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The ORNL ECR Multicharged Ion Source*

F. W. Meyer-

Oak Ridge National Laboratory, Oak Ridge, TN 37831 USA

Abstract

A multicharged ion source based on Electron Cyclotron
Resonance (ECR) heating has been designed and built at ORNL.
The ECR ion source, which is completely dedicated for atomic
physics collision studies, produces higher charge states and
higher beam intensities than the present ORNL PIG multicharged
ion source, and wil l thus permit study of collision processes
involving ions of higher charge states in experiments requiring
higher beam intensities than could be previously obtained in
our laboratory. The source has already produced up to ful ly
stripped C and 0 beams, as well as up to He-like Ar beams.
Measurements of the energy spread of ions extracted from the
ion source operating in both single-stage an^ two-stage mode
are described. In addition, in i t ia l results of total cross
section measurements for ful ly stripped light ions incident on
atomic hydrogen in the energy range 0.2-10 keV are presented.

I . Introduction

In order to be able to extend our ongoing studies of collisional

interactions involving multicharged ions that are of interest to the

magnetically-confined fusion program, a decision was made in 1981 to build

an ECR multicharged ion source at ORNL. Multicharged ion sources based on

Electron f /clotron Resonance (ECR) heating have been demonstrated1 to

reliably produce significantly higher charge states than PIG type ion

sources with the sufficiently high beam intensities and duty cycle required

for the ion-electron and ion-atom crossed beams experiments in which we

have recently been engaged.

*Research was supported by the Office of Fusion Energy of the U.S.
Department of Energy under contract No. DE-AC05-840R21400 with Martin
Marietta Energy Systems, Inc.



Funding for the purchase of capital equipment related to the source

was obtained in 1982 and 1983, during which time the bulk of the physics

design was also carried out. The source engineering design and subsequent

fabrication were carried out at ORNL during 1983. Construction and

installation of the source were completed toward the end of 1983. Although

the source was designed for operation at 10.6 GHz, initial source testing

was carried out at 2.45 GHz in order to gain experience in source operation

while awaiting delivery of the 10.6 GHz microwave amplifier scheduled for

June 1984.

During the initial testing phase at 2.45 GHz, x-ray measurements of

the bremsstrahlung spectrum produced by the source indicated the presence

of electrons having energies up to 160 keV. Following construction and

installation of the beam line and charge analyzer in March 1984, source

performance could be assessed more directly by measuring charge state

distributions of extracted beams. Even at the lower microwave frequency,

fully stripped C beams were obtained, which were used to initiate the first

planned experiment involving the new source, total cross sections measure-

ments of electron capture by fully-stripped light ions incident on atomic

hydrogen. Operation of the source at its design frequency of 10.6 GHz

started on schedule in June 1984. Since that time efforts toward source

optimization have been ongoing, as well as continuation of the above men-

tioned cross section measurements.

II. Source Design

The salient features of the ion source are shown in Fig. 1, and sum-

marized in Table I. The source consists of two stages, and is quite similar



in size to MINIMAFIOS.2 The first stage, which supplies plasma to the

second stage to facilitate startup, is operated in overdense mode.3 A heli-

cal slow-wave launcher1* is used to inject 2.45 GHz microwaves into the first

stage which is located in an axial magnetic field of 5-7 kG. Plasma density

is controlled by the microwave power level and gas pressure, which varies in

the 10"3 - 10" 4 torr range. Since microwave absorption in the first stage

is non-resonant, the magnetic field can be tuned to optimize second stage

performance. The second stage is separated from the first stage by two sta-

ges of differential pumping, which is sufficient to maintain low 10"6 torr

pressure in the second stage during source operation.

In the second stage, electrons confined in a minimum-B configuration

are heated by resonant absorption of 10.6 GHz microwaves that are injected

radially immediately following the differential pumping section. The

minimum-B structure is produced by a superposition of an axial mirror field

and a radial hexapole field. Three conventional water-cooled solenoids are

used to establish the axial magnetic field profile5 shown in Fig. 2. The

hexapolar field is produced by a compact assembly6 of SmCos permanent

magnets positioned around the cylindrical vacuum wall of the second stage.

Figure 3 shows a cross sectional view of the 12-piece hexapole magnet

assembly, superimposed upon a calculated magnetic field line plot. Cooling

of the permanent magnet assembly is achieved by water circulation through

the voids created between the cylindrical vacuum wall and the duodecagon

defined by the SmCos bars.

As regards the mechanical design, care was taken to ensure ease of

assembly and access. The sources divides into three sections, each of which

is separately supported by, and can be rolled freely on, precision tracks.



The three solenoidal field coils are supported by a similar track structure,

and can be moved freely about to expose otherwise inaccessible source parts

during source disassembly, or to change the axial mirror ratio in the second

stage while the source is fully assembled.

