaviour is
entirely unknown for crystalline metals. As an explanation Coulomb explosions are suggested
leading to plastic flow.
Coulomb excited nuclei such as 54Fe* can be used as magnetic probes in solids. Fig. 2 shows
how such nuclei can be produced in a heavy ion fusion reaction and be implanted at a well
defined depth into a bulk material. With the PAD technique (perturbed angular distribution)
the larmor frequency and, hence, the local magnetic field at the position of the 54Fe can be
measured. In case of Ce as bulk it could be shown that Fe is deposited in two distinctly
different places, one with a non-magnetic behaviour (B = constant as a function of the
temperature) and one which shows spin magnetism. The PAD technique has successfully
been applied to studies of charge configurations and their dynamics of valence unstable ions
in different environments (metallic and insulating hosts, etc.) 9 > I0 .

8

Klaumiinzer et al., Phys. Rev. Lett., /, 850 (1986)

9

M. Luszik-Bhadra et al., Phys. Rev. Lett., 47, 871 (1981)

10

K.D. Gross et al., Phys. Rev. Lett., 63,1176 (1989)

31

-*
5a

h

Fe in Cer

T=303 K

•• *

•
4

*Sc-Target

N

Probe

\

'.A .

/
CM

w

54

*VV\

Oetektor 1

c

"C-lon

AA
DeteW

or 2

^ ^ V » W ^ - _

0.2

**;\:**tt:

Fe-lon

Q
I

0.0
l '; "J '» " 'i •• <

^*/iMA***

VVmvW??

-0.2

500
Zeit [ns!
350

30 T[K]

100

pro

20
1000/T [K"'l

2:

Technique to implant highly excited nuclei into solids (left upper part); measured
larmor frequency for 54Fe implanted into Ce at 303 K at two different angles (PAD
technique) (rijht upper part); parameter for larmor frequency fi as a function of
temperature for 54Fe implanted into Ce which indicates two different sites with a
magnetic and a non-magnetic behaviour (lower part) (from H.H. Bertschat, Berichte
aus dem HM1,1189, p.23(1989).
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5. Proposed experiments
5.1 General comments
We have shown that relevant scientific experiments can be performed with the upgraded
cyclotron, which will be very competitive to other machines as long as nuclear physics is not the
prime application. The question is then to know if there are interested scientists to use such a
facility. The following list of proposals should give a positive answer. It has also to be noted that
the usefulness of a new facility takes generally some time before to be recognized by a large
community, so that most probably other people will get interested in due time.

5.2 Atomic physics
5.2.1 Study of multiple ionization induced in Mid-Z-atoms by heavy ions
J.CI. Dousse, M. Gasser, J. Kern and Ch. Rheme
Physics Department, University, CH-1700 Fribourg
P. Rymuza andZ. Sujkowski
Institute for Nuclear Studies, 05400 Swierk, Poland
Multiple inner-shell ionization of atoms bombarded by heavy-ions is a subject of large interest as
indicated by the increasing number of papers and conferences related to that field. The interest is
stirred by some fundamental problems concerning the mechanism of the reaction itself as veil as
by a number of possible applications in astrophysics, plasma physics, solid state physics and
nuclear physics. The observation of enhanced satellite structure in heavy-ion induced X-Ray
spectra has proven to be a very powerful tool for studying multiple inner-shell ionization
phenomena. Experimental data, however, are limited practically to light elements (Z, < 25). Three
years ago, using a curved crystal spectrometer, we have started a series of experiments (PSI Exp.
Z-84.04.1) to study the multiple inner-shell ionization processes induced by light heavy-ions (28
MeV 4He+, 112 MeV l0 0 4f ) with target-atoms in the mid-Z region. Well resolved X-Ray satellite
spectra were obtained so far with Molybdenum (Z, = 42) and Palladium (Z, = 46) targets (see Fig.
1).
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In order to extend the measurements to higher-Z targets and hypersytellites, heavier projectiles
and larger beam intensities will be needed, the cross sections of the process being proportional to
Z 2/Z,4. Fig. 2 shows how the minimum beam current I/q (q = ionization degree of the projectile in
the accelerator) multiplied by the squared projectile charge number varies as a function of the
target-atom charge number, minimum in the sense of getting spectra of similar statistics as that of
the Mo-spectrum shown above. As example, a target of Holmium (Z, = 67) would need at least
1.6 uA ]60** or 0.62 jiA •"Ar^-beams.
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The relative intensities of the L-satellite lines are largest when the so-called "matching velocity
condition" is fulfilled, i.e. when the velocity of the projectile is nearly equal to the velocity of the
L-electrons of the target atoms. The corresponding optimal beam energy in McV/u is represented
as function of the target atom charge number in Fig. 3. When taking into account the energy loss
of the projectiles in flic target chamber window (4.5 mg/cm2 thick Havar foil) and in the target
itself (about 10 mg/cm2 thick), the optimum energies are slightly larger (see curves 2 and 3 in Fig.
3).
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As can be seen from Figs. 2 and 3, the upper limits of energy and intensity of the ion-sources
presently available at PS I are definitely too low for multiple ionization studies of higher-Z targetatoms. On the contrary, it appears that the optimal conditions will be obtained with an appropriate
ECR-source. The latter would have the additional advantage of delivering a more stable and
breakless beam operation (with the presen. ion-source device, the filament/anticathodc has to be
changed in average every 8 hours), which would lead to shorter measuring times and better data
acquisition conditions.
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5.3 Nuclear physics
5 J.I Study of the Ml transition intensities in IMHo
/*/. Dclcze, S. Drissi, J. Kern, S. Mannanal, J.-P. Vorlet
Physics Department, University, CH-1700 Fribourg
Several instruments for y-ray and electron spectroscopy are available at PSI:
a Compton-suppression spectroT^ter (CSS), heavily shielded, designed for angular
distribution measurements.
a curved crystal spectrometer (SCI). This instrument has been continuously improved in
course of time and it is expected that this trend will continue. Presently it is most useful for
the observation of low energy transitions (up to about 350 keV) at high resolution.
a multidetector system is being developed, including 3 BGO Compton suppressed Ge
detectors and a miniorange spectrometer.
These equipments arc competitive to study with high sensitivity the lower part of nuclear level
schemes, in order tc test such models as IBA. It permits, especially, to determine precisely
transition intensities which are more sensitive to the details of the wave functions than the
excitation energies.
The installation of an ECR source would provide a number of advantages:
possibility to have rarer isotope beams, like IS 0, using enriched material (since the amount of
gas "used" by the source is very much smaller than in the present situation)
better possibilities to use ions from solid targets (like Li or B) and possibility to use heavier
ions
better use of the scheduled beam time (shorter set up, stable and breakless beam). The beam
quality should also be improved.
more stable and intense currents when using the crystal spectrometer.
As an example of project, we will consider with the upgraded machine the study of the Ml
transition intensities in l60 llo, a nucleus that we would excite by the ,54Sm(,(,B,4nY) reaction: in a
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previous measurement, where an abeam had been used, our group observed " a new and yet
unexplained increase of the B(M 1 )/B(E2) ratios at frequencies around <o = 0,28 MeV/h (Rg. 1).
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Variation of the B(E2,I --> I-1)/B(E2J --> 1-2) ratios as a function of the rotational
frequency for the ground state band (upper figure) and for the yrast band (lower
figure) of mHo.

