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Ion optics evaluation of the plasma ion mass spectrometer
(PIMS) designed for the JET tokamak
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Abstract

Computer simulations of a design for a plasma ion mass spectrometer (PIMS) head for diagnosing the edge plasma on the
Joint European Torus (JET) magnetic fusion experiment are reported. An overview of the design issues is presented along
with results of these fully three-dimensional ion optical calculations. By modelling the behaviour of the different impurity
ions anticipated in JET, an evaluation of the proposed PIMS geometry has been carried out. The effects of misalignment of
the electric and magnetic fields within the PIMS on mass resolution, and the effect of the range of ion temperature and sheath
voltage expected in JET on the transmission are described. (Int J Mass Spectrom 223–224 (2003) 45–53)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Until the development of the plasma ion mass
spectrometer (PIMS) there was no device available
for measuring the absolute flux of ions in each charge
state flowing in the edge plasma of tokamaks (mag-
netic fusion devices). Besides the knowledge of the
local density in the edge region the PIMS can give
an indication of the average ion temperature of the
impurities [1–3]. The charge state distribution and
absolute flux of impurities is dependent on the loca-
tion and magnitude of the impurity sources and the
transport of impurity ions within the scrape-off layer
(SOL) and on closed flux surfaces.
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The benefit of mass spectrometry compared to spec-
troscopic methods is that a full evaluation of species
in the plasma edge can be achieved by this in situ
measurement at a very precisely defined point in space
[1–3]. These measurements are very relevant for next
step magnetic fusion experiments such as International
Thermonuclear Engineering Reactor (ITER)[4], since
the production and screening of impurities in current
tokamaks is still not well understood and ITER will
need a low plasma impurity content to reach its fusion
energy goals. Joint European Torus (JET) is currently
the closest tokamak in size to ITER in operation today
and the only machine in which both beryllium and
carbon can be used as wall materials as is planned for
ITER. PIMS measurements in JET would provide an
excellent benchmark for the edge plasma simulation
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Fig. 1. Mass-spectrum from a PIMS in the edge plasma of the
DITE tokamak [2]. M is the atomic mass of the ion andzi its
charge state. The electric field in the PIMS ramped up linearly
with time, top axis, to sweep the various ion species across the
collector during steady state phase of the plasma discharge.

codes and thus improve our predictions for ITER. An
example of the data that can be obtained is shown
in Fig. 1. This mass spectrum was obtained in the
small DITE tokamak (26 cm minor radius) and shows
the large population of high charge state ions which
diffuse out of the core into the edge. It also shows
that the carbon production in DITE at this time was
dominated by chemical erosion of carbon by oxygen.

2. Trochoidal mass spectrometry

The PIMS is a trochoidal mass spectrometer that
uses the magnetic field for the confinement of the
plasma as itsB-field. Thus, only electrostatic voltages
have to be applied. It has been known for a long time
that such a configuration has perfect focussing prop-
erties for the ion velocity components normal to the
magnetic field[5]. Different types of trajectories, i.e.,
the prolate and the curtate (Fig. 2), can reach the focal
point. All trajectories are focussed at the point they

Fig. 2. In perpendicular electric and magnetic fields, ion orbits are
cycloidal and the focussing properties are perfect[5].

re-cross their plane of origin and travelling in the orig-
inal direction[5] in a distance of

b = 2πmiE

zieB2
(1)

from the source,mi and zi being the ion mass and
charge,E andB the electric and magnetic fields. Note
thatb is independent of the initial velocity of the ion.

3. Specific requirements for a PIMS on JET

The essential criteria for the design of an in situ
mass spectrometer can be summarised as follows:

• The instrument must not be negatively affected by
the high magnetic field of the tokamak. In JET the
range of toroidal magnetic fields used routinely is
1–3.4 T.

• The ion optics has to deal with a wide spread of
initial ion velocities since the plasma is a hot ion
source.

