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Abstract

The heavy ion beam probe (HIBP) is an unique technique in fusion
experiments for direct measurements of plasma electric potential. By orbit
calculations the port geometry of the injection and diagnostic ports has been
determined for the W7-X stellerator project. An optimisation with respect to
best access, minimum necessary beam energy and maximum detectable plasma
region has been performed. As result three different locations for HIBP were
found. Because of other diagnostics and heating systems already fixed on
ports, the most favourable scenario for HIBP is given by an injection at 150
and detection at 229 in toroidal direction. The energy necessary to detect the

plasma centre corresponds to the existing TEXT/UG diagnostic (2MeV TI+
ions).




1. Introduction

The heavy ion beam probe (HIBP) is a unique tool for research in magnetic
fusion experiments. Starting in the sixties with an arc discharge at a small
facility [1] it is now a powerful diagnostic (Table 1) on tokamaks (2MeV at
TEXT/UG) and helical systems (6MeV LHD-project). So far HIBP is the only
method for direct measurement of the electric potential (®(r)) without
perturbations of the plasma. Additionally the diagnostic is used for
determination of electron density (ne(r)) and temperature (Te(r)), poloidal
magnetic field (Bpo(r)) and plasma current (Ip1a(r)) as well as the
electrostatically induced particle flux (I'). Fluctuations and cross-correlations
of most of these quantities has been studied due to the high time and space
resolution of HIBP [2-15].

The influence of an electric field on the neoclassical transport was discussed in
[16]. On the other hand as well known from the beginning of experimental
fusion research, the plasma loss process is much faster than the predictions
based on binary collisions. The electric field is considered to play a key role
in understanding this anomalous transport. For a detailed discussion of the
influence of the electric field on the confinement via BXE rotation and via
fluctuations see [17]. Thus it would be very useful to have such an important
diagnostic even at the new stellerator projects W7-X and LHD. The design of
the LHD/HIBP is in good progress [18-20] and the diagnostic will be realised
in future. .

The paper reports on orbit calculations for an HIBP on W7-X to decide if and
in which geometry ports have to be taken into account for the W7X-
engineering design. Mainly the problem of beam access to the plasma which is
crucial for the modular stellerator was considered. In a first approach ports in
different poloidal planes were determined as candidates for the injection and
diagnostic parts.

2. Basic principles

Most commonly singly charged heavy ions (primaries) are injected across the
magnetic field into the plasma. Passing the plasma doubly charged particles
(secondaries) are produced by ionisation. The magnetic field will separate
primaries from secondaries, which will be detected and analysed outside the
plasma (Fig. 1). Knowing the B-field structure, beam energy, starting position
and velocity direction of the primaries as well as the detection place of
secondaries allows the calculation of the ionisation place r. Measuring the
energy difference of primary and secondary particles gives the electric field
potential via energy conservation law. Thus a ®(r)-profile can be obtained by
changing the beam energy or the initial angle (Fig. 2). An approximated
necessary criteria for secondaries reaching the detector plate and not being




confined is given by rp, >a with r;, being the averaged Larmor radius and
the minor plasma radius a, which yields

MW, /g2 >a2B2 /2

(Wy - beam energy, M - ion mass, qg - secondaries charge, B - mean
magnitude of magnetic field on axis).

The injection of neutrals and detection of singly charged ions was used in
experiments, too [21, 22]. It has the advantage of better access of neutrals to
the plasma (no curvature) and by a factor of 4 reduced required product
MWy,

On the other hand the advantages of singly charged particle injection are:
lower beam attenuation, no need of neutralisation chamber and higher beam
currents. Typical ions in present experiments/projects are Cst (A=133), Tl1+
(A=203, 205) and Au- (A=197).