Since backbending is blocked in this odd-odd nucleus in the yrast configuration, a single particle
alignment cannot be responsible for this phenomenon. Measurements with heavier ions will
permit
CD to extend the results to higher spin;
® to test if the branching ratios are not accidentally biased by undetected contaminations (which
very probably would be different, using another reaction).
Other research projects will take advantage of the available facilities.

11

J.L. Salicio, M. Deleze, S. Drissi, J. Kern. S. Mannanal and J.P. Vorlet (to be published)
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The crystal spectrometer has been used so far for singles measurements only, using p and a
beams. Interesting applications, for instance in the measurement of the life time of excited states,
will be considered with the advent of stable and intensive heavy ion beams.

5.3.2 The possible observation of ballistic temperature pulse propagation in medium heavy
ion reactions
M. Kozlowski
Institute of Experimental Physics, Nuclear Physics Department, Hoza 69,00-681 Warsaw, Poland
The thermal response of the nucleus is currently investigated in nuclear reactions induced by
nucleons n and heavy ions ,3 . Thermodynamical models of nuclear reactions e.g. the hot sources
model are based on the Fermi-gas model for the nucleus. The hot source of particles is considered
as a hot chunk of nuclear matter heated to high temperature. For transfer of heat from that source
to the rest of a nucleus the classical equation for heat diffusion is used. However it must be
recognized that this equation is based on the assumption of infinite velocity of heat propagation
,4 15
T . Whereas this obvious shortcoming is well understood in Fermi systems considered in solidstate physics ,6 , nuclear Fermi systems are open to study the influence of the finite value of heat
velocity propagation on nuclear reaction mechanism.
Recently a new transport equation for temperature pulse propagation in nuclear ion reaction was
proposed n . The equation has the form:
1
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D 8t

where T is the temperature of nuclear medium vs = V l/3vF is the sound velocity in nuclear
medium (vF = Fermi velocity) and D is the diffusivity. As can be easily seen from eq.(l) for vs -->
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«»the diffusion equation (for temperature) is obtained. The new term vs-2 o^T/St2 describes the
memory of the nuclear system. As is shown in paper17 the solution of equation (1) contains the
new term - the ballistic propagation of temperature pulse in nuclear matter. The existence of
ballistic temperature pulse propagation which is theoretically anticipated in paper17 was not
investigated experimentally up to now.
In the following we propose the investigation of the ballistic temperature pulse propagation in
heavy ion reaction (symmetric geometry). When two identical medium heavy ions e.g. 12C+12C,
20
Ne+20Ne interact the hot zone is created (Fig. 1). In Fig. 1 we use me slab geometry17. The hot
zone is the source of temperature pulse, AT0, which propagates symmetrically in both nuclei and
opposite direction. The amplitude of temperature pulse at the end of nuclear slab is equal17
T(l,t) = AT0exp(-t/2x) = AT0exp(-l/2X),

(2)

where X is the mean free path and 1 is the linear dimension of nuclear slab. We propose the
measurements of the energy spectra of nucleons (and possibly a particles) in coincidences in
small scattering angle 0 at forward and backward direction (Fig. 1). The slope of the energy
spectra can be used as a thermometer for the temperature of the nuclear slabs. The existence of a
high temperature component in coincidence spectra is the signature of the ballistic temperature
pulse propagation in heavy ion reactions.
The damping of temperature pulse depends on the ration 1/2 X. For 1/2 X --> O i.e. X --> «> we
have true ballistic transport. Formula (2) can be used for a measurement of X, i.e.
>-= -

1
-

1

2

T(l,t)
In [
]
AT0

(3)

and can serve as the new source of information on the value of the mean free path in nuclear
medium which is still under theoretical and experimental investigations,
At the end it is worthwhile to admit that in contemporary submicron semiconductor devices the
ballistic propagation of electrons is experimentally well established 18>19.

M. Heiblum et al., Phys. Rev. Letters 55, 2200 (1985)
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Fig. 1: The slab geometry for two interacting nuclei.

5.3.3 Dynamic components in fission'fissionlike processes
RA. Esterlund, S. Beiersdorf, M. Knaack, J. van Aarle, W. Westmeier, and P. Patzelt
Institut fiir Kernchemie, Universitiit Marburg, D-3550 Marburg, FRG
Anisiotropies An (= W [0°, 180°]/Wf90°] of angular distributions for fission/fissionlike products
from heavy-ion induced reactions have been observed 20 which are significantly greater than

