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Note by the editor
The the following notes of the discussion were taken by hand and edited at 
a later stage. Large parts of the discussion had to be omitted. Most sentences 
have been shortened and changed grammatically. Great care was however 
taken to avoid any alterations to the contents of the contributions. The text 
was verified by all participants quoted.



Introduction by H. Haseroth

After welcoming the participants from the outside institutions, H. Haseroth 
explained that there is a great interest at CERN to find ways and means to 
increase the output of highly charged ions from ECR ion sources. This is 
important not only for the heavy ion injector for fixed target experiments, 
which will be installed in the near future, but also for the LHC project, 
where even higher intensities are required. H. Haseroth stated that, provided 
there is interest, CERN would encourage collaboration between JINR, CEN, 
GANIL, FZ - Julich, possibly other institutes and CERN to work on this topic.

H. Haseroth remarked that, as a result of CERN’s interest in the matter, 
G.D. Shirkov from JINR, Dubna, a theoretical physicist working on the theory 
of ECR ion sources, had been invited to CERN and that G. Brianti and 
G. Plass (CERN) had proposed to arrange this meeting together with the 

other ECR experts.

Talk by GO. Shirkov: 

nHighly charged ion production in ECR ion sources”

Discussion

Baskaran: Radiative recombination is not included in your theory. This does 
however become important for the recombination of low energy 
thermal electrons with ions of charge states >20.

Shirkov: The simulation presented here was made for Krypton, (ed.: A = 84, 
Z = 36 for Kr.) Radiative recombination has not yet been taken 
into account in my theory. We must include this at a later stage 
simultaneously with thermal electrons.

Beuscher: How much evidence is there for ion cooling. Is there experimental 
proof ?
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Shirkov: The experimentalists should answer this question.

Beuscher: (Displays a charge/mass spectrum measured at Julich.)
In the (40Ar +16O)-plasma optimized on high charge states of 
40Ar, the 16O charge states showed much more instabilities than 
the 40Ar charge states. Could that be "heating" of 16O and "cooling" 
of 40Ar ions ?

Shirkov: Yes, ions with a low charge may be heated and therefore lost. 
If you have a cup of water and give it a shock, the water at the 
top will be spilled. The high charge states ions, which are at the 
bottom of the cup, are kept and only the upper part, where the 
low charges are, is pushed out. You can compare the different 
ion species with liquids of different densities, where liquids with 
the higher densities sink to the bottom.

Sortais: There is some evidence for ion cooling by Antaya (ed.: Michigan 
State University). He made measurements of the ion energy with 
and without a cooling gas. However, in my opinion, these are 
not safe measurements, as the total output current from the source 
is modified, which means that the beam optics is also modified.

Geller: It is very important for experimentalists working on ECRIS, that 
theoreticians ponder all aspects of this device. We have many 
questionmarks. For the ECR you can predict a lot of things and 
thereby find new results. There are many problems and it is very 
good that theoreticians work on these. Maybe this will give us 
clearer ideas and a better understanding of our results.

Speaking of simulation programs there are no "good" codes 
or "bad" codes. Also in plasma physics the arguments are never 
black or white, they are always grey. You always have to make 
a compromise.

Shirkov uses the Pastukhov postulate in his work; this applies 
for the magnetic bottle in an open configuration. However the 
ECR is, in my opinion, different from an open configuration. 
The difference is the ECR mirror plug. Every time electrons of 
a given category enter the ECR surface, they receive a kick, gain
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energy and are trapped in the magnetic field. This may not be a 
correct description; however in the usual magnetic bottle there are 
no spots where the electrons acquire an energetic component.

Thus there is a sudden difference in temperature on an ECR 
surface. This surface is a discontinuity !

I don’t know something better than the Pastukhov postulate. 
However, in this postulate, turbulence is ignored. In an ECR you 
have noise. This is no ordinary noise. You have instabilities, they 
are not strong, they are however instabilities.

In the Pastukhov theory the magnetic field has no large influ
ence. However experimentally (ed.: in the ECR) we find a large 
influence. I have nothing better than Pastukhov, but the theory 
must be improved.

Turbulence is a collective phenomenon. Turbulence in a 
plasma will give the same results as collisions. It is possible to 
calm down turbulences. Calming down turbulences is also cooling. 
Thus turbulences are very important in our case.

Beuscher: An ECR plasma for the production of highly charged ions is not 
a very quiet plasma. It is much noisier than, for example, an ECR 
heated plasma for H+ production at a high gas pressure of about 
10“3 mbar and bad confinement.

Geller: It is quieter than some other plasmas! But nevertheless an ECRIS
is not an open configuration. Pastukhov’s theory is more than 10 
years old - you should now take the mirror plug into account. 
You should also take into account, that the ECR has no loss cone 
but rather a loss hyperboloid.

