
 

 

 University of Groningen

Extraction and transport of ion beams from an ECR ion source
Saminathan, Suresh

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2011

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Saminathan, S. (2011). Extraction and transport of ion beams from an ECR ion source. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/a4b3a565-264f-4a37-8572-5b2818974b79


Chapter 9

CONCLUDING REMARKS AND
OUTLOOK

9.1 Concluding remarks

The operational experience with ECR ion sources at heavy ion accelerators shows that
in general significant losses occur in the low energy beam transport system between the
ion source and the accelerator. As an example, the 25 m long beamline between the
KVI AECR-source and the AGOR-cyclotron has a typical transmission of about 20 %.
Similar values have been reported by other laboratories [163]. Various hypotheses for
this low transmission have been advanced, mostly focusing on the asymmetric phase-
space distribution of the beam extracted from ECR sources and the angular momentum
of the beams caused by the combination of electric and magnetic fields in the extraction
region of the source [163]. However, only little evidence for these hypotheses has been
presented up to now.

In this thesis an extensive simulation study based on ion trajectory calculations of the
beam formation, extraction and transport of highly charged heavy ions from the 14 GHz
KVI AECR source is presented. Both higher order aberrations in the transport of the
large emittance, low energy beams extracted from the ECR source and space-charge
effects have been investigated. The initial conditions needed to start the trajectory calcu-
lations have been obtained with an in-house developed PIC-MCC code which simulates
the detailed 3D ion dynamics in the plasma of the ECR ion source. We have performed
extensive simulations of mono-component He+ and multi-component Neq+ beams up
to the imaging plane of the analyzing system yielding detailed 4D phase-space distri-
butions of the ions at various positions along the beamline. The simulations have been
benchmarked by comparing the calculated phase-space distributions with measurements
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96 CONCLUDING REMARKS AND OUTLOOK

of beam profiles and emittances. For the beam emittance measurements we used an
in-house developed pepperpot emittance meter with which the full 4D transverse phase-
space distribution of low-energy ion beams can be determined. This is important because
ion beams extracted from ECR sources generally show strong correlations between the
horizontal and vertical planes which are missed in the often-used Allison-type emittance
meters.

Our simulations and measurements show good agreement which indicates that the
important physical processes determining ion beam formation, extraction and transport
in the parameter regime investigated are properly incorporated in the codes. The sim-
ulations demonstrate that the non-paraxiality is a much more important aspect for low-
energy ion beams extracted from ECR sources than their asymmetric phase-space distri-
butions which, as we have shown in chapter 7, do not have a large effect on the subse-
quent transport. On the other hand, non-paraxial beams tend to fill up the entire beamline
aperture thereby amplifying the ion-optical aberrations of the beamline elements.

The good agreement between simulation and measurement shows that the perfor-
mance of low-energy ion beam transport systems can be accurately predicted with mod-
ern simulation tools using realistic 3D magnetic and electric fields at beam current levels
up to at least a few mA. Therefore these tools should be used to optimize the design
of such systems. Our simulations and measurements clearly show that the large beam
losses in the LEBT line are caused by emittance growth in the analyzing magnet because
of its large second-order aberrations. In addition, a significant fraction of the incident
ion beam is lost in the magnet because of its too small pole gap. The simulations de-
scribed in chapter 7 show that the ion-optical properties of the analyzing magnet can
be improved by increasing its pole gap and compensating the second-order aberrations
by suitably modifying the shape of the pole faces, i.e. adding hexapole components to
the main dipole field. In this way we expect to increase the beam transmission to the
cyclotron from 20 % to 45 %.

Finally, we have also simulated beam formation, extraction and transport of He+ and
Ar7+ beams from the CAPRICE ECR ion source at the EIS test bench of GSI, Darmstadt.
Two sets of simulations have been performed with different initial conditions, i.e. one
using the KVI PIC-MCC code and the other using initial conditions calculated with the
KOBRA3D-INP code. The results of both simulations differ significantly showing the
importance of a good model for the beam formation in the ECR ion source. Beam emit-
tance measurements, preferably with a pepperpot emittance meter, should settle this issue
but have not been performed yet. In addition, the simulations indicate that one should not
install a focusing solenoid directly behind the ECR ion source. Its third-order aberrations
lead to emittance growth of the ion beam. Instead, installing a vertically-focussing mag-
netic quadrupole between ion source and analyzing system is very attractive, because i)
it decreases the effect of the analyzing magnet’s second-order aberrations and thus its
contribution to emittance growth and ii) it increases the mass-analyzing power of the
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magnet.
We also have performed simulations with different degrees of space-charge compen-

sation. Comparison with the measurements clearly indicates that up to the maximum
beam currents investigated (2.3 mA) both the He+ and Neq+ beams are fully space-
charge compensated. At these intensities a small deviation of only 10 % from full space-
charge compensation would already lead to a significant increase of the effective emit-
tance of the Neq+ beam, which has not been observed, thereby showing the importance
of effective space-charge compensation for low energy high intensity beams.

9.2 Outlook

The current state-of-the-art ECR ion sources [7,164–166], which are based on supercon-
ducting technology to generate both the solenoidal and hexapolar fields, operate with an
RF-frequency of 24–28 GHz. The magnetic fields in these sources are thus typically a
factor two higher than in the 14 GHz KVI AECR (and CAPRICE) ion sources for which
the beam formation, extraction and transport were studied in this thesis. Consequently
the emittance of the beams delivered by these sources is also typically a factor two larger
than the emittance of the beams produced by the KVI AECR ion source. Compensation
of the higher order aberrations in the beam transport caused by both the non-paraxiality
of the beams and the higher order terms in the fields of the optical elements in order to
minimize beam losses becomes even more important than it already is in our case. For
an optimal design of beam guiding systems for low energy highly charged ions a detailed
analysis of the higher order aberrations based on realistic 3D fields and of the kinematic
perturbations is therefore essential.

Furthermore, these superconducting sources deliver a total ion current of 15–20 mA,
to be compared with at most 2–3 mA for the KVI AECR and other 14 GHz ECR ion
sources. The simulations of the effects of space-charge compensation of a Neq+ beam
presented in chapter 6 show that for a total current of 2.3 mA significant emittance growth
occurs already at a compensation level of 90 %. This implies that at the output currents
for the superconducting sources the beam space-charge should be compensated beyond
99 % in order to prevent significant emittance growth. As the details of the mechanism
of space-charge compensation are not well understood, a systematic study of the space-
charge compensation as a function of various parameters, such as pressure, residual gas
composition etc., under well controlled conditions should be conducted. Also the pos-
sibilities to actively inject low energy electrons into the beam should be investigated.
On the other hand, the electrons compensating the space-charge can also cause beam
loss via recombination. In addition, the residual gas, which is the main source of these
electrons and which therefore can not be reduced at will, also leads to losses via charge
exchange collisions. Whether or not the combination of these effects leads to a maximum
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achievable brilliance of the beams is not clear and should be clarified in such a study.
For future sources operating at still higher frequencies and fields (the use of 60 GHz

RF power is anticipated [167]), the full control of both the aberrations and the space-
charge compensation is clearly essential for the successful exploitation of the potential
of these sources.