20

R. Freifelder, M. Prakash, and John M. Alexander, Phys. Reports C133,315 and references
therein (1986)
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predicted by transition-state theory (TST) calculations 21 which employ saddle-point moments-ofinertia (SPMI) derived from the rotating liquid-drop model a (RLDM). The resulting conclusions
often cast doubt upon the validity of the TST and RLDM as well as raise questions about the
extent to which equilibrated compound nuclei have been formed in the systems studied. Most
measurements have been inclusive with respect to exit-channel asymmetry a, whereas the
corresponding TST calculations treat only the case of exactly symmetric splittings, even though
the experimental mass windows usually span widths of several tens of amu. As it is not unlikely
that the SPMI might vary with a, and as the form of the mass-energy surface results in higher
fission saddles in the exit channel for asymmetric splittings, one may anticipate this to be a
sensitive and unjustly neglected degree of freedom.
In order to investigate the possibility that at least part of the origin of the anomalously high An
values observed might be due to the product-mass inclusive nature of online experimental
measurements, we have already begun a program for the off-line determination of angular
distributions for fission/fissionlike products with exact A and Z resolution in the exit channel for
the reaction at various energies of 40Ar with targets of 197Au, 181Ta and 165Ho.
We present below in Figs. 1 and 2 selected data for the systems 5.3 and 7.5 MeV/u 40Ar +197Au.
The exit-channel asymmetry a is here defined as (A,-A2)/(Aj+A2), where A, and A2 are the
deduced primary masses of the measured nuclide and its reaction partner, respectively. For
products not too far from mass symmetry, the angular distributions for all measured nuclides
exhibit symmetry about 90° in the rest frame. An and K02 values extracted from the data are
shown in Fig. 1, where the dashed line labelled TST is the An value attained from a TST
calculation for exactly symmetric splitting, using RLDM SPMI. We conclude that the SPMI vary
strongly with a, and that for the first time anywhere these parameters may be extracted from the
data. Details are discussed in Ref.23.
For products further away from mass symmetry, the product angular distributions are clearly not
symmetric around 90°, showing that they do not arise entirely from pure fission processes.
Selected data are shown in Fig. 2, where the lines are least-squares fits to the data for the purpose
of estimating the relative magnitudes of symmetric and asummetric contributions. It is important
to note that these products are located well within the symmetric component 24«25, showing
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clearly that dynamic processes are contributing to fission/fissionlike processes in this system. Our
preliminary interpretation is that they arise from some sort of fusionlike reaction mechanism such
as quasifission.
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As such experiments allow unique opportunities to study SPMI for non-symmetric fission
processes as well as to further elucidate the nature of these dynamic constituents of
fission/fissionlike processes, we therefore propose carrying out further experiments of this nature
at PSI. As the boundaries in mass-charge-energy space to these dynamic contributions are not yet
delineated, we wish to carry out bombardments of heavy targets such as 197Au with beams lighter
than 40Ar e.g., 32Si, and thus build up a systematic picture of this hitherto almost unexplored
aspect of the fission process.
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5.4 Chemistry experiments with a gas-jet facility
We propose to install a gas-jet facility at a beam line of the cyclotron similar to that already
existing at the SAPHIR reactor26. With this technique, reaction products recoiling out from a
target are thermalized in a gas which contains small particles (aerosol). After attachment of the
reaction products onto these particles they can be transported continuously and with high yield
through capillaries from the accelerator to a chemistry laboratory. In the following we describe a
series of experiments which would be possible with such a facility.

5.4.1 Surface studies with short-lived isotopes
A. Schmitt-Ott
Prozess- und Aerosolmesstechnik, Universitat Duisburg
B. Eichlcr
ZfK-Rossendorf
U. Baltensperger, A. Weber, D. Jost, H. Gaggeler
PSI
A. Turler
LBL - Berkeley
Single atoms of short-lived nuclei can be used to determine the exposed surface of small particles
or to study surface chemical interactions at extremely low concentrations of the adsorbers.
Surface properties of small particles are of great current interest in view of heterogenious
catalysis. In addition, small particles in the atmosphere offer a large joint surface. While the mass
of suspended matter is often very low, the effect of its surface on atmospheric chemistry may be
enormous. The study of large surface-to-volume structures in gaseous environments is therefore
of great imponance. Apart from their environmental relevance, aerosols are possible precursors of
novel catalysts in industrial processes. Particles of fractal structure are of special interest due to
their abundance in the environment, and due to special properties such structures are predicted to
exhibit in catalysis.

Ya Nai-Qi, D.T. Jost, U. Baltensperger, H. Gaggeler, Radiochim.Acta, 47 1(1988)
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In former studies, photoemission has successfully been used :o obtain information on adsorption
kinetics on aerosol particles 27. These results have shown that small particles may behave
completely different from bulk material with respect to adsorption. The fractal dimension of
aerosol particles can be derived in situ for instance from measurement of their mass and exposed
surface 2S « 29 ' 30 . For determination of that part of a fractal surface directly exposed to gas
molecules (first collisions), attachment of the short-lived isotope 2U Pb has been successfully
applied 31 (Fig. 1). A complete description of geometry effects on gas-surfacc-interactions would
require measurement of the exposed surface as function of the gas molecule sticking probability.
A variety of short-lived elements would allow variation of the sticking probability for this
purpose.
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Fig. 1: Attachment of2"Pb onto spherical LATEX particles of variable size (from3I)
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Short-lived isotopes have been used for studies of chemical interactions on several adsorbing
surfaces and with extremely low adsorbate concentrations. Using a few atoms of the short-lived
nuclide 2,lm Po (half-life 25.2 s) adsorption enthalpies of Po on a series of metal surfaces were
determined32 and compared to model predictions -3 (see Fig. 2).

1000

Temperature of the foil C°C]

Fig. 2:

Transmission of the 252 s nuclide 2IlmPo through a 6 cm long heated Ag column with
He as carrier gas as a function of the temperature (from n)

Moreover, recently surface chemical reactions of single adsorbed atoms onto small salt particles
have been studied34 using the short-lived fission product "»Nb ( T i/2 = ^ s ) (Fig. 3).
The experiments involving short-lived elements carried out so far at PSI either used 211Pb from a
227
Ac source or short-lived fission products from the SAPHIR gas-jet set-up. They give a foretaste
of the large potential of such adsorption/desorption experiments for investigation of a) nm-scale
geometry effects on adsorption and catalysis and b) adsorption/desorption kinetics and enthalpies
on small particles and on surfaces. The precondition for a new, extremely powerful tool for
surface investigation is the availability of a large spectrum of short-lived adsorbate elements.
Heavy ion fusion reactions with light ions such as 12C or , 6 0 at highest possible beam fluxes
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would give access to a broad range of short-lived isotopes over the entire periodic table. Heavy
metals which can easily be produced in fusion reactions with rare earth targets are of special
interest in modelling environmental aerosols and catalyst poisoning studies.

200
300
Temperatur ( ° C )

Fig. 3:

400

500

Desorption of the 15 s nuclide "Nb (most likely as NbBr5)from 40 ran KCl particles
with HBr as reactive gas as a function of the temperature (from 34).

In the experiments planed, elements and compounds made from short-lived isotopes are used as
tracer to investigate interactions with surfaces or aerosol particles. The composition of the
surrounding gas can be matched to "real" conditions present e.g. in catalytic converters or the
atmosphere. This "in situ" feature represents a great advantage compared to vacuum surface
studies which are often not relevant for the process to be modelled.