• A geometry has to be selected which allows trans-
mission for the component of the ion velocity which
is parallel to the magnetic field.

• The geometry must be simple so that the relative
transmission probability of various ions is straight-
forward to model, since there is no practical means
to calibrate the device.

• The intensity of the ions in the boundary plasma ne-
cessitates an attenuating slit to avoid space charge
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effects that may occur if too much current is ex-
tracted into the device. The slit also needs to be not
more than a few Debye lengths across, since this is
the dimension of the plasma sheath[6], so that there
is a well defined transition between the plasma and
the extracted ion beam[7].

• The outer shell and entrance slit need to withstand
up to 40 MW m−2 for periods of 200 ms which cor-
responds to the time it takes the JET reciprocating
probe drive to insert and withdraw the probe head
from the JET plasma. The bulk temperature of the
probe may transiently reach 500◦C.

• The noisy electromagnetic environment of the toka-
mak sets the noise and limits the bandwidth of the
electronics (currents down to a few nanoamperes
need to be measured) hence the need to optimise
the device transmission.

The JET reciprocating probe drives are located on
the top of the torus as shown inFig. 3. In every 2 s, the
probe head can be driven into the plasma edge using a
fast pneumatic system giving a typical exposure time
of 200 ms in the plasma. The drive system imposes
important constraints on the probe head design:

• The external diameter of the probe must not exceed
40 mm to be compatible with the JET probe drives.
The size also needs to be kept down to minimise
the voltage required since breakdown can be a
problem in the plasma environment.

• The probe has to be aligned to within a few degrees
with the local magnetic field. The most common
magnetic field on axis (3.0 m major radius) is 2.5 T,
so the field for the reciprocating PIMS probe head
at a radius of 3.25 m will be typically 2.3 T (1/R
scaling). For typical combinations of toroidal field
and plasma current the field line is at an angle of
15◦ to the axis of the probe drive (seeFig. 3). Pre-
vious PIMS probes used in the DITE and TEXTOR
tokamaks were simpler since the plasmas were cir-
cular and the drives mounted normal to the outer
magnetic surface[3].

• The outer shell of the PIMS must be made of boron
nitride so that the probe cannot be snapped off by
halo currents in off-normal events and is resistant

Fig. 3. Cross-section of the JET torus and plasma showing the
location of the reciprocating probe head.

to thermal shock. Another major advantage of this
material is that we can distinguish boron and nitro-
gen produced locally by interaction with the probe
body from main plasma impurities.

4. JET-PIMS geometry

The dimensions of the active components of the
JET-PIMS are 4.35 mm× 8.5 mm × 18.5 mm. The
focal length is 5.45 mm as compared to 9.5 mm used
on DITE [2] and TEXTOR [3]. The ratios of the
other dimensions to those in the earlier devices are
similar. Due to the space restrictions the number of
collectors has also been reduced to two. The entrance
slit is 0.1 mm in width and made out of a single piece
of TZM molybdenum alloy to maximise its power
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Fig. 4. Engineering and assembly of the PIMS probe head.

handling characteristics.Fig. 4 shows the proposed
engineering assembly of the PIMS head.Fig. 5shows
the geometry of the PIMS as realised in the ion optics
calculations including some trajectories calculated
with the ion trajectory program SIMION6[8] for
realistic electric and magnetic fields.

Ions enter the PIMS through a small entrance slit
in the plate perpendicular to the magnetic field and
hence to the other plates in the device. This entrance
slit is a symmetry point in the PIMS such that the
potential of the plate that is level with the slit remains
the same constant potential as the slit. The number of
particles reaching the collector regions is a function of
the ion temperature and the sheath voltage along with
the electric field across the device.

Fig. 5. Geometry of the PIMS probe as realised in the ion optical calculations.

