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Calibration facility for solar wind plasma instrumentation
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Physikalisches Institut, University of Bern, CH-3012 Bern, Switzerland

~Received 12 April 2000; accepted for publication 13 November 2000!

Space-borne analysis of the composition of the solar wind offers the unique possibility of direct
measurement of material originating from the sun. For development, testing, and calibration of solar
wind particle instrumentation, particle beams of highly charged ions for all elements from hydrogen
up to iron are needed. Although sources for these ions have been available for some time, the special
demands of space instrumentation made it necessary to build a dedicated facility. We built an
electron-cyclotron-resonance ion source operating at 2.45 GHz. The ion source is installed on a high
voltage platform allowing for postacceleration potentials of up to 100 kV. Ions are produced from
elements in gaseous and solid phase; the latter from vapor emitted from a high temperature furnace
closely attached to the ion source. ©2001 American Institute of Physics.
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I. INTRODUCTION

The continuing interest in studying the solar wind co
position and dynamics with space-borne instrumentatio
some of the current missions are Ulysses,1 WIND,2 SOHO,3

ACE4—has also stimulated the development of ever m
sophisticated solar wind particle analyzers for futu
missions.5 Typically, these instruments measure the mass
charge (m/q), the energy per charge, and the total energy
each ion detected in the particular field of view of the inst
ment. To derive physical parameters from these data,
ion fluxes, densities, or temperatures, the transmission fu
tion of the employed instrument must be known as ac
rately as possible. The transmission function depends on
eral physical parameters of the incident ions such
direction, energy, and mass per charge of a species. De
the availability of more and more powerful software pac
ages to simulate ion-optical properties of instruments,
perimental calibration of these instruments is still necess
to derive the transmission function. This is especially
case for isochronous time-of-flight spectrometers based
the carbon foil technique.2–5

Existing calibration facilities6 for space plasma instru
mentation are equipped with electron bombardment
sources. These sources provide an excellent beam qu
however, for a limited set of gaseous ions and for low cha
states7 ~at the required beam intensities! only. The calibration
of a solar wind instrument requires a particle beam of hig
charged ions for all elements from hydrogen up to iron~see
Table I!. Although sources for these ions have been availa
for some time,8 the special demands of space instrumentat
~beam current, purity, stability, availability of beam tim
and instrument accommodation! motivated us to build a
dedicated facility, which also alleviates many logistic pro
lems encountered during external calibration campaigns.

For the first time, the new calibration facility allows th
testing of plasma analyzers with beams of highly charg

a!Electronic mail: wurz@soho.unibe.ch
1350034-6748/2001/72(2)/1354/7/$18.00
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nonmetallic and metallic ions during all stages of instrum
development. In addition, postlaunch calibrations of flig
spare instruments will allow improvement in knowledge
the transmission function of presently in-use instrumentati
and thus even improve the data analysis of already launc
instruments.

The heart of the new calibration facility is an electro
cyclotron-resonance~ECR! ion source operating at 2.45 GH
using permanent magnets. This type of ion source allows
production of highly charged metallic and nonmetallic io
within the given constraints in power consumption a
physical space available on our high voltage terminal. T
ECR ion source is installed on this terminal to allow f
postacceleration potentials of up to 100 kV to achieve so
wind-like energies. Ions are produced from elements in g
eous and solid phase, the latter from vapor emitted from
high temperature furnace closely attached to the ion sou

Calibration of sensors with metallic ions is important f
the interpretation of solar wind data. Fractionation of t
solar wind plasma occurring in the solar atmosphere
mainly attributed to the first ionization potential~FIP! of the
elements.9 Volatile elements provided by common calibr
tion facilities are representative only for high FIP elemen
whereas metallic elements in the solar wind all have a l
FIP.

II. INSTRUMENTATION

A. Overview

The three main parts of the new calibration facility a
the ECR ion source, the ion-optical system, and the m
vacuum recipient~the experiment chamber! where the instru-
ment to be tested is mounted~see Fig. 1!.