5.4.2 Heavy element research
J.V. Kratz, N. Trautmann
Universitiit Mainz
M. Schadcl, W. Bruchle
GSI Darmstadt
D.C. Hoffman, K.E. Grcgorich, A. Tiirler
LBL-Berkeley
D. Jost, H. Gdggeler, A. Kovacs
PSI
There is quite scarce information about the chemistry of the heaviest elements. Starting with
element 106, there is even a complete lack of information on the chemical properties. In the
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periodic system of the elements in its present form, the actinide series ends with element 103, and
with the elements 104 and 105 the continuation of the subgroups IV and V takes place.
Accordingly, element 103 should show the characteristic properties of the trivalent actinides and
lanthanides, and elements 104 and 105 should resemble the elements Zr/Hf, and Nb/Ta,
respectively. The few simple experiments that have been performed to date seem to corroborate
this view.
However, it is quite possible that the chemistry of the heaviest elements is more complex than is
expected from their placement in the periodic table alone. Quantum mechanical calculations 3S> **
predict that relativistic effects should become increasingly important to the extent that
modifications of the electronic structure of the heaviest elements might become visible in the test
tube.
The scarce information about chemical properties of the heaviest elements has experimental
reasons. The elements exist only as short-lived isotopes with half lives of minutes or seconds
which can only be produced at a very limited number of accelerator laboratories, Berkeley,
Dubna, and Darmstadt.
These have in common that existing gas-jet transportation systems transport the products quickly
from the accelerator to a chemistry site and spectroscopy set-ups, that there is available the
necessary equipment for handling highly active targets, and that close-by radiochemistry
laboratories are available for the preparation of the on-line experiments. Because these
prerequisites exist at PSI this would make the Philips cyclotron + ECR source an ideal new device
for the study of heavy elements.
The proponents are involved in the study of chemical properties of the heaviest elements since a
number of years 37 ' 38 « 39 ' *, and have developed and used computer controlled chemistry systems
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such as on-line gas chromatography 41 , the on-lke liquid extraction system SISAK in **, and
automated HPLC systems such as ARCA 43 and its miniaturized version ARCAII 44 .
An example for the type of research proposed here is the determination of the ionic radii of Md3*
and Lr3* ions in aqueous solution via their elution positions from cation exchange columns with
ammonium a-hydroxy-isobutyrate. The ionic radii of aquo ions of the same charge and
coordination number are correlated linearly to the logarithm of the distribution coefficient, log
KD, in a given chromatographic system, and KD can be determinated from the elution positions of
the trivalent Md and Lr ions relative to the elution positions of the trivalent lanthanides. These are
eluted in order of their ionic radii, those with die smallest radii (the heaviest lanthanides and
actinides) being eluted first. Fig. 1 shows the elution curves of Lr and Md ions along with those
for the lanthanides tracers l7, Tm, 171Er, and ,66 Ho. Contrary to simple extrapolations, Lr3* is not
eluted together with Tm3+ but together with Er3*, while the elution of Md3* in the Ho3* position
corresponds to the expectations. Relativistic multiconfiguration Dirac-Fock calculations ^ are in
agreement with this trend. From the ionic radii it was possible, by using semiempirical formulae,
to deduce the hydration enthalpies for Md3* and Lr3+.
A very recent example is the investigation of the halide complexing and extraction into triisooctyl
amine of element 105, hahnium, using the isotope 34-s 262Ha produced in the 249Bk (,gO,5n)
reaction. Since the strength of the halide complexes increases for the chemical homologs from Nb
and Ta one might expect that this trend continues, and Ha should be extracted into the amine
phase under an even broader range of conditions than does tantalum. About 1600 anion exchange
separations of 262Ha from HCl and mixed HCl/HF solutions were performed on a one minute time
scale. Reversed-phase micro-chromatographic columns incorporating the amine on an inert
support were used in the computer controlled apparatus ARCA II. ^ H a was shown to be
adsorbed on the column from either 12 M HCI/0.02 M HF or 10 M HCl solutions like its
homologs Nb and Ta, and like the pseudo member of group-VB, Pa. However, in elutions with 4
M HCI/0.02 M HF (Nb-Pa fraction), and with 6 M HNOyO.015 M HF (Ta fraction), the 262Ha
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activity was found in the Nb-Pa fraction showing that the anionic halide complexes of Ha5* are
different from those of Ta5*, and are more like those of Nb5* and Pa5*. In separate elutions with 10
M HC1/0.025 M HF (Pa fraction) and 6 M HNCyO.015 M HF (stripping of Nb) the 262Ha was
found to be equally divided between the Pa and Nb fractions. Thr non-tantalum like halide
complexation of Ha is indicative of the formation of oxohalide complexes, like [NbOCl4V and
IPaOClJ", in contrast to the pure halide complexes in Ta, like [TaCLJ". Relativistic molecular
orbital calculations are needed to understand these differences.
With the present techniques and an appropriate amount of accelerator beam time these studies
could be extended in greater detail. Similar studies for element 104 would be attractive. The
search for unusual oxidation states of elements 103 through 105 presents a chemical challenge.
Studies of the volatility of the elements or their compounds would give access to thermodynamic
quantities like the heats of adsorption on various surfaces *. Ultra fast chemistry would give
access, for the very first time, to some basic chemical properties of element 106. In each
experiment, the behaviour of the lighter chemical homologs, produced on-line in the form of
carrier-free activities of similar half lives, would have to be studied under identical conditions.
The chemical isolation of isotopes of the heaviest elements with sufficient decontamination from
interfering elements also allows one to study nuclear decay properties of these isotopes,
sometimes in greater detail than was previously possible. Of particular interest is the spontaneous
fission decay of neutron-rich isotopes in the Fm, Md, No region, which seems to occur through
two competing modes, one liquid drop-like, and the other governed by the doubly magic shell
N=82, Z=50 in the nascent fragments. This "bimodal fission" ** is presently the exciting challenge
for fission theory. It is highly attractive to increase the number of cases studies and to extend the
systematics 4S of mass- and total kinetic energy distributions to Lr, Rf, and Ha isotopes. The case
^ H a is one of the interesting target.
There is another interesting nuclear decay mode for neutron-deficient isotopes in the actinide or
transactinide region: Beta-delayed fission. The study of this decay can, in principle, yield
information on the height and curvature of the fission barrier of the fissioning nucleus. By
measuring the life time of the fissioning level and the fission decay branch a fission hindrance
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factor can be obtained. A recent example for the production, isolation through chemical
separations and study of a PDF nucleus is 256Es *.

40
1

60
1

10

I

!

1

II10
I

Ir

30

TZ0 Volumtfd

[

I

I

I

Hd
T

25

-

20 15
10
5
n

_

r-

-

ri

" rv

I

I

40
L_

I

l_

60

I

\h
'
100

L.

120 Vo.umf Idropsl
3 Time [mm]

Fig. 1:

Elution curves for mTm, l7'Er, and 166Hofrom cation exchange columns (2mm x
60mm with 0.12 M a-hydroxy isobutyrate atpH=4.85 (upper part), and elution curves
for 3-min 260Lr and several Md isotopes under identical conditions (lower part).