Ion extraction is accomplished by a three-element extraction electrode,

the first two elements of which can be biased independently for ion

focussing and prevention of electron backstreaming. Position of the anode,

extraction electrode, as well as extraction gap can be varied by the use of

shims. An electrostatic unipotential lens (operated in accel mode7) images

the extracted beam onto the entrance slit of a stigmatic 90° magnetic charge

analyzer having a 40 cm radius of curvature. The entrance slit assembly is

located about 100 cm downstream of the source anode; object and image

distances for the 90° magnet are 80 cm. Retractable Faraday cups located

immediately after the entrance and exit slits are used to measure total

extracted beam currents, and charge selected beam intensities, respectively.

Both entrance and exit slit assemblies feature independently adjustable

horizontal and vertical slit jaws, to which current can be measured. An

electrostatic quadrupole lens located downstream of the exit slits can be

used to transport the charge selected beam to those experiments requiring

maximum beam intensities.

III. Source Performance

a. 2.45 GHz

Prior to delivery of the 10.6 GHz microwave system, the ECR ion source

was operated at an interim frequency of 2.45 GHz. In order to maintain

roughly the same ratio of hexapole to axial magnetic field strength at the



lower frequency, only 6 of the 12 SmCo5 bars were used, reducing the

strength of the hexapole by a factor of two. An additional 25% decrease in

hexapole strength was obtained by shimming out the bars to their maximum

radius determined by adequate clearance to the solenoidal field windings.

Operation of the source at the lower frequency was far from optimum,

due mainly to poor coupling between the second stage plasma and the 2.45 GHz

microwaves. Due to their longer wavelength, only a few modes propagated in

the second stage cavity; microwave absorption seemed to occur preferentially

on the microwave injection side of the second stage which is furthest

removed from the extraction region. Even in this mode, the high-charge-

state capability of the new source significantly exceeded that of the ORNL

PIG ion source. Figure 4 shows a typical charge stage distribution for Ar

source gas obtained at this frequency. For light ion production, beams up

to fully stripped 13C (10"14 el. A) and up to H-like 0 (10"12 el. A) were

produced at the lower frequency.

b. 10.6 GHz

Significant improvement in source performance was obtained, as

expected, after installation of the 10.6 GHz microwave system, both in terms

of total extracted beam intensity and mean charge state of the extracted

beams. Microwave absorption increased dramatically, as evidenced by very

low reflected power (typically less than 10%) during source operation.

Optimum charge state distributions were obtained for a second stage mirror

ratio of about 1.6, significantly below the 2.1 mirror ratio attainable at

maximum second stage field coil separation. Figure 5 shows a measured

charge state distribution obtained for Ar with the source operating at its



design frequency of 10.6 GHz. As has been noted by other workers,8 '9 an

admixture of O2 was found to s igni f icant ly increase the Ar high-charge-state

output of the source. Production of l igh t ion beams has yet to be op t i -

mized. To date beams of a few electr ical microamperes intensity have been

obtained of singly charged to He-like 13C and 1 80, with intensi t ies dropping

to about 30 nA and 3 nA for fu l l y stripped 13C and 1 80, respectively.

c. Fi rst Stage

In order to isolate the performance of the first stage, measurements of

extracted beam intensity were made with the second stage turned off (i.e.,

with no 10.6 GHz power). In the case of Ar source gas, the overdense first

stage plasma produced charge analyzed beams of Ar + 1 up to 10 microamperes in

intensity at 10 kV source potential, with Ar + 2 and Ar + 3 down a factor of 4

and 100 in intensity, respectively. Beam currents were stable to within a

few percent, and depended mainly on microwave power level and gas pressure,

while being relatively insensitive to changes in magnetic field.

Characterizing two-stage operation is less clear-cut. While presence

of first stage plasma always seemed to facilitate startup of the second

stage, and initially seemed to enhance high charge state production, its

effect on total source performance after second stage plasma stabilization

appeared to be strongly tuning dependent and non-reproducible. A range of

effects due to the first stage were observed, from over a factor of ten

improvement to high-charge-state production at one extreme, to significant

degradation of high-charge-state performance on the other.