The ECR ion source operates at a frequency of 2
GHz. The plasma is confined by a three-dimensional m
netic well established by permanent magnets. The desig
this ion source is based on an earlier development at
University of Giessen,10 which we adapted for our needs
Elements which are available in gaseous form at room te
4 © 2001 American Institute of Physics

 AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html
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perature are directly introduced into the ion source via
proportional integral derivative~PID! regulated piezovalve
which allows the plasma discharge to be maintained a
constant gas pressure even if the line pressure from the
supplies drops significantly during long runs of the i
source. To allow the production of metallic ions, we adde
high temperature furnace with its opening facing the cen
zone of the ion source where the plasma is burning. Fr
this central zone, the ions are extracted by lifting the pot
tial of the ion source including the high temperature furna
to a potential of maximum 10 kV with respect to the follow
ing beam line. A mechanically adjustable extraction el
trode system allows the optimization of the electric field
the space-charge-limited region of the initial ion accelerat
for a particularm/q.

As shown in Fig. 2, the ion-optical system is compris
of an Einzel lens, a set of deflection plates, a Wien filter
180° hemispherical energy per charge analyzer, a sec
Einzel lens, and a drift tube which transmits the ions throu
the exit aperture into the main vacuum chamber. The E
ion source with the accompanying ion-optical elements
installed on a high voltage platform allowing for postacc
eration potentials of up to 100 kV. After passing the hi
voltage insulator, located after the exit aperture, the ions
ter the vacuum recipient where the instrument to be teste
placed~see Fig. 1!. A beam scanning system equipped with
Faraday cup and a channeltron allows measurement of
spatial intensity distribution of the ion beam. Furthermo
together with the Wien filter, the ion current measurem
with the beams scanner is used to select an appropriatem/q
in the ion beam.

TABLE I. Typical solar wind parameters at Earth orbit to be replicated
the calibration facility~from Refs. 19–23!.

Element

Solar wind
flux

@cm22 s21#

Solar wind
charge state

Range

Main energy
range
@keV#

H 2.53108 1 0.5–3.5
He 9.73106 2 2–14
O 1.33105 6–8 8–57
Fe 1.23104 7–16 28–200
Ca 2.03103 8–12 20–140
Ar 5.53102 8–12 20–140

FIG. 1. Schematics of the ECR ion source, of the ion-optical system, an
the experiment chamber. The source is mounted on a high voltage term
which allows for acceleration of the beam of up to 100 keV per char
Instruments to be calibrated are mounted into the experiment chamber
Downloaded 19 Feb 2001 to 130.92.9.55. Redistribution subject to
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B. Ion source

The principle of the ECR ion source has already be
described in detail elsewhere.10,11 The magnetic bottle con
fining the plasma is built entirely from permanent magne
The 18 Fe–Nd–B magnetic blocks have a dimension of
352336.6 mm3 and are arranged in three rings of six bloc
each. The minimumB structure is obtained by superpositio
of an axial and a radial magnetic field. The direction of ma
netization of the blocks of the first ring is chosen to po
toward the axis while the blocks of the third ring point t
ward the opposite direction~see Fig. 3!. This arrangement
produces the axialB field between the two rings pointing
along the beam extraction direction with a minimum ce
tered between the two rings~see Fig. 4!. Iron plates installed
between the magnetic rings help to increase the mirror r
r m defined and measured10 as

of
al,
.

FIG. 2. Detailed schematics of the ECR ion source and of the ion-opt
system. Few permanent magnets have been removed from the drawi
give sight of the volume where the ECR process happens. The ions
extracted by the puller electrode with a potential of up to 10 kV. With t
first Einzel lens~lens 1! and deflection plates 1 the beam can be focus
onto the entrance aperture of the hemisphericalE/q analyzer. On their way
the ions pass a velocity filter where am/q filtering takes place. After the
E/q analyzer the beam is reshaped by the second Einzel lens~lens 2! and the
second set of deflection plates before it leaves the source chamber int
experiment chamber~not shown on this drawing! after being accelerated in
the high voltage insulator with a potential of up to 100 kV. The length of
system is about 1.2 m.

FIG. 3. Schematics of the ECR source. The orientation of the magnetiza
of the permanent magnets, which are responsible for the minimumB struc-
ture, is indicated with arrows on each individual block. Few of the 18 blo
have been omitted in the drawing to allow view into the plasma region.
microwave~MW! is radiated into the plasma tube with a helix antenna.
 AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html
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r m5
Bmax

Bmin
.