H.L. Hall et al., Phys. Rev. C39,1866 (1989)

51
5.43 Prerequisites for sysf mic radiotherapy of micrometastases using targeting drugs as
vehicles for astatine-211
J. Carlsson, B. Larsson
Department of radiation sciences, Uppsala university, Uppsala, Sweden
H. Gaggeler, R. Weinreich
PSI-Villigen
C. Lindqvist
Department of neurosurgery, Karolinska hospital, Stockholm, Sweden
L. Pellctieri
Department of neurosurgery, Uppsala university and the Academic hospital, Uppsala, Sweden
In our effort to improve treatment of brain tumours 50>51, we consider new strategies based on
combinations of external radiotherapy and endoradiotherapy. For the latter purpose a variety of
tumour-seeking vector molecules are being developed and tested. Clinical applications are
foreseen, for example in glioblastoma multiformae, where postoperative proton irradiation of
recognizable solid tumours will be used, together with epidermal growth factor (EGF) that is
supposed to accumulate also in infiltrating or metastatic glioma cells. The endoradiotherapy
would be based, either on neutron capture in I0B coupled to EGF in the form of polyboranes or on
EFG labelled with radioactive halogenes. Neutron capture therapy employing epithermal neutrons
from the new injector cyclotron at PSI is subject to a feasibility study52, and targeting
experiments are made with EGF labelled with radioiodine, radiobromine or radioyttrium53.
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Analogue techniques are considered in other types of tumour models54 where antibody derivates
or specific metabolites are the vehicles (colorectal carcinoma and melanoma). As a most attractive
alternative to the mentioned radionuclides we would now like to introduce 211At in the study.
Astatine-211 is best produced in the reaction 209Bi (4He,2n)2UAt (by bombarding bismuth with ca.
30 MeV "He ions in an external beam from a cyclotron) is eminently suitable as a possible
therapeutic radionuclide55, due to its 6.8 MeV mean energy alpha emission and a half-life of 7.2
hours. From chemical and physiological points of view, astatine (or "heavy iodine") is similar to
iodine, but there are three differences, in particular, that give rise to serious problems in the
present phase of development:
(D Astatine shows a lower stability of binding to organic molecules;
© free astatine has a greater tendency than free iodine for accumulation in lung, liver and splenn
and
® radioastatine presents nasty conditions from the point of view of radiation hygiene (no
wonder - it has been chosen for its radiobiological potency!).
One common solution to these problems would be through attachment of astatine by a stable bond
to an intermediary atomic ligand such as Si S6 , in an early segment of the production line. Such a
strategy is supposed to allow improved molecular stability (D, a potential for control of the
biological behaviour of astatine in directions toward elimination of unwanted organ uptake ® and
improved radiation hygiene ®. This would be a new basic approach towards a practically useful
technology for the preparation of compounds labelled with astatine.
For the important reasons thus outlined, we here propose introduction of 211At in clinical research.
In a first step we propose to use the gas-jet facility for continuous production and transportation of
21
'At from an external beam lime of the Philips injector cyclotron to a chemistry laboratory. A
second step, already in preparation, would be a serious effort to investigate the problems (D, ®
and (§> specified above. In parallel with these activities the on-going research on targeting
radiohalogenated vehicles would be intensified, with the intent to learn more about the pharmacokinetics and optimization of the techniques for administration of the chosen radiopharmaceuticals,
especially EGF and monoclonal antibodies. By following such a plan, we foresee a possibility to
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start preclinical research on animals and cautious tests on patients at PSI, within a period of a few
years.

5.5 Accelerator mass spectrometry of 8I Kr
B. Lehmann, H. Oeschger, H. Loosli
Physikalisches Institut Universitat Bern
P. Schmelzbach, Th. Stammbach, M. Suter, H. Gaggelcr
PSI
In the earth atmosphere, 81Kr is produced by cosmic rays in p-, n-, or y-induced reactions with
stable isotopes of krypton and by neutron-capture of 80Kr. 81Kr has a half-life of about 2.1 x 105
years 57. In the atmosphere the 8,Kr activity is about 0.088 dpm/L krypton 58. This leads to a ratio
of 1.9 x 1012 for Kr/^Kr in modern air.
It has long been recognized that 81Kr could be used for dating groundwater or polar ice in the
range 50 ky to 1 My. This would considerably extend the range accessible by 14C. The
concentrations of 81Kr in groundwater is about 1400 atoms/litre.
So far 8lKr determinations have already been performed using the laser resonance ionisation
technique59. At a first view this method seems to be attractive. However, recent years have shown
that this method is not yet at a stage of being able to be used for series of samples.
It is therefore justified to evaluate whether AMS would be an attractive alternative. Since krypton
does not form negatively charged ions the tandem facility available at ETH1 Ionggerberg and in
use for AMS purposes can not be applied in this case.
An estimate of the efficiencies which could be reached at the ECR source equipped cyclotron
gives following values:
Jonisation yield in the source
Rel. yield of 8+ charge state

40 %
15 %
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Transmission through cyclotron
Total yield

3%
0.18 %

Gas consumption/count rate
Assuming a 1 m3 water sample which contains 0.1 cm3 STP krypton represents 2.7 x 1018 Kr and
1.4 x 106 8,Kr atoms. Based on an overall yield of 0.18 % about 2500 8!Kr atoms should reach the
detector.
Assuming a MKr(8+) beam intensity of 10'4 A after the ECR source the following parameters
result:
Count rate at detector
Gas consumption
Counting time for 1 m3 sample

2.1 8, Kr atoms/s
0.3 cm3 STP Kr/h
20 min

Open problems are possible 81Br interferences, memory effects in the source and, probably most
important, calibration of the transmission. There are some ideas to solve those problems - at least
to enable a 81Kr determination with an accuracy of about 10 %. This is sufficiently accurate at
present to get very useful hydrological informations on old groundwater samples since 81Kr is
potentially the only radionuclide which could be used for dating very old water (T > 50 ky). It
seems therefore attractive to follow up this idea.

5.6 Biology and nuclear medicine
In this section we discuss applications of heavy ions in biology and medicine. For some of the
proposals a new irradiation position with a vertical beam line would be required.