There are two mechanisms caused by beam-plasma interaction affecting the
use of HIBP. By ion-electron, ion-ion and charge-exchange collisions the
beam intensity will be attenuated. At low energies the electron impact process
dominates, whereas at higher energies (Wy, > 2MeV) ion-ion collisions become

important and contribute significantly. Beam attenuation can impose
limitations on the operating regime of HIBP, especially for larger devices
(a>0.3m) at high densities. E.g., in LHD at ng > 1020m-3 a primary beam
current of 10pLA yields a 10-8nA secondary one, which corresponds to about
3000/s particles. Present diagnostics would fail and therefore a new particle
counting method is necessary (see Fig. 3). For a detailed discussion of cross
sections and problems concerned with beam attenuation see [18, 23].

Multiple Coulomb collisions of heavy ions with plasma ions and electrons
result in an energy slowing-down of beam particles. Whereas for present
devices this effect can be neglected, for larger paths of trajectories inside the
plasma (>1m) the energy attenuation has to be taken into account. As shown in
[18, 19] for LHD at high densities and low temperatures the energy loss can
reach some keV (Fig. 4), influencing less the beam trajectories but of course
strongly the ®(r) determination. Because of energy and intensity attenuation
it seems hardly possible to realise potential fluctuations with HIBP at W7X
and LHD with today‘s available techniques.

3. Diagnostic hardware

Schematics of a tokamak (TEXT) and a helical device (LHD) HIBP diagnostic
configuration are shown in Figs. 5a and 5b. In both cases it consists of three
main components [2-4].




1) The injection part includes the ion source, beam accelerator and a beam
alignment/bending system. Important requirements on ion sources are low
energy spread of heavy ions (<1eV), small beam width (<lcm), large ion
currents (>10QLA) and long life times (>100h in pulsed mode). Most
commonly thermoionic sources are used. The accelerator (e.g., Van-de-Graaff
type) should produce a high energy beam with small ripple (<10-4)

2) A pair of sweep plates controls the injection angles of primaries and thus
at fixed Wy, the ionisation point. In stellerators with their inherent 3D B-field

structure a second pair of electrostatic plates is installed to control the
entrance angles into the energy analyser. A swing of the full voltage range
(10kV/cm in 2MeV at TEXT/UG) within a few milliseconds is realised. The
system has to be able to handle currents induced by UV-light from the plasma
during operation as well as voltage breakdowns.

3) The third and most crucial component is the energy analyser with its
amplifier unit. Mainly analysers have been optimised to measure equilibrium
electrostatic potential profiles, which requires an accuracy of the ratio
AW/Wy, = 10-3. Proca-Green type parallel analysers [2, 25, 26] (Figs. 6a and
6b) are widely used. The beam enters through the entrance slit (left in Fig. 6a)
and moves into a region of uniform electric field. There it is deflected
downwards to the split plates in a field free region. The isolated plates (Fig.
6b) are electrically connected to the amplifier unit measuring the currents ij

to ig. The sum signal (igyy,=i1+ip+i3+i4) gives information about the electron
density and the right-left ratio ((ij-ip+i3-ig)/igym) about the toroidal
component of the magnetic vector potential [8]. Fixing the voltage V5, the
beam energy of secondaries can be determined via the measured currents by

Whs =qsVa (G +F (ij+ip-i3-ig) / isuym )

where G and F being the "gain" and "offline" function, respectively,
depending only on geometrical quantities. Thus the electrostatic potential is
given by

D = (W - Wbp )(gs - qp)-

To achieve high accurate measurements several problems have to be solved:
non uniform electric fields, mechanical misalignment, stray magnetic fields,
UV-light from plasma, high voltage effects and shielding against radiation.
Cylindrical analysers [18, 27, 28] are able to work with much lower voltages
in contrast to Proca-Green analysers and are therefore used on LHD/HIBP
project. Other types of analysers applied in experiments are multiple cell
detectors [4, 29, 30] and grid analysers [3]. A quite different technique based
on the time of flight method is under discussion [31].