Geller addressing Shirkov:

You assume in your theory that ions are confined by the negative 
potential produced by a surplus of electrons in the plasma. You 
say that the low charge state ions are not confined as well as the 
ions with a higher charge state and you assume an average tem
perature for all ions. How do you manage that?
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Shirkov: By binary collisions. The frequency of binary collisions is very 
high. The mixing of ions of different temperatures is comparable 
to the mixing of hot and cold water.

Geller: Is cooling a binary process?

Shirkov: Yes.

Geller: The frequency of binary collisions must be larger than the fre
quency of turbulences.

Shirkov: I neglect turbulence in my theory.

Beuscher: Gas mixing in an ion source does a lot of other things in addition 
to ion cooling.

Geller: The emittance of the ion beam is a function of the ion tempera
ture. Binary collisions may give us a lower temperature and thus 
reduce the emittance.

Beuscher: Can you make the destruction of the potential well faster?

Shirkov: Yes, as already mentioned in my talk, by the injection of ions.

Beuscher: What is the beam quality in pulsed mode (ed.: i.e. afterglow 
mode) ?

Comments were made by Geller, Sortais and Langbein. It was agreed that 
this question is not yet fully understood.

It was stated by Sortais that the beam diameter increases during the 
afterglow compared to the beam diameter in the main pulse. Furthermore the 
position of the beam on a profile monitor (after a spectrometer magnet) 
changed during the afterglow, which indicates either a change of energy and/or 
a change in the output angle at extraction.

Langbein stated, that similar observations were made at CERN, i.e. the 
optics of the low energy beam transport and the steering need to be adapted 
to the afterglow. Generally the strength of focusing elements needs to be in
creased (e.g. the current in the solenoid which focuses the ion beam into the 
RFQ had to be increased from 330 to 370 A, i.e. by 12%), which indicates 
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a larger beam diameter and/or a higher beam energy. It was however found 
that these changes of the beam parameters during the afterglow have no 
negative effect on the transmission through the accelerators and that the 
accelerated ion intensity in the PS was increased by a factor of five using the 
afterglow.

Sortais: I have a remark concerning the injection of ions into the ECR
plasma: The largest part of the ions is expelled from the source 
during the afterglow. It is probably not very interesting to improve 
this. It may be possible to optimize the afterglow, but I expect 
the increase will not be very large.

Haseroth: If there is radiative recombination of the ions, it is necessary to 
get the ions out of the source as fast as possible.

Shirkov: 10μs is the time scale for the ion expulsion without a negative 
potential. The limit given by the TOF of the ions through the 
source chamber is 10-20μs but the time scale of electron cooling 
and loss in RF pulse mode is much more and this time determines 
the duration of the ion pulse in the afterglow.

Geller: The potential in the source plasma is electrostatic. This means
you have a capacity. So maybe you can use an ion beam to change 
this potential.

Beuscher: It may be very difficult to inject ions into an ECRIS.

Geller: The cutoff of the rf is probably much faster.

Shirkov: The cutoff of the confinement is very fast. However the building 
up of a positive potential is much slower.

Beuscher: What is the risetime of the afterglow?

Shirkov: I assume something in the order of 0.5 ms, but this depends on 
the plasma parameters.

Langbein: The rise time is much shorter in our case. We observe rise times 
of approximately 200 μs. However the decline is much slower 
than in your theoretical results.
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The discussion was followed by a comparison of the theoretical and ex
perimental results. Sortais and Langbein displayed plots of the afterglow 
obtained from the CAPRICE and MINIMAFIOS sources. The rise time of 
the afterglow of the CAPRICE source is found to be much longer than that 
of the MINIMAFIOS.

Talk by K. Langbein:

"Upgrading of the ’Sulphur’-ECRIS at CERN"

Discussion

It was stated by Geller that the results obtained at CERN are outstanding 
and that this was the first time the afterglow of the ECR discharge was 
utilized for the injection into an accelerator.

There were further questions concerning the position, the geometry and 
the operating voltage of the cold cathode. Langbein explained, that the 
cathode consists of a tantalum tube of 10 mm diameter made from a foil, 
positioned at the entrance of the discharge chamber. It is operated at -300V 
with respect to the source body.

The question arose how the cathode in the ECR can enhance the after
glow. Langbein suggested that, assuming the existence of the negative po
tential postulated by Shirkov, the cathode would increase this potential during 
the main pulse by providing additional electrons. In the afterglow the cathode 
would serve as an additional loss region for electrons, as fast electrons can 
overcome the applied negative potential.

Beuscher asked for a further explanation of the separation of oxygen 
and sulphur ions after acceleration in the LINAC (ed.: O8+ and S16+ have 

the same charge to mass ratio). The method utilizing the difference in the 
energy degradation in a thin foil was explained.