The particle transmission is defined as the particle
number reaching one of the two detectors in the PIMS
divided by the total number of particles launched
through the entrance slit. Originating from the cy-
clotron focal length (b, Eq. (1)), the so-calledE-scale
factor can be determined and is written as

Escale= E

E1TH
(2)

whereE1TH is the electric field required to focus hy-
drogen ions at a magnetic field of 1 T as predicted
by Eq. (1) for the specific geometry under study. In
the case of the JET-PIMS geometry,E1TH = 8.28×
104 V m−1. This normalisation makes it simple to see
how close to the ideal performance we get.

For typical JET toroidal magnetic fields ofBT =
2.5 T on axis,BT at the probe is 2.3 T (1/R scal-
ing). Hence, for main plasma gas which is usually
deuterium,mi = 2 andzi = 1, so one needsE =
2.2× 105 V m−1. This translates into a voltage across
the PIMS of around 957 V which is comparable to that
used in the TEXTOR and DITE instruments. Higher
voltages have been tried in these devices but were
found to result in breakdown leading to a collapse of
the electric field and spurious currents to the collec-
tors during the plasma pulse.

The parallel velocity of the ions entering the PIMS
is described by

v|| =
√

2

mi

(
1

2
miu

2
|| + zieVs

)
(3)
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wherev|| is the parallel velocity,mi andzi the ion mass
and charge,u|| the ion velocity at the sheath edge and
Vs is the sheath voltage. The ion source is assumed
to have a Maxwellian distribution which is borne out
by retarding field analyser measurements[9]. The
collector is divided into two so that some measure of
the parallel distribution of the focussed ions is avail-
able. This is important to allow one to validate the
measurements against the code predictions[2].

5. Description of the used computer codes

SIMION6 [8] as well as the similar custom written
code in JET[2] compute the vacuum electric fields
associated with a series of electrodes defined on a
rectangular three dimensional grid through a numeri-
cal solution of Laplace’s equation. Ions are randomly
generated at the entrance slit with a Maxwellian dis-
tribution corresponding to a temperatureTi , and are
accelerated parallel to the magnetic field to allow for
acceleration in the plasma sheath (Eq. (3)). Ions are
then followed through the structure until they impact
with one of the surfaces or exit the grid.

There are two aspects to the modelling which are
problematical. One is how to treat the barrier insulator
(Fig. 5), whose purpose is to prevent ions reaching the
collector which have not passed through the defining
slit. We have either assumed that it does not perturb
the local field at all or set it at ground potential which
is the worst case assumption used in the results pre-
sented here. The second issue is that of space charge
which may affect the ion optics in the region between
the entrance slit and defining slit. This is beyond the
capability of the codes available to us to deal with and
so is left for future study.

Comparison of the two codes for specific cases has
shown that the results are identical so we do not dis-
tinguish between them in discussing the results.

6. Summary of issues to be addressed

The most important issue to be calculated in the
ion optics simulations is the transmission of the

different charge states of ions we expect to see in
the edge of JET. It is clear that the PIMS is expected
firstly to detect and distinguish deuterium and carbon
ions of different charge stages plus smaller amounts
of beryllium. Simulations were carried out to confirm
that the geometry of the PIMS chosen has trans-
mission characteristics that are not too sensitive to
sheath voltage and ion temperature, and that magnetic
field misalignment do not significantly degrade the
resolution.

Fig. 6 shows the anticipated ion temperature and
electron temperature profiles in the type of JET dis-
charge in which the PIMS will be most frequently
used. These numbers are computed by the EDGE2D-
U/NIMBUS code which is a multi-fluid edge plasma
simulation code linked to a Monte-Carlo hydrogen
neutral model[10] which has been used to fit actual
diagnostic data.Fig. 7 shows the predicted densities
for the various charge states of carbon. If you com-
pare the prediction ofFig. 7 with the mass-spectrum
of Fig. 1, and bear in mind that the detected current
is proportional to the ion density times the charge on

Fig. 6. Ion temperature and electron temperature as predicted by
EDGE2D-U/NIMBUS for pulse 49705 which is anL-mode plasma
with 2.5 MA of plasma current, 2.5 T toroidal field and 2 MW of
neutral beam heating.
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Fig. 7. Charge state distribution predicted by EDGE2D-U/
NIMBUS for JET pulse 49705.

the ion, you will see that we expect JET to have many
more high charge state ions in the edge plasma than
DITE. This can be understood in terms of the higher
temperature and confinement time of the JET plasma
relative to DITE.