240 mT

60 mT
54. ~1!

The second ring, arranged to form a hexapolar field~alter-
nating direction of the magnetization of the six blocks!, pro-
duces the radial component of theB field for the three-
dimensional well in the center of the ECR source. The use
permanent magnets and the absence of electric coils allo
substantial reduction of the electrical power consumption
the ion source. Since the ECR ion source is installed o
100 kV high voltage terminal, this results in a significa
simplification of the electric power equipment.

The principle of the ECR source is as follows: The ele
trons confined in the minimumB structure are first heate
resonantly by circular-polarized microwave radiation w
the frequency of the electron-cyclotron resonance~2.45
GHz! along the 0.0875 T contour of the magnetic fie
Then, the atoms are ionized by collisions with the hot el
tron plasma. The confinement time of the ions in the sou
region is sufficient to undergo multiple collisions with th
electrons, resulting in sequential ionization into high
charge states. The ions then leave the source through the
cone of the magnetic bottle. For typical operating conditio
the resonant heating leads to electron temperatures arou
MK with suprathermal non-Maxwellian tails at higher ene
gies. The electron temperature has been estimated from
measured charge state distribution.12

The microwave system consists of a 2.45 GHz conti
ous wave magnetron~Muegge, model MW 46 009! with a
maximal power of 300 W, a waveguide~R26!, a Teflon HV
insulator to separate the ion source and the microwave
tem galvanically, a crossbar adapter to couple the microw
from the waveguide to a coaxial line, and finally a he
antenna to provide a circular polarized alternating field.
circulator with an absorber~Philips, 2 kW! is included in the
system to avoid damage of the magnetron by reflec
waves. A tuner with a threefold of variable shorts in t
waveguide is used to adapt to the impedance of the pla
and therefore to optimize the electron heating.

The electric potential of the ion source can be lifted to

FIG. 4. Magnetic field strength and minimum B structure in the sour
Reproduced from Ref. 24.
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potentialU0 of up to 10 kV with respect to the high voltag
terminal to extract the ions from the ECR source. This ma
the insertion of additional insulators into the gas inlet s
tem, the waveguide, and the vacuum enclosure of the
path necessary. The gas inlet system is equipped with a
manifold of five inlet valves to connect standardized labo
tory gas bottles of 1l volume. The gas pressure is automa
cally controlled by a PID regulated piezoelectric val
~PCS01, von Ardenne GmbH!. To allow the production of
metallic ions, we added a high temperature furnace~high
temperature effusion cell: HTEZ, MBE–Komponente
GmbH! with its opening facing the central zone of the io
source at the location of the plasma~see Fig. 5!. Neutral
vapor released from the furnace drifts through the magn
enclosure directly into the ion source. The atoms of the va
are ionized by the electrons of an auxiliary plasma~typically
H2 or He! burning in the source.

With furnace temperatures of up to 2000 °C all eleme
observed in the solar wind can be generated with this facil

.

FIG. 5. Cross section of the ECR source and of the high temperature
nace. The minimumB structure is obtained with a special configuration
the permanent magnets~9! arranged in three rings and separated with tw
iron plates~5!. The magnets are held together with a set of bronze ins
~10! around the plasma tube~7!. The whole source is held on a carriage~6!
movable along the plasma tube axis. The high temperature furnace~dashed
line! is placed from the bottom into the cooling mantle~8!. This allows for
a rapid change of the furnace load. Evaporated metal atoms can drift dir
into the plasma tube to be ionized there.
 AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html
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C. Ion optical elements

The schematics of the arrangement of the ion opt
elements are shown in Fig. 2. To extract the ions from
ion source, a high voltageU0 of up to 10 kV is applied
between the extraction electrode of the plasma chamber
the following puller electrode. To gain maximum flexibilit
for optimizing the ion beam, the extraction potential as w
as the distance between the two electrodes can be varied
latter from 1.5 to 17.5 mm. The first electrostatic Einzel le
is directly mounted behind the puller electrode and has
inner diameter of 46 mm. The two Einzel lens assemb
consist of three cylindrical lens elements each of 50 m
length and 46 mm inner diameter, followed by two pairs
80-mm-long deflector plates. The gap between two cylind
cal elements is 5 mm. To avoid field distorting oxide laye
on the electrodes, we made all ion-optical elements co
pletely out of pyrolytic graphite~le Carbone No. 2114!. The
Einzel lens assembly is electrically isolated and mounted
eight polished aligned metal rods along the outside perim
of the lens assembly. These metal rods also supply the v
ous electrical potentials to the lens elements and return
current collected on these elements. Electrical contacts
made of copper–beryllium springs located between the r
and the lens elements.