5.6.1 Position-resolved ion tracks through single cells: Proposition for a low-intensity,
vertical beam-line from the Philips multi-ion, variable energy cyclotron
B. Larsson
Uppsala university, Sweden
W. Burkart
PSI
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The critical phenomenon that makes living tissues respond to ionizing radiation, is the passage of
charged particles through cell nuclei. To permit the study of the fundamental phenomenon, i.e. the
passage of one particle through one nucleus, at a spatial resolution of ca. 1 micrometer, panels of
cells are cultivated on track-etch detectors and exposed to a low fluence of accelerated ions. The
irradiation is made under the microscope, so that the position of the individual cell nuclei, as well
as the subsequent behaviour of the cells, can be studied by video-recording techniques. This
method, now being established and tested by an Uppsala/Berkeley/Vancouver collaboration,
seems ideally suited for introduction at PSI, in connection with the proposed installation of an
ECR ion source for the Philips cyclotron. The set-up should allow horizontal panels of cells (or
cell colonies) to be exposed by vertical beams.
By superposition of the developed tracks on the stored pictures of the exposed cells, those cell
nuclei could be identified that have been traversed by ene (or several) particles. Such information
is of particular value when the aim is quantitation of response at low dose levels, and
understanding of the basic mechanisms that lead to various types of biological radiation damage
(cell death, chromosomal and other genetic lesions, carcinogenic cell transformation etc.). In such
studies the spontaneous background yield of lesions can be considerably reduced by eliminating
those cells that have not been hit. No other technique conceived today would allow the
experimental study of radiation response at dose levels encountered in the human environment.
(In that situation, only one cell nucleus out of ten, or less, is hit by a particle during a period of
one year!)
The PSI facility would be a unique and ideally versatile resource for radiobiological experiments,
of lasting scienf'fic potential. It would offer considerable advantages over the installations now
used provisionally, by the Swedish-American collaboration (Super HILAC at LBL and the Gustaf
Wemer cyclotron in Uppsala). The Philips cyclotron equipped with an ECR source would cover a
broad range of LET (Linear Energy Transfer) values, from ca. 1 keV/|im to ca. 1000 keV/^im.
That range is of particular relevance in basic as well as in applied radiobiology, and the situation
could not be offered presently at any other centre. In comparison, the SuperHILAC (high-LET,
horizontal) and GW cyclotron (low-LET, 45°) beam-lines could only in combination offer the
relevant parameters, and the orientation of the specimen presents a problem. Comparative
experiments at low and high LET are practicany very difficult.
The proposed experiment, and the continued collaboration, would represent a new approach in
experimental radiobiology. The need for data from single (or combinations of repeated) particle
traversals of single cell nuclei is well illustrated by the current "hit size" concept introduced to
represent energy transfer at single or multiple encounters between radiation particles and single
cells. In fact, for charged particles, the hit size is approximated by the energy absorbed in the
track segment through the cell, with due correction for displacement of energy by delta rays. The
true hit size distribution can be simulated in experiments with single tracks through single nuclei.
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It is then possible, in principle, to unfold response-energy transfer relationships to get more
detailed information than from experiments with random exposure. It would also be possible, by
combining successive time-controlled hits, to see whether the cells are able to condition
themselves for improved radioprotection - after exposure to a particle track - or, reversely,
whether they are more sensitive to subsequent tracks. Such knowledge would have bearing upon
the question whether the dose-response curve, for the endpoint considered, is linear, in conformity
with models used in recommendations for radiation protection practice. In due time, thanks to a
joint collaboration that hopefully would continue to include scientists from many centres
(Villigen/Ziirich, Uppsala/Stockholm, Berkeley/Vancouver and others), it will also be possible to
address the problem how the carcinogenic transformation response depends on the physical
parameters of the track segment through the cell nucleus, and possiblj- also how the response
varies with the position of the particle trajectory through the nucleus.

5.6.2 Can irradiation of proliferative cells in the posterior capsule prevent opacification of
artificial lens implants?
B. Larsson
Uppsala university, Sweden
H. Blattman
PSI
Extracapsular cataract extraction with preservation of the posterior lens capsule is increasingly
used because the low incidence of postoperative complications60. There is an important
disadvantage, however: the high incidence of posterior lens opacification (approaching 50 %
within 5 years)61, which requires additional treatment such as capsulotomy or YAG laser surgery,
with risk for retinal complications. Such posterior capsule opacification results from migration of
lens epithelial cells to the posterior capsule where they produce light-scattering proteins and
collagen. Now a Swedish group has suggested on the basis of promising experiments in rabbits,
that preoperative irradiation of the proliferative lens cell population with heavy charged particles
would lower the incidence of posterior capsule opacification62. Earlier, this idea has been

J. Worst, Ophtalmic Surg. 8, 33 (1977)
R.J. McDonnel, S.L. Rowen, B.M. Glaser, and M. Sato, Arch. Ophtalmol., 103, 1378 (1985)
A.C. Carlsson, B. Larsson, C. Lindqvist, G. Selen, and K. Wickstrom, Personal communication
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mentioned a but it has been considered little realistic, because conventional therapeutic radiations
do not permit irradiation of the lens epithelium with sufficient precision. Now charged heavy
particles, with their favourable depih-dose characteristics and low scattering may be used, with
the hope to avoid damage to critical tissue elements such as the germinal epithelium of the cornea
or the vascular endothelium of the iris.
The availability of heavier ions for studies of radiation effects at higher LET on the cells lens
epithelium, corneal epithelium and eye vessels would be of great value. In the case of positive
findings, in favour of 4He, design and optimization of a treatment procedure should be effectuated
at PSI. We believe that eventually, well-collimated, "He (or ,2C) beams would be decisively
superior to the now available proton beam, in the application on light ion beams to preoperative
lens cell irradiation. It is therefore proposed that the OPTIS facility be equipped and used also for
the foreseen "He (and 12C) ion beams from the upgraded Philips cyclotron at PSI. In the
experimental phase, this would allow phantom, cell culture and animal studies designed for
biophysical comparison of the merits of low-energy proton and heavier ions for the treatment of
secondary posterior lens opacification.