7. Results

Our base case assumes an ion temperature,Ti =
50 eV and sheath voltage,Vs = 100 V (from sheath
theoryVs ≈ 3Ti ). Fig. 8shows the maximum transmis-
sion vs. charge state for the base case, where the trans-
mission is the current at the collectors divided by the
current entering the device. All the results presented
here are for the most common toroidal magnetic field
at the probe of 2.3 T. One can see fromFig. 8 that the
ions with highm/z are mainly deposited on collector
2 whilst those with lowm/z go to collector 1. This is
because the ions reach the collector from the defining
slit in one gyro-period and during this time travel
parallel to the magnetic field (seeFig. 5). Although
a single ratio of the two collector currents would not
allow one to distinguish the sheath voltage from the
ion temperature, by using the current ratios for ions

Fig. 8. Peak transmission for different charge states of carbon for
the base case.

with a range ofm/z the problem becomes soluble
[2].

Since the PIMS has perfect focusing properties
we expect the rectangular image of the defining slit
to be projected onto the rectangular collectors and
move across linearly with the applied electric field
(Eq. (1)). This results in triangular peaks (seeFig. 9).

Fig. 9. Simulated C3+ peak profiles for aligned and misaligned
magnetic field ±3◦ in the plane of the electric field plates
(x-direction).
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The theoretical resolution to totally separate two tri-
angular peaks of differentm/z for the PIMS as derived
from the analytical formula (Eq. (1)) is

Rth = distance between defining slit and collectors

defining slit width+ collector width
= 7.25

To totally resolve peaks due to C5+ and C6+ (or
D+), we need a resolution of 5. In practice, we can re-
solve peaks that overlap[3], so the practical resolution
is about double the value quoted. So, our basic require-
ment to resolve the most common carbon ions can be
met with a resolution well below the theoretical limit.

The resolution obtained from our base case simula-
tion for C3+ ions is given by

Rexp = E-scale at which peak maximum occurs

peak full width
= 7.65

This is slightly better than our simple analytical model
would suggest due to the fact that the ions pass through
the slits at an angle and so the effective slit width is
reduced which more than offsets any broadening due
to non-uniformities in the computed electric field.

7.1. Misalignment with the magnetic field

The effects of small field misalignments will be a
crucial point in operating the PIMS in JET. This is due
to the fact that although the toroidal magnetic field
is well known, the poloidal magnetic field is not so
well known due to uncertainties in the radial profile of
the plasma current. The total magnetic field in JET is
helical with typical pitch of 15◦. In this situation the
electric and magnetic fields inside the PIMS may no
longer be orthogonal to each other. Misalignments of
±3◦ about both axes are considered a worst case and
have been investigated.

For a misalignment lying in same plane asE-field
plates (x-direction), the maximum transmission ob-
tainable was slightly lower than for the situation,
where the fields were totally aligned and the resolu-
tion was slightly degraded but not by enough to cause
concern (Fig. 9).

Fig. 10. Simulated C3+ peak profiles for aligned and misaligned
magnetic field±3◦ out of the plane of the electric field plates
(y-direction).

Misalignments of the magnetic field normal to the
electric field plates were also studied and the results
for C3+ (which are typical of other charge states) are
shown inFig. 10. This shows a less symmetric be-
haviour with a stronger distortion of the peaks.