The Wien filter~model 600-B, Colutron Research Co
poration! is located after the first Einzel lens. An ion pass
straight through the velocity filter (E3B filter! if the Cou-
lomb force of theE field is balanced by the Lorenz force o
the B field. This is the case for an ion if

m

q
52 U0

B2

E2
, ~2!

with U0 being the acceleration voltage. This allows for sep
ration of the different ion species by their mass per cha
m/q. The maximalE field is Emax516.8 kV/m and the maxi-
mal B field is Bmax50.3 T.

The ion-optical transmission of the system has to be
timized for measurements at high charge states, where
current densities are low. This implies a limitation of th
mass resolutionm/Dm. Good results have been obtained f
m/Dm.14 ~see Sec. III!. The three apertures in the bea
line are all 8 mm in diameter, including the finalm/q select-
ing aperture. Simultaneously, this allowed us to keep
ratio of backscattered ions at the exit of the velocity filter
low as possible and so to reduce the contamination of
insulating elements within the filter.

The radii of the inner and the outer hemispheres of
E/q analyzer areR15116.4 mm andR25135 mm, respec-
tively. The nominal ion path is atRn5125 mm and the ana
lyzer constantk is 6.76. Ultraviolet ~UV! light produced
within the ECR source has to be suppressed since mi
channel plate detectors, often used in space instrumenta
are UV sensitive. A photon needs to be scattered at least
times to transit theE/q analyzer due to the narrow gap b
tween the inner and the outer hemisphere. To maximize
suppression, the two hemispheres are made entirely ou
graphite. The surfaces exposed to the ion beam are
blasted with fine-grained sand to increase their roughnes
Downloaded 19 Feb 2001 to 130.92.9.55. Redistribution subject to
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the length scale of,mm to maximize absorption and diffus
reflection of the unwanted UV photons.13 An overall UV
suppression of 431025 is reached11 assuming isotropic Lam-
bert scattering. The count rate due to photons measured
the channeltron of the beam monitor~5 mm aperture! is
about 0.2 Hz during operation of the ECR source.

D. Beam diagnostics

Three current-measuring apertures are placed at
places along the beam path at intermediate ion-optical fo
points ~see Fig. 2!. They provide the capability for optimiz
ing the settings of the various ion-optical subsystems
allow a continuous monitoring of the beam. Two of the
apertures are segmented into four sectors to obtain infor
tion on the alignment of the ion beam with respect to t
ion-optical axis. The currents collected on the apertures
logarithmically amplified and displayed on ten-element lig
emitting diode~LED!-bar displays covering a current rang
from 1 nA to 1 mA. These LED bars provide good qualit
tive information, which is used primarily during the initia
setup of the beam line.

The beam monitor, located in the main vacuum chamb
consists of two detectors: a channeltron detector and a F
day cup detector. Both detectors are mounted on a lever
which can be moved over the two-dimensional area of
ion beam~see Fig. 6!. The pendulum-like moving pattern o
the beam monitor is controlled by two stepping motors
cated outside of the vacuum chamber. It was the aim of
design to avoid any movable parts within the vacuum.
vacuum-tight bellows acts as the mechanical connection
tween the vacuum chamber and the movable arm. Contro
the stepping motors as well as signal readout of the detec
is facilitated by a laboratory computer.

