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ABSTRACT
This article describes the current state of the design of the heavy ion beam probe (HIBP) for Wendelstein 7-X (W7-X). It will be the first
HIBP diagnostic on an optimized stellarator and is designed to study electric fields and ion scale turbulence in all W7-X reference magnetic
configurations. The use of an existing 2 MV accelerator, located outside of the torus hall, results in the need for a circuitous primary beamline.
This increases the complexity of the ion optics design to deliver a focused beam to the plasma. To access most of the magnetic configuration
space of W7-X, the secondary beamline and an energy analyzer are designed to pivot, thereby redirecting a wider range of secondary beam
trajectories. Signal level estimates indicate that the equilibrium potential can be measured at all radii and that the radial coverage for potential
and density fluctuations measurements depends on the plasma density.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0101788

I. INTRODUCTION

Experimental operation of the Wendelstein 7-X (W7-X) stel-
larator has shown that turbulence plays a dominant role in its energy
and particle transport.1 One key goal of the W7-X optimization was
to tailor the magnetic field geometry in order to reduce neoclassi-
cal energy transport. This optimization is successful,2 and striking
experimental evidence has been obtained that turbulent transport
contributes to the radial energy losses considerably, mainly driven
by the ion temperature gradient (ITG) instability.3,4 Assessment of
the measured impurity transport strongly suggests that turbulence
is mainly responsible for impurity diffusion coefficients being much
larger than neoclassical predictions.5 However, in contrast to energy
transport, it is not yet clear how radial plasma particle transport is
affected by turbulence. Neoclassical estimates predict hollow plasma
density profiles for high density operation,6 which has not been
observed experimentally.

The level of inward particle transport has been determined
through particle balance and gas puff modulation experiments;7,8

however, direct measurements of turbulent particle flux have not

been obtained. While direct measurements of particle flux are elu-
sive, that driven by turbulence can be directly measured using the
correlation between density and potential fluctuations.

One of the unique capabilities of a heavy ion beam probe
(HIBP) is simultaneous and collocated measurements of potential
fluctuations (φ̃) and density fluctuations (ñe) to provide direct
measurements of particle transport in the confinement region of
fusion plasmas.9 The potential fluctuations enable estimation of the
poloidal component of the electric field Ẽp and with it the radial
velocity of the E × B drift (Vr). The particle flux [Γr(t)] can then
be computed through

Γr(t) = ñeṼr = (1/Bt)ñe(t)Ẽp(t) = ΓE×B,

with which a part of the characterization of turbulent transport
becomes possible.10

This article describes the conceptual design of a Heavy Ion
Beam Probe diagnostic for the W7-X stellarator. The complexity
of our system design stems from aspects including ample magnetic
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configuration space of W7-X and its impact on trajectories, focus-
ing of the beam at the plasma with an extensive beamline path, and
toroidal displacement of the entrance and exit port pair. It will be the
first HIBP on an optimized stellarator. An HIBP of a similar nature is
that on LHD, having a comparable design complexity and the high-
est beam energy deployed.11 The main scientific goals of an HIBP on
W7-X are to measure full radial profiles of the equilibrium potential
and partial profiles of fluctuations of density and electric potential
from the plasma interior to the outer region.

II. DESIGN CONCEPT
A. Operation principle and trajectories

The HIBP on W7-X will inject singly charged thallium or
cesium particles (primaries) into the plasma where a fraction is
further ionized mainly through electron impact. Resultant doubly
charged secondaries with gyro-radii larger than the minor radius of
W7-X exit the plasma. The magnetic field of the plasma separates the
trajectories of the primaries from the secondaries, the latter of which
are detected by an electrostatic energy analyzer.

Development of the HIBP involves extensive calculations
of primary and secondary particle trajectories through the
3D W7-X magnetic field geometry. These calculations are used to
design, locate, and optimize the beam steering systems, primary and
secondary beamlines, and energy analyzer. They are also used to
estimate the sizes and orientations of sample volumes, wavenumber
sensitivity, and, when combined with temperature and density pro-
files, estimate signal strength. They informed the design of each sub-
system of the diagnostic. The following subsections (Secs. II B–II E)
consider subdivisions of the diagnostic according to functions
required to direct the particles to desired measurement volumes in
the plasma and, subsequently, the detector.