7.2. Effect of ion temperature and sheath potential
on transmission

Since we will be making measurements under con-
ditions of variable ion temperature and sheath voltage
it is important to ensure that the total transmission
(collectors 1 and 2) is not too strongly dependent on
the edge ion temperature and sheath voltage. Scans
have therefore been done in these parameters for all
charge states. In the case of the ion temperature scan,
the sheath voltage was fixed at 100 V (Fig. 11). This
shows that there is a decrease in transmission with ion
temperature which is strongest for the lower charge
states. The transmission for C+ ions is essentially zero
at this sheath voltage for all ion temperatures whilst
the C2+ transmission decreases strongly with increas-
ing ion temperature.
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Fig. 11. Variation of total transmission with ion temperature for a
fixed sheath voltage of 100 V.

The scan of sheath voltage at a fixed ion tempera-
ture of 50 eV is shown inFig. 12. Transmission of C+

and C2+ improves at low sheath voltage. The poor
transmission of the low charge states is due to the fact
that ions travel from the defining slit to the collector
in a time equal to the gyro-period. CombiningEq. (3)

Fig. 12. Variation of total transmission with sheath voltage for an
ion temperature of 50 eV.

for the parallel velocity with the ion gyro-period
τi = 2πmi/zieB gives the parallel distance travelled
between leaving the defining slit and entering the
collector:

s = 2πmi

zieB

√(
u2

|| + 2zieVs

mi

)
(4)

whereTi is the ion temperature in eV andVs is the
plasma sheath voltage. When this distance exceeds
the maximum parallel dimensions of the device then
transmission declines rapidly.

8. Discussion and future work

The ideal PIMS design would have transmission
characteristics for all charge states which are indepen-
dent of plasma conditions. This is not achievable for
the low charge states but we expect most of the ions
in the edge of JET to be in high charge states C3+ to
C6+. The transmission for these is more robust against
plasma variations which means that the concentrations
of light impurity ions should be determined with suf-
ficient accuracy. To observe the concentrations of the
low charge states we will have to operate in plasmas
with low electron temperatures and hence low sheath
voltage or we can shift the potential in the region
where the ions enter the stack ofE-field plates so that
the ions are retarded. This situation has not yet been
analysed in our simulations and will be one focus for
future work.

Another factor which will improve the transmission
of low charge states is that C+ and C2+ are expected to
be significantly colder than the higher ionisation states
[2]. This is due to the fact that ionisation time will
be shorter than the thermalisation time. Although the
multi-fluid edge plasma code EDGE2D-U/NIMBUS
models each charge state as an independent fluid, it
assumes that each charge state is thermalised with the
background deuterium plasma. To compute the indi-
vidual temperatures we will need to run Monte-Carlo
impurity transport code (trace approximation) on a
fixed plasma background and extract the ion temper-
ature information for each charge state.
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9. Conclusions

The edge of a magnetic fusion device is a severe
and demanding environment for deploying a mass
spectrometer, particularly one whose purpose is to
sample a high temperature plasma. Previous expe-
rience on small tokamaks has, however, shown the
feasibility and utility of such devices. However, as the
largest tokamak in the world, the JET environment
and probe drive systems place even more severe de-
mands on the design, including the need to shrink the
device dimensions by 43% to give a focal length of
5.45 mm and fit within an overall diameter of 40 mm.
Our simulations of the ion optics of the proposed
device have, however, shown that we expect good
transmission of the high charge state ions which are
predicted to be the most abundant and hence of great-
est interest to us. It is clear that ion optics simulations
will be essential to the interpretation of any results
obtained from the device. Also, due to the impor-
tance of the local ion temperature and sheath voltage,
these results will have to be interpreted in close con-
junction with plasma simulation codes to provide a
consistent overall picture. The issue of misalignment
with the JET total magnetic field has been shown to
be tolerable within the expected uncertainties.

Future work will concentrate on developing biasing
schemes and minor geometric variations to optimise
the transmission of the lower charge states ions.
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