The channeltron can be operated in pulse counting
continuous mode using a transimpedance amplifier. The
cial shape of the inner electrode of the Faraday cup in co
bination with an entrance aperture minimizes the flux
backscattered secondary electrons and secondary ions.
Faraday cup is used for absolute current measuremen
determine instrument efficiencies and also to calibrate
channeltron. The Faraday cup has the same active area a
channeltron which can be varied selecting one of five av
able apertures with diameters ranging from 1 to 5 mm wi
out breaking the vacuum. Ion currents as low as 10213 A can
be measured with this Faraday cup.

The beam monitor can be used to examine the shap
the ion beam. Figure 7 shows a typical beam profile recor
on a quadratic grid perpendicular to the ion-optical ax
Quicker results can be obtained by recording only horizon
and vertical intensity profiles. To examine the charge st
distribution within an ion beam, the beam monitor is fixed
its center position. An appropriate variation of the current
the magnetic coils of the Wien filter allows us to acquire t
beam intensity as a function of mass per charge ratio acc
ing to Eq. ~2!. Charge state distributions are shown in S
III B.
 AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html
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E. Experiment chamber

Acceleration of the ion beam is possible to energies
up to 100 keV per charge. A stack of 20 metal rings at h
voltages, supplied from a voltage divider, form a homog
neous acceleratingE field. It is placed inside a ceramic insu
lator of ;200 mm length and 153.3 mm inner diamet
located between the inner and outer Faraday cage of the
source assembly. Grids are mounted on the first and on
last ring of the stack to avoid field distortion. The ions of t
desired charge state and velocity enter the experiment ch
ber which contains the beam monitor and the instrumen
be examined. The chamber is a tube of 2 m length and of 0.5
m diameter, allowing exposure of complete instruments
cluding their entrance systems to the ion beam. A laser b
is aligned with the ion beam axis and gives the necess
positioning information for placing the instruments to
calibrated. The ion source chamber and the experime
chamber can be separated by a gate valve into two aut
mous vacuum units; each is equipped with its own tur

FIG. 6. Cross section of the experiment chamber at the beam monito
sition. The Faraday cup and the channeltron~in the circle! can be moved
along the axis of the lever arm~5! and rotated about the axis located at~4!.
Two stepping motors control the motion. All mechanical parts are outsid
the vacuum chamber. For measurements, with an experiment positi
downstream of the beam, the beam monitor has to be parked in a pos
near one of the two windows.
Downloaded 19 Feb 2001 to 130.92.9.55. Redistribution subject to
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molecular pumping system and vacuum control. This giv
maximum flexibility for installation of instruments into th
experiment chamber and for maintenance of the ion sou
assembly. Independent vacuum lines reduce pumping t
and down time of the facility. A vacuum protection circuit
set up in both chambers to automatically turn off all pow
connected to it~e.g., HV supplies! once the pressure in th
chamber exceeds a preset value. The experiment chamb
equipped with two baking out systems~thermal and ultravio-
let lamp! to reduce residual gas pressure and pumping ti
A quadrupole mass spectrometer is also available to ana
the composition of the residual gas. The lowest obtaina
pressure in the experiment chamber is in the low 1028 mbar
range.

III. PERFORMANCE

A. Beam profile

In a first step we optimized the position of the magne
bottle and of the extraction electrodes according to Re
14–16. Simultaneously, we maximized the ion current a
focused the extracted beam as tightly as possible. Figu
shows a typical pattern of a 18 keV O31 ion beam acquired
with the beam monitor. The current was measured with
Faraday cup using the 5-mm-diam aperture on a 21321 grid,
spanning an area of 4 cm2. The total current measured wa
6.3 pA. The maximal current density was 0.12 pA mm22,
which corresponds to a particle flux of 2.53105 s21 mm22.
The beam width along the two principal axes was 11.7 a
4.2 mm full width at half maximum, respectively.

B. Charge states

The analysis of different charge states in the ion beam
performed with the Wien filter. To prevent beam distortio

o-

f
ed
on

FIG. 7. Beam profile at the position of the beam diagnostic system in
the experimental chamber. The contour lines indicate the beam intensi
the (2Y,1Z) plane, normal to the beam axis in direction of the beam. T
maximum current density was 0.12 pA mm22 for this selected 18 keV O31

beam.
 AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html
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by the velocity filter, the potentials of its electrode stack17

had to be carefully balanced out. For these adjustments
used helium because it provides high beam currents and
duces a simple charge state distribution.