4. Orbit calculation and port geometry

4.1 Orbit calculations

To decide about the possibility of using HIBP at W7-X a 3D orbit FORTRAN-
code was developed (based on a 2D C-code from CFN Lisbon) to determine
the orbits of ions for different beam injection parameters (starting point and
direction as well as energy). Without loss of generality Cst was taken as
primary ion species and according to preliminary studies Wy, = 3MeV was

fixed (3MeV Cs* corresponds to 2MeV TIt at TEXT/UG).

The trajectory of a primary or secondary ion was calculated neglecting
electrical fields by numerical integration of the equations:

dr/dt=v
dv/dt = (gsp / mcg) (vx B) .

The B-field was determined by the GOURDON code for the standard vacuum
configuration. According to the planned standard operational regime at W7-X
the mean magnetic field on the axis was fixed: By =2.5T .

Then the components (Bg, By, B;) stored on a 3D-mesh were taken as input

for the orbit code. Additionally, the GOURDON code supplied for each mesh
point the effective plasma radius reff and the minimum distance to the coil
filaments, which allows later on an optimisation.

Fixing the distance from the mean magnetic axis (rp,), the trajectory of a Cs-
primary (W , = 3MeV) is uniquely determined by 4 parameters - two space
angles (0g , ®g) and two velocity directions (0, ®yo ) see Fig. 9. Trajectory
points inside the plasma (refr<a=0.52m) were used to determine the
corresponding orbits of secondaries. Varying these four parameters optimal
ion trajectories can be found with respect to:

1) maximum distance of the primary to the coil filaments,

2) primary should reach a minimum rg and

3) maximum distance of secondaries to the coil filaments.

Having found the optimal solution one can consider an ensemble of ions with
deviations from the optimal starting parameters to determine the port

geometry. In a last step the suggested ports can be fit into the CAD-program
which takes all parts of the machine into account.

4.2 Results

W7-X consists of 5 identical modules each of 12 non-planar and 2 planar
coils. The maximum distance between two coils is less the 0.7m. Figs. 7 and 8
show an overview over the complicated structure together with planned
diagnostic ports. Fig. 8 indicates where access for the two ports (e.g.:




diagnostic: Dj 5 3 ; injection: I 5 3) could be possible.

A 2D-code can give good results for the poloidal but not toroidal deflection of
ions. Preliminary studies with the CFN-code already in principle showed the
possibility of HIBP on W7-X [32]. As the major result the minimum energy
necessary to detect the plasma from the boundary to the centre was found to
be 3MeV. But none of the planned ports can be used. Therefore the port
geometry for HIBP has to be specified. These results were confirmed by the
3D calculations.

Three different injection scenarios were analysed by the 3D-orbit code and the
corresponding port geometry were determined. In all cases the orbit
behaviour is characterised by a self-focusing-effect. This means there is a
small spread of secondary trajectories produced by one primary at the edge or
near the centre. Therefore the detection of the electric potential over the full
plasma seems to be possible. This self-focusing imposes high demands on the
resolution of the analysing equipment.

Due to the best access to the plasma (see Fig. 8) the study started on the ¢=00-
plane. Choosing the B-field into positive ¢-direction the particle is deflected
downward and therefore the upper port has to be the injection port. Taking
into account the W7-X geometry, the according symmetric solution with
opposite B-field direction can be chosen. The optimal central beam reaches the
plasma centre (ry,j, <0.05m) as shown in Figs. 10a and 10b. The two ports are

showing enough flexibility (Figs. 10 and 11). The main disadvantage of this
solution is the conflict with already fixed diagnostics and heating systems
(ECRH and NBI).

A second case was considered in the $=220- plane (compare Fig. 8). Choosing
the opposite direction for B, the detection port is the upper one now. Due to
the smaller coil distances the system is less flexible then the former.
Additionally the injection and detection beam outside the cryostats are nearly
in one plane and do not diverge (Figs. 12 and 13). Problems with place for the
equipment is probable. :

The third scenario is based on an injection in the ¢=159- plane and a detection

port in the $=220- plane. The corresponding beams and ports as shown in
Figs. 14-16 have better flexibility and access. Because of no problems with
other devices this case is proposed for the HIBP at W7-X.

