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Abstract

The CAlifornium Rare Isotope Breeder Upgrade
(CARIBU) is a new radioactive beam facility for the
Argonne Tandem Linac Accelerator System (ATLAS).
The facility utilizes a ***Cf fission source coupled with an
electron cyclotron resonance (ECR) ion source to provide
radioactive beam species for the ATLAS experimental
program. The californium fission fragment distribution
provides nuclei in the mid-mass range which are difficult
to extract from production targets using the isotope
separation on line (ISOL) technique and are not well
populated by low-energy fission of uranium. To date the
charge breeding program has focused on optimizing these
mid-mass beams, achieving high charge breeding
efficiencies of both gaseous and solid species including
14.7% for the radioactive species '*Ba®’". In an effort to
better understand the charge breeding mechanism, we
have recently focused on the low-mass species sodium
and potassium which up to present have been difficult to
charge breed efficiently. Unprecedented charge breeding
efficiencies of 10.1% for *Na’" and 17.9% for *K'**
were obtained injecting stable Na" and K™ beams from a
surface ionization source.

INTRODUCTION

The development of ECR charge breeders is being
pursued by many groups [1-8] with a particular concern
being the efficient charge breeding of light ion species
which up to present has been problematic [9,10]. The
GANIL ion source group is pursuing a new 1+ to n+
charge breeding system for the SPIRAL project utilizing
an ECR ion source with the efficient charge breeding of
light nuclei being of high importance. Previously
confined to gaseous elements, new versatile 1+ sources
will be used to extend the range of elements available for
post-acceleration to condensable elements. During on-line
tests with such ion sources, radioactive isotopes of 9 new
elements have already been ionized: isotopes of the alkali
(Li, Na, K, Rb) metallic (Al, Fe, Cu, Mn) and halogen
(Cl) elements were all produced from the FEBIAD ion
source except for the alkali ion Li which was only surface
ionized. While the new 1+ sources allow for the
production of a wider range of elements, achieving a high
charge breeding efficiency in the ECR remains a critical
step. With this in mind, a new ECR charge breeder is
being designed for the SPIRAL upgrade. The future ECR
charge breeder will be based on an upgrade of an existing
Phoenix ECR ion source which was formerly tested at
ISOLDE, CERN [11,12]. The upgraded charge breeder
will include a number of modifications inspired from the
Argonne National Laboratory (ANL) ECR charge
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Figure 1: Schematic of the ANL ECR charge breeder. The
1+ beam is injected from the left through the grounded
stainless steel tube. The tapered iron plug is highlighted
with diagonal red hatching. The radial slots where the RF
is launched are visible on the source mid-plane.

breeder: the injection of two RF frequencies (one fixed 14
GHz and one variable 8-18 GHz); complete cylindrical
symmetry at the injection side; on-line adjustment of the
grounded tube position; and a vacuum level around a few
10" mbar.

THE ANL ECR CHARGE BREEDER

In its final configuration, the CARIBU facility [13] will
use a 1 Ci *’Cf source to produce fission fragments
which will be thermalized and collected by a helium gas
catcher into a particle beam with a charge of 1+ or 2+. An
ECR ion source functions as a charge breeder (ECRCB)
[14,15] in order to raise the ion charge sufficiently for
acceleration in the ATLAS linac.

The charge breeder is a room temperature ECR
operating at 10-14 GHz with an open-structure NdFeB
hexapole (see scheme in Fig. 1). The six radial ports
which are each 17 x 41 mm in size act as pumping
channels resulting in a plasma chamber pressure of 5 x
107 Torr. They also serve to introduce the RF and support
gas into the plasma chamber. This eliminates the need for
cut-outs in the injection side iron plug and results in a
large peak and highly symmetric axial magnetic field
where the ions enter the plasma. This scheme differs from
other ECR charge breeders in existence which are closed
hexapole devices with axial RF injection. For the ANL
ECRCB, the low charge-state ions are introduced into the
plasma through a grounded stainless steel tube mounted
on a linear motion stage. The stage has a 30 mm range of

ISBN 978-3-95450-123-6
177



THYO04

| From isobar separator |

W/ ELI

Stable beam stand

Low charge
state source

350 kV
platform

FC2

\

1 03100 0

A,L-.q
:

& |

To lerator system

Figure 2: Floor plan of the charge breeder system
showing the stable beam stand, the electrostatic steerers
(ES1 & ES2), the einzel lenses (EL1 & EL2), the faraday
cups (FCl & FC2), the diagnostics location, and the
ECRCB.

travel, and thus the deceleration point of the low-charge
state ions can be adjusted on-line without disturbing the
source conditions. The ECRCB is designed to operate at a
50 kV potential although for these tests the voltage was
maintained at 30 kV.