Furthermore an estimate of the S16+ intensities at various points of the 
accelerator chain was given: 20eμA of Sl6+ are measured using the secondary 

emission monitor (SEM) grids at the exit of the LINAC assuming a cali
bration factor of 4. Using 0.5 as the ratio of the total current (O8+ and S16+) 
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at the exit of the LINAC to the total current at the entrance of the LINAC 
(note the current increase of 33% by stripping after the LINAC) the S16+ 

current at the entrance of the LINAC can be assumed to be 40 eμA. The 
RFQ transmits and accelerates aprox. 50% of the current measured at the 
entrance . Thus the S16+ current at the entrance of the RFQ amounts to 

80 eμA and to about 130 eμA at the exit of the source. The total current 
(Oθ+ and S16+) at the entrance of the RFQ is approximately 350eμA.

Lunch

Talk by P. Sortais:

"Proposal for the upgrading of pulsed currents of 

highly charged heavy ions"

Discussion
Beuscher: How fast can the magnetic compression be made? (Ed.: referring

to the suggestion by Sortais to compress the ECR plasma after 
its production in a normal mode of operation.)

Geller: We have achived 5 Tesla in 5 ms (i.e. IT/msec). This can be
improved with a certain amount of effort.

Sortais: Is the shortening of the afterglow pulse useful?

Haseroth: Only if the total number of charges in the pulse can be main
tained. The pulse length should be about 10μs.

Haseroth explained the method of multitum injection into the PS Booster, 
which is currently employed and the advantage of single turn injection, i.e. 
the reduction in emittance with the consequence of the desired higher lumi
nosity. He stated that this would mainly be useful for the planned LHC.
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With the system now under construction, i.e. the Pb-injector for SPS fixed 
target physics, a luminosity of 1024-102^ may be obtained. The aim for 
LHC is a luminosity of 2∙1027 or more.

Geller: Did you ever try to use monotum injection with a 10μs pulse?

Haseroth: Only with protons, not with ions.

Geller: Does the short pulse cause any additional problems?

Haseroth: There is only the problem of the increase in space charge.

Hill: It is also possible to use less than a full turn in the Booster.

Haseroth: It may be better to use only one of the four rings of the PSB.

Haseroth addressing Shirkov:

If a collaboration between CERN and JINR and other institutes 
were established with the aim to do further ECR studies, what 
would you like to do in this context?

Shirkov: I would like to simulate the ECR plasma numerically in pulsed 
regime including ion cooling. Also recombination should be inclu
ded. A model for ion heating by electrons should be established.

Geller: Do you have any ideas how to include heating in this model.

Shirkov: In the Kurtschakov Institute a theory for cyclotron resonance
heating for nuclear fusion plasmas, which also includes heating by 
electrons, was established by Timofeev. Maybe this can also be 
applied to ECR ion sources.

To create a uniform computer program one would have to 
solve the kinetic equation. But I do not know if we could profit 
from a global simulation program. Maybe it is better to study the 
different problems separately.
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Haseroth addressing Beuscher:

Would you be able to make experimental investigations at Julich 
to verify theoretical results?

Beuscher: Yes, we are however restricted in the time we could use for this. 
Furthermore experiments at the Julich ECR, which require changes 
in the mechanical set up, are difficult because of the radially 
closed cryostat and the far reaching magnetic field of the large 
superconducting coils.

Sortais: It would be very interesting to study a large source (ed.: referring
to the Julich ECRIS) in the afterglow mode.

Geller: If, for a single stage source, it could be shown, that, by operating
with a very low pressure, you starve the plasma, this would be 
an explanation for the improved performance with a cathode. Thus 
we need to study starving plasmas and also the injection of elec
trons. It would be very interesting to add electron injection in 
Shirkov’s theory (and this seems possible). Results could be com
pared to experiments...

Baskaran: In starvation mode there are probably not enough thermal electrons 
which are essential for the production of low charge state ions. 
Since the highly charged ions are produced by a step by step 
ionization, a sufficient thermal electron density is necessary to 
obtain a high flux of highly charged ions. Thermal electrons are 
supplied by various mechanisms and it is difficult to estimate the 
electron density at different points of the source.

Beuscher: If you add electrons, the plasma will not be neutral any more.

Langbein: This helps to build up the negative potential, which is assumed in 
Shirkovs theory.

Sellmair: Where are the loss regions for the electrons?
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Shirkov: In the theory I assume losses only along the axis through the 
loss cones.

Sellmair: Are there no radial losses?

Geller explained the triangular cross section of the plasma in the radial 
plane, which is produced by the combination of the longitudinal solenoidal 
and the radial hexaplole field. He stated that there are in fact radial loss 
regions.

Sellmair: Is there cooling of electrons by electrons?

Shirkov: No, the rate for this is too low.

In the final discussion various ideas (including exotic ideas) to enhance the 
output from ECR ion sources were exchanged. Different ways to inject an 
ion beam into an ECRIS were suggested and the problem of the increased 
space charge in the extraction system caused by additional ions was discussed. 
It was also suggested to change the polarity of a cathode from a negative 
polarity in the main pulse to a positive polarity during the afterglow.

H. Haseroth closed the meeting thanking especially the visitors from the 
outside institutions for their participation.
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Appendix C

Proposal for the Upgrading of Pulsed Currents of 
Highly Charged Heavy Ions

P. Sortais

GANIL, 
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