Can a Hexapole magnet of an ECR Ion Source be too strong?
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Introduction.
Experience of many ECRIS designers and users during more than a decade has given a
few experimental rules or “scaling laws”. Many of these have been discussed at the
ECRIS workshops. After the 1993 workshop it was concluded [1] that the properties of
the magnetic trap, in particular the strength of the radial component, determine to a great
deal the confinement characteristics.
For that reason it was decided at the KVI to choose a strong magnet for the new 14 GHz
ECRIS4 to be used in the Atomic Physics experiments. The hexapole magnet designed by
the Giessen group [2] is a good example. There the higher field strengths were obtained
in a so-called Halbach configuration with 24 wedge shaped pieces of two special kinds of
permanent magnetic material (Vacodym), where the inside diameter was reduced to 65
mm as compared to the usual 70 – 75 mm). The field, measured 2.5 mm inside the pole
tips (i.e. at the wall of the plasma chamber) is more than 1.2 T.
Whether or not the choice of this particular magnet was a good choice will be discussed
in this contribution.

Operation of ECRIS3 with moderate hexapole magnet.
For ECRIS3 - in operation since 1994 - the ion beam currents for a few oxygen and argon
charge states are given in the table. These values were reported earlier [3]; they were
obtained after an extensive series of optimization experiments for oxygen, and a few for
argon. For the oxygen beams, helium has been used as a mixing gas; for the argon beams,
oxygen was used. The best results for the Ar14, 16+ beams were obtained using 18O as a
mixing gas [4], [5]. The hexapole magnet properties are shown in the figure, marked
“ECRIS 3”. The quality of the magnetic trap can be given by the “radial mirror ratio”,
which is usually defined as R = Bmax/ Breson, with Breson equals 0.5 T for a 14 GHz
ECRIS. In the present source is R = 1.86. The measured radial field strength of this
hexapole magnet obeys closely the expression Br = 0.00080 r2 T (with r in mm).
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Fig. 1 Properties of the hexapole magnets of the two KVI ECR ion sources.

Operation of ECRIS4 with strong hexapole magnet.
The strong hexapole magnet was installed in ECRIS4, which is in operation since 1995.
ECRIS4 is to a large extent a copy of ECRIS3 at KVI; the main difference is the
hexapole magnet.
The measured radial field component Br obeys closely the expression Br= 0.00136 r2
(with B in T, r in mm); see the curve marked “ECRIS 4” in the figure. For the strong
hexapole magnet in ECRIS4 the radial mirror ratio R= 2.4.
For ECRIS4, the optimization procedure was essentially similar as was applied for other
sources, but it took much longer because the source was used intensively before being
commissioned. In order to improve the beam transmission to the experimental stations, it
was tried to reduce the beam emittance by reducing the size of the hole in the plasma
electrode from ϕ =5.7 to 3.7 mm. The argument was that aberrations could easily be
picked up during beam formation in the fringing field of the narrow and strong hexapole
magnet (See the discussion given in a separate contribution [6] to this workshop). For
ECRIS4, four sets of currents are given, marked 1995, 1997 (with two values of ϕ) and
1998. Without giving details it is remarked here that the corresponding configurations of
the coils, with respect to each other and with respect to the hexapole magnet were
substantially different.
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Table 1. Best results obtained (in µA) with ECRIS3, and at various stages with ECRIS4.

In reality even more changes than the ones mentioned above were made. One conclusion
could be that some basic parameter was limiting the output to a large extent, as the O7+
beam current was at best 12 – 13 µA in all these cases. A second conclusion is that the
same O7+ beam current is obtained with different sizes of the extraction hole ϕ. This
could be consistent with the general observation that the emittance becomes smaller at
high charge states.
A considerable step forward was made when a “intermediate” coil with reversed current
was installed between the main axial coils. In that situation, in particular the argon charge
state distribution improved substantially. The Ar14+ and Ar 16+ currents reached a value of
about 80% of the ECRIS3 records, see column marked “Jan- 99” in the table. After that,
the exit hole was increased from ϕ=3.7 to 6.1 mm. As can be seen in column “Feb-99” of
the table, the effect on the high charge state was zero, but the effect on the Ar8+ current
was surprisingly small too. Surprising, because similar experiments on other sources had
given for these beams an intensity increase with increasing hole size.
Recently, further improvements have been made; this is reported in a separate
contribution to this workshop [6].
The order of magnitude of the beam emittance was estimated from the transmission to a
given set of diaphragms. This gives (at 12 kV) an emittance of the order of 40π
mm.mrad. This is an advantage in cases that the beam acceptance of the user’s set – up is
also small, which is the case in the particular application of ECRIS4.
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Discussion
The observations described above may give rise to the following questions:
• Is the stronger hexapole magnet in this particular application limiting the performance
of the source?
• Is the apparently smaller emittance related to the stronger hexapole magnet?
From the properties of hexapole magnets it obviously follows that the radial size of the
ECR volume is smaller for a stronger magnet. For the given situation, the difference in
radial size is 20%. Therefore, the radial size of the high-density core of the plasma is
substantially smaller as well. By making this “plasma size” smaller the charge state
distribution inside will certainly shift to higher charge states, but at the same time the
extracted fluxes (i.e. the losses) will decrease.
This might be true in the present situation, which then leads to the observed “limitation”.
The effect on the beam formation could be as follows. The high-density core of the
plasma maps onto a small part of the extraction area where the axial field lines are highly
concentrated. That part will become even smaller for the reduced “plasma size” due to
the stronger hexapole magnet. If that part of the extraction area coincides with the actual
extraction hole, a further increase of the size of the extraction hole will not lead to higher
currents. It might be that due to this effect even the beam emittance becomes smaller. The
observations mentioned above are consistent with this model, but are certainly not
accurate enough to prove it.
Conclusion.
•
•
•
•
•

When the output of ECRIS4 is compared to that of ECRIS 3, it is clear that the source
with the stronger magnet (i.e. ECRIS4) produces lower currents of highly charged
ions.
By changing various parameters, including major alterations of the (axial) magnet
configuration it seems that the stronger hexapole magnet is limiting (in terms of O7+
and Ar14+ currents) the output in this particular source.
The limits could be upgraded by further changing the axial field profile and
increasing the axial mirror ratios to values substantially higher than those of ECRIS3.
The beam emittance of the source with strong hexapole magnet is smaller.
A higher RF frequency, e.g. 18 GHz might result in a more effective use of this
strong hexapole magnet.
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