CHARGE BREEDING RESULTS

Stable 1+ beams of sodium and potassium were
produced by a surface ionization source with injected
intensities ranging from 500 enA to as low as 2 enA. The
transport system, shown in Fig. 2, consists of two
electrostatic steerers, an einzel lens, a set of 4-jaw slits
directly after the surface ionization source for controlling
beam intensity, and a double set of 4-jaw slits at the
image point of the 90 degree analyzing magnet spaced
16.5 cm apart. The slits serve to control the beam
emittance and define the beam trajectory going into the
ECRCB easing the transition between stable and
radioactive beam breeding. The diagnostics region
includes a fully shiclded Faraday cup for measuring the
1+ beam (FC1) and a silicon surface barrier detector
(SBD) for measuring radioactive beams via beta decay.
After the 1+ beam has been injected into the charge
breeder through the grounded tube, a AV voltage between
the 1+ source and the ECRCB decelerates the ions into
the plasma region where a sub-set of them are ionized and
captured by the plasma [16].
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Table 1: Summary of Charge Breeding Results for Mid-
Mass Species

Ion Charge Efficiency (%) A/Q
state

e 17+ 15.6 4.94
8Rb 19+ 13.7 4.47
129X e 25+ 13.4 5.16
3Bcs 27+ 13.0 4.93
Cs(1+4) 27+ 11.7 5.30
(tl/Z =1 79 S)

3Ba (2+) 27+ 14.7 5.30
(t1/2:14.3 S)

After charge breeding, the intensity of the mass
analyzed n+ ions is observed on either a Faraday cup
(FC2) for the stable beams or a SBD at this same location
for the radioactive beams. The breeding efficiency and
time are determined by pulsing the incoming 1+ beam,
using the electrostatic steerer (ES1) voltage, and
measuring the n+ response on FC2. A summary of
achieved charge breeding efficiencies for the mid-mass
species is given in Table 1.

The first charge breeding test was with Rb-85 in order
to establish a performance benchmark. While the best
efficiency for ®Rb**" was 11.4% (lower than the record of
13.2%), the higher charge states performed well and
surpassed the previous achieved efficiencies by a factor of
2 for 23+ through 25+ (shown in Fig. 3).

The first test of light element breeding was performed
with a sodium pellet loaded into the surface ionization
source. The system was checked for leaks and achieved a
base pressure of 2.5 x 10™ Torr without plasma. With the
ECRCB running a base plasma of helium, the pressure
increased to 6.6 x 10® Torr. A beam of Na“ with an
intensity of 12.6 nA was injected into the ECRCB
resulting in a *Na® breeding efficiency of 6.0%. The
addition of oxygen to the plasma reduced the breeding
efficiency to 5.0%.
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Figure 3: Efficiency of Rb-85 as a function of charge
state. Charge states 16+, 18+, and 21+ were obscured by
intense background peaks and their values have been
extrapolated.
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A second test of the sodium breeding efficiency took
place where the base plasma of He-4 was replaced with
He-3. With a pure He-4 plasma, the source was producing
®Na** with an efficiency of 7.6%. As only the gas
mixture was altered such that the plasma was entirely He-
3, the efficiency for Na®" remained at 7.6%. Further
optimization of the injection optics, solenoid coils, gas
pressure, and AV ultimately produced >*Na** with a 8.1%
efficiency and *Na’" with a 9.0% efficiency. Further
optimization on **Na'" resulted in a breeding efficiency of
10.1%. Changing the base plasma back to He-4 produced
no change in efficiency.

A potassium pellet was then installed in the surface
ionization source. The ECRCB was restarted and
immediately achieved a 4.2% breeding efficiency for
K with 14.8 nA of K' injected into the source. As
stated earlier, the 4-jaws after the surface ionization
source are used to control the 1+ beam intensity and
emittance. These slits also play a role in defining the
beam trajectory. By adjusting these slits while observing
the charge bred beam intensity, an optimum setting was
found which produced a 13.8% breeding efficiency for
K" with 16.5 nA injected into the ECRCB. Further
optimization of the optics elements, the support gas, and
grounded tube position resulted in a maximum breeding
efficiency of 17.9 % for **K'"". This represents the
highest charge breeding efficiency to date for an ECR ion
source. It is possible to achieve such high efficiencies due
to the charge state distribution for the lower masses
narrowing and resulting in an increase of the single
charge state population. A complete list of the light
element charge breeding efficiencies is shown in Table 2.
The higher *’K charge states were obscured by other
stable beams and could not be reliably identified. As with
sodium, it was observed that adding oxygen to the mixing
gas was not beneficial. The breeding time for *K'*" was
determined to be 160 msec from injection of the 1+ beam
to full intensity of the 10+ beam and 150 msec for the
K" case.