The parameters describing the geometry and location of the ports for the
three cases are summarised in Table 2.




S. Future steps

The determination of the port geometry is an important step towards the
planning of an HIBP for W7-X. Nevertheless detailed theoretical studies has
to be done concerning the following problems:

1) B-field variation (B-dependence),

2) Design of the electrostatic deflection system,

3) Beam attenuation calculations and

4) Energy slowing down calculations.

1)The orbit calculations presented in this paper have been carried out for the
standard vacuum magnetic B-field configuration. Because of planned W7-X
operations up to B=5% corresponding cases have to be studied (e.g. p=2.5%
and J=5%). For this the input data set has to be recalculated using appropriate
MHD equilibrium codes (KW-code or the VMEC-code). Applying e.g. the
VMEC-code the B-field components and the effective radius can be
determined inside the last closed flux surface on the same 3D-grid points as
chosen for the GOURDON-code. The distance from the coil filaments and the
B-field outside the last closed flux surface can be taken from the B=0%
GOURDON:-results. The variation of the trajectories with respect to [ is
expected to be small because of full optimisation of the W7-X stellerator (e.g.
minimised Shafranov shift)

2) The probing beam trajectory in stellerators can be controlled completely by
four sets of sweep plates. As a result, the beam can be easily adjusted to
different magnetic configurations. The method of designing the electrostatic
deflection system is described in [33] and was tested at CHS.

3) A detailed beam attenuation study has to be performed to determine the
total signal current of doubly charged secondaries produced by electron and
proton ionisation in the sample volume to decide which analysing method has
to be chosen (current detection mode or particle counting method, Proca-
Green type or multiple cell detector). From the 3D-orbit code the primary
and secondary trajectories are known and therefore the attenuation can be
calculated directly along the beam paths. The secondary current, coming from
a sample volume (e.g. rg<r<rk+1), can be determined easily knowing the

plasma densities and temperatures as well as the cross sections (see e.g. [4, 18,
23D
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where Ip is the injection current, r is an ionisation point inside sample
volume, Ar=rk+1-rk , R1 and Ry are the primary entry and secondary exit
point, respectively and Aj2 and A23 the effective attenuation length of the
primary and secondary, respectively.

4) Multiple Coulomb collisions in the plasma should result in a significant
energy slowing down of the probing beam due to long path in the beam. This
study can be done very similar to the intensity slowing down procedure as
described above. The beam energy of a detected secondary which was ionised
at a point r along the trajectory is given by:

T R2

A, lds) exp(—f Ay 'ds)

r

W) =W, exp(-]

R}

where Wy is the initial energy of the primary. Now the effective energy
slowing down length of the primary and secondary (A] and A2, respectively)
has to be taken (see [18]) instead of the effective intensity attenuation lengths.

6. Conclusions

Using a 3D orbit code reference Cs-ion trajectories were calculated to
determine the optimal port geometry for an HIBP system on W7-X for the
standard Bp=2.5T case. The minimum energy necessary to determine the
electrostatic potential even in the plasma centre was found to be 3MeV, which
correspond to present HIBP technique (TEXT/UG 2MeV TI). This is possible
due to a self-focusing effect of secondaries, which on the other hand requires
high resolution of the analysing system. The ports are large enough to ensure
good flexibility with respect to smaller changes in the future design of W7-X.
The best solution not being in conflict with other diagnostics or heating
systems was found to be injection in the ¢=150-plane and detection in the
»=220-plane.
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Figure Captions

Fig.1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

Projection of particle trajectories onto a plane for the 500keV TEXT
HIBP. The 3 secondary trajectories shown correspond to 3 entrance
slits in the detector (from [2]).