1. Nonmetallic ions

To determine the performance of the ion source we fi
used argon. With the Faraday cup~5 mm aperture!, we were
able to detect from singly up to sixfold charged argon in
ion beam with beam currents varying from 60 nA (Ar1) to
30 pA (Ar61). With the channeltron, the higher charge sta
Ar71 and Ar81 were detected, with ion currents of 1 and 0
pA, respectively. The measured ion currents as a functio
their m/q ratio are shown in Fig. 8. Contributions from th
residual gas can be seen: atm/q528 from N2

1 , at m/q54
from He1, at m/q52 from He21 and H2

1 , and atm/q51
from H1. Another measurement with oxygen at higher ma
resolutionm/Dm.30 is shown in Fig. 9. The current for O1

was 10 nA. A small peak atm/q53.2, identified as O51,
was present in the spectrum. O41 was partly hidden by the
helium peak from the residual gas. Other contributions fr
the residual gas~caused by a tiny air leak! are found in the
spectrum at different charge states. These ions are debr
molecules like N2 , O2 , H2O, and CO2. The dynamic range
of the spectrum spans five orders of magnitude.

2. Metallic ions

For the production of metallic ions with the high tem
perature furnace, an auxiliary plasma has to be mainta
for a stable ECR ionization process. For example, helium
been suggested by others18 because of the high electron de
sities and high beam stability achieved. Hydrogen is ano
gas we use for the auxiliary plasma to alleviate interferen

FIG. 8. Charge state distribution of an argon ion beam.
Downloaded 19 Feb 2001 to 130.92.9.55. Redistribution subject to
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in m/q. Neutral metal atoms stream from the high tempe
ture furnace~see Fig. 5! into the ECR zone where they pen
etrate the auxiliary plasma. The metallic ions captured in
minimumB structure are ionized in steps up to higher cha
states due to collisions with the hot electrons. The extrac
ion beam is composed of metallic ions as well as ions fr
the auxiliary plasma. For a first test run, a calcium rod~pu-
rity 99.9%, length 10 mm, radius 4 mm! was loaded into the
furnace using a pyrolytic boron nitride crucible. The tem
perature was stepwise increased up to 470 °C due to he
gas load from outgassing. We could measure 0.4 nA of C1

with the Faraday cup~5 mm aperture!. The complete charge

FIG. 10. Charge state distribution of a calcium beam. A solid calcium
was heated in the high temperature furnace to 470 °C to evaporate Ca
the auxiliary helium plasma.

FIG. 9. Spectrum of an oxygen beam at higherm/q resolution.
 AIP copyright, see http://ojps.aip.org/rsio/rsicpyrts.html
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state distribution is shown in Fig. 10. Ca21 up to Ca61 have
been detected with ion currents ranging from 260 to 0.5
Higher charge states, Ca71–Ca101 are hidden below the
prominent He1 signal of 55 nA from the auxiliary plasma.

From the charge state distribution of Ar ions and
ions, the electron densityne553109 cm23, the confinement
time tc51023 s, and the electron temperatureTe5100 eV
can be inferred.12 The degree of ionization is of the order o
10%.

C. Beam stability

The ion current of an Ar41 beam remained at 0.2960.01
nA for up to 5 h without any readjustments, and during a
h continuous run, the Ar41 beam remained at 0.2660.03 nA.
The 18 cm3 gas reservoir was refilled three times during th
run. No other manipulation was necessary.

D. Discussion

High charge states for a broad range of species, a w
energy range, and beam stability are crucial parameters
calibration facility for space plasma spectrometers. The
ergy range and the beam stability of the facility meet th
requirements. Table II summarizes the measured particle
and charge state ranges. A comparison with Table I sh
that the flux range is high enough even for the high cha
states. Even though the achieved charge state range doe
cover the solar wind range, an expanded range is avail
compared to existing facilities. Together with the availabil
of metallic ions, the new calibration chamber will extend t
scope of available calibration data for space plasma ins
mentation. Further enhancements to the source and an
grade of the experiment chamber similar to actual calibra
facilities, including the possibility of shifting and rotatin
instruments within the chamber and to provide full au
mated measurements, are planned for the future.
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