5.6.3 Adaptive response of human blood lymphocytes and cultured cells to heavy ion
radiation
W. Burkart, N. Crompton
PSI-Villigen
B. Larsson
Uppsala university, Uppsala, Sweden
Introduction /problem description
Chromosome damage, transformation and cell death are the ultimate products of the response of
mammalian cells to DNA-damag:ng agents. It is known for bacteria that specific sets of genes are
induced in response to elevated levels of toxicants or ionizing radiation. Evidence that eukaryotic
cells employ similar strategies is rapidly accumulating. Our recent studies show that human
peripheral blood lymphocytes cultured in the presence of low (adaptive) concentrations of
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Bleomycin (BLM) and then treated with a high (challenge) concentration of the same agent or
with a high dose of X-rays become significantly less sensitive to the induction of chromosomal
damage than those which do not receive the pretreatmcnt with BLM **» *5. These results give
support to the existence of an adaptive repair system in human blood lymphocytes which offers
resistance and cross-resistance to the induction of chromosomal damage by the same or similar
DNA damaging agents.
The existence of inducible mammalian DNA repair pathways leading to adaptation could
significantly affect our approach to assess the mutagenic and carcinogenic nsk of chemical agents
in our environment. There is growing evidence for the existence of an adaptive response system in
human blood lymphocytes, similar to that found in Escherichia coli ** and rodent cells ST. Olivieri
et al. M first reported that prior exposure of human lymphocytes to low levels of radioactive
thymidine (3-HdThd) led to a significant reduction in the chromosome damage induced by
subsequent challenge with a high dose of X-rays. Shadley and Wolff69 also observed that an Xray dose, as low as 0.01 Gy can protect the lymphocytes against the cytogenetic damage induced
by subsequent exposure to 1.5 Gy X-rays. The radiation dose used for the adaptation seemed to
have an effect; so also the time interval between the adaptive and challenge doses 70, the dose rate
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and the quality of radiation 7 | . Sankaranarayanan et a l . n have also confirmed the original results
of Olivieri et al. in their studies, lymphocytes which were chronically exposed to low
concentrations of 3-HdThd or other radioisotopes responded with lower frequencies of chromatid
and isochromatid breaks, when challenged with 1.5 Gy X-rays. Wolff et al. ^ reported that human
blood lymphocytes adapted to low doses of ionizing radiation became refractory to chromosome
damage not only by a high dose of radiation but also by chemical mutagens which induce similar
kinds of lesions in DNA.
These studies point to an inducible resistance to DNA damage and the possible role of enzymes
involved in the repair of damaged DNA. The mechanism(s) by which the adaptive response is
brought about has been the subject of several investigations. In the case of alkylating mutagens,
pre-treatment of the cells with low, non-toxic doses seems to induce repair enzymes such as DNA
glycosylase and methytransferase, making the cells more efficient in dealing with the alkylated
lesions and thereby rendering resistance to the mutagenic and lethal effects of subsequent
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challenge doses 74«75. The activity of poly (ADP) polymerase 76> ^ has been implicated in the
lymphocytes adapted to 3(H)dThd and X-rays 78.
Adaptive response and heavy ions
Preliminary results from J. Little's group at Harvard University indicate that the ionisation
pattern, i.e. spatial and temporal distribution of the radiation insult inside the cell nucleus, may be
crucial in the induction of an adaptive response. Cells did not respond to low doses of neutrons or
high dose-rate X-rays. Heavy ions offer the possibility to elucidate the microdosimetric
requirements needed to induce an adaptive response 79. They also offer the opportunity to
distinguish between different hypotheses on the mechanisms underlying the adaptive response in
human lymphocytes. We envisage exploration of 3 main possibilities:
reduction of primary damage by changing the physico-chemical environment of the DNA:
radiation acts partially through water derived radicals —> increase of radical scavenging
molecules would reduce primary damage. The fraction of indirect, radical mediated damage
varies considerably between iow LET and heavy ion radiation.
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increased DNA repair capacity; not that straightforwardly linked to residual damage;
indirectly through shorter half-life of lesions (yield of fixation of lesion)
increase in the fidelity of repair. The high fidelity of DNA replication and repair is achieved
by additional enzymatic "proofreading". The error rate in RNA synthesis (from DNA, or
DNA from RNA) is q >c high (10"3 - 10^).Not too much is known about these systems but
"proofreading", for example, depends on mcthylation patterns.
Research outline
Our aim is to use ions (p, Ne, C, N, Ar) to elucidate:
the role of protective mechanisms, such as radical scavenging potential, in adapted cells
which could interact with radiation-induced free radicals and decrease the primary damage in
DNA, i. e. the influence of adaptation on primary DNA strand breaks.
the kinetics of DNA repair for different LET's in adapted and control lymphocytes.
microdosimetric constraints of adaptive mechanisms, i.e. number of hits per nucleus needed,
trigger area, temporal spacing).
characterization of adaptive response with respect to changes in the pattern of proteins
produced, using 2-D gel electrophoresis in adapted cells and compare with control cells.
In addition to human peripheral blood lymphocytes, mammalian cells lines will also be used to
get more information on these aspects.

5.6.4 Biological action of heavy ions in the production of micronuclei
N. Crompton, W. Burkart
PSI-Villigen
Introduction
Heavy ions at PSI would offer a unique opportunity for studying biological mechanisms of
radiation action in the induction of micronuclei. The mechanisms behind this phenomenon have
been considered to be DNA strand breakage and subsequent acentric fragment formation. Lack of
a centromere leads to misplacement of the fragment and reformation of the nuclear membrane
around the fragment produces a secondary genetic body, the so called micronucleus. Recent
studies have shown, however, that whole chromosomes are present in up to 50 % of the
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micronuclei80. Either non-functional centromeres or malfunctional spindles (resulting from
centriole damage leading to multi-pole spindles) could cause this. This spectrum of mechanisms is
an ideal method of investigating heavy ion action in biological systems and therapy.
The micronucleus assay is a well established system and has many advantages over other
biological endpoints such as chromosome aberrations or cell killing. Following exposure, a
diagnosis of the dose can be rapidly made directly from biopsy material. It is one of the most
sensitive radiation detection techniques which gives clear, unambiguous, easily analysed data. It
has been developed as a primary biological dosimeter. The sensitivity and accuracy of the
technique was increased recently by a simple modification of the assay 81.
Research outline
A variety of cell lines are available for the study of micronucleus formation at the laboratory.
However, establishment of the technique will be conducted with V79 cells. Dose response curves
to ions of specific energies and to various ion types at similar energies will be investigated. These
types of radiations permit analysis of effects of specific patterns of DNA damage. The effects of
passage of heavy ions through the nucleus are not yet understood. It is known that the passage of a
single ion, even a heavy ion such as uranium, does not necessarily cause the cell's inactivation.
Nevertheless, though the particle track and its associated penumbra of delta electrons arc
physically restricted in their effective volume of action to a part of the nucleus, inhibition of RNA
transcription is induced throughout the whole nucleus (K. Weber personal communication).
Establishment of the relationship between micronucleus production with ion and LET dependence
will throw light on mechanisms involved in the biological action of HZE particles and serve as a
basis for predicting damage induced during therapy.
The radiation biology unit is equipped with a cytofluorometer. Automative techniques have
become available which can use such equipment to analyse micronucleus yield and type n. These
automative techniques would be established here to quantitate micronucleus formation. Such
methods offer unique opportunities to study large scale fluctuations in the distribution of
micronuclei produced by various types of HZE radiation and provide a basis for the realization of
diagnostic biological dosimetry. Analysis of the distribution of chromatin content of the
micronuclei offer opportunities for further understanding the mechanisms of formation and the
levels of yield of radiation induced micronuclei.
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The effects of delayed plating and split doses will be examined to understand the role of repair in
the induction of micronuclci by heavy ions. These studies will make possible the investigation of
repair processes; their activation, inhibition and saturation by heavy ion radiation. These studies
will be conducted in the presence of the repair inhibitors 3AB and (3 ara A. Furthermore, the
kinetics of micronucleus induction and loss from cell populations will be compared to low LET
ionizing radiation to evaluate the nature of heavy ion induced micronuclei.
Although the radiosensitivity of many biological endpoint (cell inactivation, transformation,
mutation, chromosome aberrations and strand break formation) to HZE radiations has been
investigated, the induction of micronuclei has been neglected. There are many questions which
have not been touched upon and much can be gained both in terms of better understanding the
response of living matter to such radiation qualities and in terms of dosimetry, establishing not
only dose response characteristics but also biological dosimeters for application in heavy ion
radiotherapy.