Detection grid for caesium ions with the ISX-B HIBP at Bt=12.3 kG.
The grid describes the beam energy (expressed in terms of the
accelerator voltage in kV) and the initial injection angle (in degrees)
needed to reach the intersection points in the plasma. Note that this
figure does not include any particle trajectories (from [2]).

Dependence of gold beam attenuation on the central electron
temperature. The electron temperature and density profiles are
assumed to be parabolic and flat, respectively. (a) 5.6MeV beam for
the 3T standard operation. (b) 1.4MeV beam for the half magnetic
field operation (from [18]).

Dependence of beam energy attenuation on the central plasma
temperature. The electron and proton have the same temperature and
the temperature and density profiles are assumed to be parabolic and
flat, respectively. (a) 5.6MeV beam for the 3T standard operation (b)
1.4MeV beam for the half magnetic field operation (from [18]).

(a) Schematic view of the 500keV HIBP on TEXT (from [2]).
(b) Schematic view of the 6MeV HIBP on LHD (from [18]).

(a) Schematic drawing of a Proca-Green parallel plate energy
analyser (from [2]).

(b) Energy analyser detector split plates. Front view of the 4 plates
as seen by the beam (from [2]).

Top view of coils and ports of W7-7X.
¢ - 6 plot of coils, ports and structure elements of a W7-X module.
The location of the injection and detection ports for the three cases

are indicated by Ij and Dj, (i=1, 2, 3), respectively.

Sketch of the geometry in the R-z plane and x - y plane. Fixed
parameters are given.
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

10.

11.

13.

Reference beam with starting position parameters given in the plot,
for the 00-case. Two secondaries are shown born at the edge and in
the centre of the plasma. (a) R-z plot includes additionally the coil
and port locations as well as the flux surface with refr=0.1m. (b) Top
view (notice the scales of x and y axis are different).

CAD plots of the injection (blue) and detection (read) ports for the
00-case including the full coil geometry.

. Reference beam with starting position parameters given in the plot,

for the 220-case. Two secondaries are shown born at the edge and in
the centre of the plasma. (a) R-z plot includes additionally the
cryostat and the flux surfaces with reff=0.1m refr=a, respectively.

(b) Top view.

CAD plots of the injection (blue) and detection (read) ports for the
220-case including the full coil geometry.

. Reference beam with starting position parameters given in the plot,

for the 150/220-case. Two secondaries are shown born at the edge
and in the centre of the plasma. (a) R-z plot includes additionally the
cryostat and the flux surfaces with refr=0.1m refr=a, respectively.

(b) Top view.

15. The same as Fig. 14. but with additional beams varying in their initial

16.

17.

parameters from the reference beam:
80=120-200, B,0=(85.50 - 86.50) - B9, dvo=6.00 - 7.00.

CAD plots of the injection (blue) and detection (read) ports for the
150/220-case including the full coil geometry.

Top view of W7-X with possible locations in different modules of
the injection (blue) and detection (read) ports for the 150/220-case.
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Fig. 11a.




Fig. 11b.




Fig. 11c




Fig. 12.

i L 1 1 | I ! I I i I L ! 1
secondary
. _; 0
secondary B =34 "
o =24.8
-v‘ _________ 6v0=540
' dro = -10.95°
region
of coils
pumary |
region
of coils e
“'\-._q _—
T T l T [ ] I [ T T i T T T 7
2 n
4.5 SHe 6.9 i) 8.5
R [m]
(b)
||I[lf|Il|'I|i‘ll"llll’lll'll'i_llll
[ES
secondary - _:
r
region C
of coils k.
region _
of coils =
|i|1!|[lliiltlllli\iltllti|i|[|(li}||lf~

4355 55516 HEproMEEe Rl bR gl h




Fig. 13a.




Fig. 13b.




Fig. 14.
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Fig. 15.
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Fig. 16a.
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Fig. 16¢.
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