Table 2: Summary of Charge Breeding Results for
Sodium and Potassium

Ion Charge Efficiency (%) A/Q
state

BNa 6+ 6.6 3.83
7+ 10.1 3.29
8+ 8.6 2.87
9+ 34 2.56

YK 7+ 3.0 5.57
8+ 4.9 4.87
9+ 15.6 433
10+ 17.9 3.90
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BEAM INJECTION SIMULATIONS

The work with the ANL ECRCB has shown that the
large performance disparity between gaseous and
nongaseous elements has been greatly diminished. For
identical source conditions, the only difference between
the two cases is the wall sticking coefficient. In the case
of gaseous elements, many of the ions which hit the
plasma chamber surfaces are quickly re-emitted into the
plasma. In contrast, the solid elements condense onto the
plasma chamber surfaces meaning that any incoming
particles that do impact a surface are lost to the plasma. It
can be surmised that the present injection optics and
source conditions reduce the number of incoming ions
lost to the plasma chamber surfaces before capture into
the plasma.

One of the possible contributing factors to the high
breeding efficiencies is the iron plug design. The lack of
cut-outs in the iron plug results in a large peak magnetic
field which is symmetric where the ions enter the plasma
chamber. 3D magnetic field calculations of the ANL
ECRCB wusing Computer Simulation Technology
Electromagnetic Studio [17] were performed taking into
account the coils, iron, and hexapole. The coil currents
were set to the values used for charge breeding resulting
in a peak axial field of 1.2 T. The hexapole wall field was
measured to be 0.84 T. Two cases were evaluated — one
for radial RF injection and one for axial RF injection
which included cut-outs in the iron plug. The results were
then plotted as horizontal planes passing through the
charge breeder with the central axis of the source at the
0,0 coordinate. The view shown in Fig. 4 is the horizontal
plane directly in front of the face of the iron plug. The
simulations showed that the magnetic field for the case
with the cut-outs was asymmetric with the magnetic field
center offset from the ion source geometric center.

-1 0 1

Figure 4: The magnetic field in the injection region with
the waveguide cut-outs. The overlaid shapes show the
position of the transfer tube in blue, the iron plug in
brown, and the waveguides in red.
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While the simulations showed that the magnetic field
was asymmetric, the effect on the incoming low charge
state ions was not well established. Further simulations
were performed with test particles of '**Cs” ions injected
into the ECRCB using the full 3D magnetic and electric
field configuration. The simulations assumed: injection of
3Cs" jons with an energy spread of 1 eV and emittance
of 3 m mm mrad (the measured values of the beam coming
from the CARIBU gas catcher), the running condition coil
currents, and 30 kV injection with a AV of -20 V. Fig. 5
shows that in the case of the symmetric injection field, the
1+ ions penetrate deep into the plasma chamber almost
reaching the extraction aperture. For the asymmetric case,
the ions do not travel far into the plasma and hence
capture into the plasma is diminished. The simulations
were only intended to model the trajectories of the
incoming 1+ ions and do not take into account any
ion/plasma interactions.

Figure 5: Simulation of '**Cs" injected into the ECRCB at
30 kV with AV of -20 V. The top figure is the case with
radial RF injection and no cut-outs in the iron plug. The
bottom figure assumes identical conditions except that the
RF is now injected axial and the iron plug has cut-outs to
accommodate the waveguides.
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SUMMARY AND OUTLOOK

With the charge breeding efficiencies of **Na and *K
meeting or surpassing that of the heavier elements, the
previously observed trend of decreased performance for
the light elements [18] is after a careful and complete
parameter optimization not seen in this work. In [9], it
was proposed that the incoming ions are slowed by elastic
ion-ion collisions with the plasma ions. The optimum
slowing down occurs when the incoming ions enter into
the plasma with a velocity roughly equal to the average
velocity of the plasma ions. A velocity mismatch will
result in a weaker slowing down force and hence a lower
breeding efficiency. Additionally, good beam optics are
required for the efficient capture of the very low velocity
incoming ions.

In the case of sodium, assuming an oxygen plasma with
an ion temperature of 2 eV, the sodium ion energy
required to match the ion velocities and attain the
optimum slowing coefficient is 2.9 eV. In source tests
with an oxygen plasma, the realized charge breeding
efficiency of *Na®" was 5.0%. It was only with a helium
plasma that the quoted efficiency of 8.6% was achieved.
In this case, the sodium ions would have an energy of
11.5 eV for optimum slowing, very similar to the
rubidium case and requiring less stringent requirements
on the beam optics due to the increased velocity.

Compared to the couple of percent obtained thus far
with other charge breeders, the charge breeding
efficiencies for light condensable ions have been
dramatically enhanced during the course of these
experiments, approaching efficiencies usually observed
for noble gases. This tends to indicate that the relevant
parameters — beam emittance and trajectory, gas mixing,
magnetic field alignment and homogeneity - have been
optimized. Further investigation will be performed at
ANL with an emittance meter installed in the 14+ beam
line. In light of these latest results, special care will be
taken in the SPIRAL upgrade for the optimization and
control of the 1+ ion source beam optics and emittance.
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