IV. Energy Spread Measurements

In part to try to identify the reason for the erratic effects of the

first stage on total source performance, energy spread measurements were

carried out on extracted, charge analyzed beams produced under three dif-

ferent source operating conditions: (1) first stage operation alone,

(2) second stage operation alone, and (3) two stage operation. The energy

spread measurements were made at source voltages of 250, 500, 750, and 1000

V, for Ar ions of charge states +1, +2, +7, and +8. The measurements were

performed by scanning a beam of given charge state across the exit slit of

the 90° analyzer operated at high resolving power (1 mm entrance and exit

slits), and determining the FWHM of the resulting beam profile. Scans using

2x2, 4x4, 6x6, and 8x8 mm entrance and exit slits verified that the beam

profile widths were dominated by energy spread of the beam. The results at

the four source voltages were extremely consistent, and can be summarized as

follows. (1) For first-stage-only operation, energy spreads for Ar + 1 and

Ar + 2 were measured to be typically (30-40)xq eV, and only slightly dependent

on microwave power level or magnetic field. (2) For second-stage-only

operation, the measured energy spreads were significantly lower, (6-8)xq eV,

again virtually independent of microwave power level. (3) In the case of

two-stage operation, the energy spreads roughly double to (14-18)xq eV. It

should be noted that, in contrast to the erratic effect noted above of first

stage operation on total source performance, the doubling of the energy

spread during two-stage operation was observed consistently and reproduci-

bly.

The fact that during two-stage operation the energy spread of Ar+1 and

Ar + 2 is about half that observed for first-stage-only operation suggests



that ions originating in the first stage play only a minor role in "fueling"

the second stage plasma. The observation of the doubling of the energy

spread across the whole charge state spectrum during two stage operation

compared to second stage only operation nevertheless indicates a definite

coupling between stages, possibly through the electrons which are, of

course, also injected i ito the second stage, and which may significantly

modify the second stage electron density, as well as other plasma parame-

ters.

V. Cross Section Measurements

Concurrent with source optimization, measurements of total electron

capture cross sections for fully stripped light ions incident on atomic

hydrogen are in progress. While straightforward experimentally, these

measurements are of significant current interest both from a basic and

applied scientific perspective, and also provide a convenient mechanism for

exploring the capabilities of the new source.

The experiment employs the ORNL atomic hydrogen gas target,10 a

directly heatQci tungsten tube in which molecular hydrogen is thermally
e

dissociated. A collimation section precejding the target limits the incident

beam to a divergence of ±1.7 mr, and 1 mm cross section inside the target.

Immediately downstream of the collision target, charge analysis occurs in an

electrostatic parallel plate analyzer. A single CEM operated in pulse

counting mode is employed for particle detection. The electron capture

signal and primary beams are measured alternately for a preselected number

of cycles under computer control to determine the total electron capture

cross section.



Figures 6 and 7 show results obtained for fu l l y stripped 13C incident

on atomic and molecular hydrogen in the energy range 0.23 - 8.3 keV/amu.

The error bars shown ref lect random uncertainly of the measurement at two

standard deviations. Systematic uncertainties are estimated to be ±9% for

both the H and H2 cross sect ions.1 0 Agreement between the present measure-

ments and atomic o r b i t a l 1 1 and molecular o r b i t a l 1 2 calculations is excellent

at energies above 2.7 keV/amu. At lower energies, the present results f a l l

as much as 40% below theory. The present results jo in smoothly with the

lower energy measurements of Phaneuf et a l . 1 3

Total capture cross section measurements are presently under way for

1 80+ B incident on H and H2, and are planned for 1 5 N + 7 , F+9, and Ne+1°, in

order to systematically study the col l is ional properties of these true

three-body systems as a function of nuclear charge.
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Table /i. ORNL ECR source parameters.

Microwaves

First stage 2.45 GHz (300 W max) 50 - 200 W

Second stage 10.6 GHz (2.2 kW max) 20 - 800 W

Magnetic Fields

Mirror ratio 1.6

Hexapole field at vacuum wall 4.0 kG

Field in extraction plane 4.5 kG

Field in first stage/ 5 - 7 kG

Total solenoid powet" 60 kW

Vacuum (operating condition)

First stage 10"3 - 10"^ T

Second stage (1 x 10"7 torr base) 1 - 6 x 10"6 T

Extraction 1 x 1O~7 T

Beamline (2 x 10"9 torr base) 2 x 10"8 T

Dimensions

Solenoids ID 18 cm

Solenoids OD 40 cm

Hexapole ID 9.5 cm

Hexapole length 33 cm

Vacuum wall ID second stage 8.6 cm

Anode aperture 0.5 cm

Extraction aperture 0.8 cm

Extraction gap 2.6 cm
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Figure Captions

Fig. 1. The ORNL ECR multicharged ion source.

Fig. 2. Magnetic field on-axis versus axial positions; locations of

solenoidal field coils and ECR region are indicated.

Fig. 3. Calculated radial cross section of hexapole magnetic field

lines showing positions and magnetic orientation of SmC.05 bars.

Fig. 4. Ar charge state distribution - 2.45 GHz source operation.

Fig. 5. Ar charge state distribution - 10.6 GHz source operation.

Fig. 6. Present results of total electron capture cross section

measurements for 1 3C + 6 incident on atomic hydrogen as a function of energy.

Fig. 7. Present results of total electron capture cross section

measurements for 1 3 C + 6 incident on molecular hydrogen as a function of

energy.
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