6. Local conditions

6.1 Local implantation of an ECR source
The installation of an ECRIS at the Philips cyclotron is relatively easy, since it can base on the
existing axial injection system. The general situation is shown on Fig. 1. Basically, the Ortec
Duoplasmatron source will be replaced by the ECRIS and the horizontal part of the injection line
will be adapted to the new source and to the recently improved lay-out of the vertical beam line.
For this purpose, a rearrangement of the existing elements and the installation of an electrostatic
deflector is required.
Convenient for installation in the limited space available in the magnetically shielded room
underneath the Philips cyclotron is a small source with . loderate infrastructure requirements and
simple operation. Further, since future improvements will be difficult (limited access 3
performances essentially given by the design parameters of the source) the selected device should
be at the s^te-of-the-art level at the time of its commissioning.
The Grenoble ECRIS presented in sect. 2 are compact, do not need cryogenics and have top
performances. The source type b' of table 1 best meet the requirements for an installation at PSI.
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Vertical section of the injector indicating positions of ion sources and axial injection
system
1 Source for polarized protons and deuterons
2 Ortec duoplasmatron source, replaced by ECRIS + analysing magnet
4 9(P switching magnet, replaced by electrostatic deflector
5 r.f buncher
6 Electrostatic inflcctor (mirror with grid) or, alternatively, position of the internal
source as inserted radially.

6.2 Operation, set-up and maintenance

The present way of producing heavy ions with the internal source is characterized by several
difficulties like repeated tunings of the source and frequent filament replacement. In contrast,
ECRIS are known to be very stable and able to run during weeks without readjustments.
With the intended design of the injection line, the ECRIS can be set-up and optimized without
disturbing the operation of the accelerator with another source.
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Due to its internal simplicity, the ECRIS requires very little maintenance (no filaments, no
eroded parts). At the time of the installation of the ECR heavy ion source, the injector I crew
will already have a large experience with a similar device (ECR ionizer of the polarized ion
source). The development work for the production of heavy ions with the internal source can
be discontinued and the same effort invested with a much higher pay-off in the operation of
the ECRIS.

6.3 Installation of the source
Hardware: The source will be built from an external supplier. The preparation of the horizontal
beam lino to the axial injection consists essentially in a new arrangement of existing elements.
This work can be done by the injector I crew within 1 1/2 year in t*--* frame of the normal
maintenance and improvement programme. Some help (totally 1 man/year) will be required from
other groups for the control system, electrical and water connection, vacuum installations and
building a new supporting frame for the horizontal beam line.
Injection Optics: Prior to a decision on the lay-out of the beam transport a detailed analysis of
the optics of the system is required. This cannot be done in due time by the presently available
personal only. An additional support of the order of 1 man/year by a physicist is required to
perform these investigations.

7. Costs and time schedule
7.1 Costs
The costs of the installation of an ECRIS are estimated as follows:
(D Initial costs (over 2 years): 1,5 MFr for:
-

ECRIS (type b' of table 1, see sect. 2): 4.6 MFF (i.e. ca. 1.2 MFr) including supplies.
Infrastructure: 50 kFr.
Adaptation of the axial injection system; vacuum system: 100 kFr.
External manpower, travels, unforeseen: 100 kFr.
Project related instrumentation, testing equipment: 50 kFr.
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<2> Yearly costs for maintenance: 10 kFr.
The delivery time of the source is 1 year.

7.2 Time schedule
early 1990:
1990:
early 1991:
mid 1991:

- decision to buy the source
- ordering of the source
- optics investigation
- preparation lay-out axial injection
-source delivered
- beam line completed
- source installed.

The final step of the source installation requires a two week shut down of injector I.

7.3 Additional costs for cyclotron improvement
After 20 years cf operation, the renewal of some expensive parts might become necessary (HF,
trimcoils, power supplies). Such costs, which are not specifically linked to the installation and
operation of an ECRIS are not considered in this proposal, but indeed, the projected upgrade of
the facility implies that investments eventually needed to keep the machine in safe operation be
done in order to make full use of the upgrade.

7.4 Costs for experimental equipment
Not included in this proposal are costs due to additional instrumentations or room capacity needs
to enable some of the experiments proposed in section 5. With regard to atomic and nuclear
physics no additional costs are expected. While many of the residual experiments could be easily
integrated in the routine operation of the low-energy beam lines, some proposals suggest a
considerable extension of the present installations (e.g. vertical beam line).
It is our opinion that such equipment should be planned and budgeted by those scientific sections
of PSI which intend to perform the corresponding experiments.
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8. Conclusions
We have shown in this proposal that .he performance of the PSI Philips cyclotron can be very
effectively increased by the purchase and installation of an ECR source. Such a source would give
access to a variety of heavy ion beams of better stability and higher intensity and energy than
presently available.
There is no major problem with regard to local conditions: space is available and the source
installation can base on the existing injection line. The price and manpower requirements are very
moderate with regard to the expected performances.
The upgraded accelerator will be competitive on the European level, provided that nuclear physics
is not the major research field. This is exactly the scientific policy we suggest for PSI: to develop
heavy ion research in atomic and solid state physics, chemistry and biology. The expert team we
consulted gave us confidence that high quality and modern research projects will be feasible on
the upgraded machine.
The list of proposals indicates that the new facility meets the needs of a large community,
covering a broad spectrum of interests. Not only will it make possible the continuation of existing
projects in atomic and nuclear physics, but it will serve new users for interesting applications of
heavy ions in the fields of solid state physics, chemistry and biology. It is anticipated that there
will be a gradual increase of interest by scientists not yet aware of the potential use of heavy ion
beams. The facilities and broad infrastructure already existing at PSI will certainly be a key factor
to enhance synergies and interdiscylinary work.
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