An overview of the HIBP conceptual design is shown in Fig. 1.
The diagnostic’s main hardware components are the particle accel-
erator, primary beamline (PBL) and secondary beamline (SBL) with
deflectors, electrostatic lenses, steering systems, and energy analyzer.
Much of this equipment was transferred to IPP following the conclu-
sion of operations of the TEXT-U tokamak and can be used for the
HIBP on W7-X.

The HIBP will use two ports in module 1.1 of W7-X near its
toroidal angle of ∼18○, locating the diagnostic measurements close
to the bean-shaped cross section (shown in Fig. 4). The suitability
of these ports was determined during an initial feasibility study at
W7-X.12,13 The angular displacement of the ports is 5○ toroidal and
38.1○ poloidal. This significant displacement, along with the 3D tra-
jectory of the beam through the W7-X helical magnetic field, and the
placement of the accelerator and the electrostatic energy analyzer are
key constraints on the diagnostic conceptual design.

B. Accelerator placement and design
The design will utilize a 2 MV 6SH Pelletron accelerator, used

on TEXT-U to measure potential fluctuation levels as small as
5 V9 and profiles with an accuracy of about 100 V.14 With a
volume of 6.23 m3 and a mass of 4 t, it presents a placement chal-
lenge. The location of the accelerator in the torus hall with a single
electrostatic deflector required an analysis of the effects of ferro-
magnetic materials on the device’s magnetic field. Perturbations due

FIG. 1. Top view of the full HIBP conceptual design, including the accelerator
room and the “Entry” and “Exit” ports on module 1.1 (M1.1) of the W7-X vessel.
Space constraints in the W7-X torus hall make installation of a sizable diagnostic
challenging. Numbering corresponds to elements in Fig. 2.

to the HIBP system were estimated using the approach in Ref. 15,
and it was found to be uncritical. Nevertheless, it was not possi-
ble because the accelerator would have obstructed reserved areas.
More complicated geometries in the torus hall were deemed less
advantageous than placement in a room adjacent to the torus hall,
behind its north wall. A radiation shelter enclosing the first beam
deflector and wall bore will allow access to the accelerator during
W7-X operation.

The accelerator tank depicted in Fig. 1 is the starting point
of the primary beam. In addition to the accelerating column, it
contains a thermionic ion source capable of operating at up to
100 μA, ion lenses, and a pair of electrostatic steering plates. For sim-
plicity, a beam coordinate system convention similar to that used in
geometric optics will be used herein, where the z-axis is aligned to
the beam propagation direction and the x and y axes are aligned hor-
izontally and vertically, respectively. The ion lens focuses the beam,
and a y-steer trims the vertical position before the beam leaves the
accelerator tank.

C. Primary beamline
The delivery and focusing of the beam from the accelerator to

the plasma is done by the primary beamline. The path length of the
primary beamline at W7-X will be ∼28 m, from the accelerator (top
right on Fig. 1) to the HIBP entry port on W7-X (“Entry” on Fig. 1).
The accelerator midplane is ∼2.3 m above the center of the entry
port, and its orientation in the adjacent room requires the primary
beamline to deflect the beam laterally and downward to the port as
shown in Figs. 1 and 2.

The deflection of the beam is achieved with three electrostatic
deflectors of 44○, 68○, and 20○, totaling 132○. The 44○ and 68○ were
previously used on TEXT-U. Using the numbering of Fig. 2 as such
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FIG. 2. Left: Top view of the 20○ (3) and 68○ (4) deflectors, and quadrupoles
(2, 5) located in the torus hall. Middle: Top view of the 44○ deflector (1) located
in the accelerator room. Bottom right: A side view of the accelerator and entire
primary beamline shows vertical displacement from the W7-X entry port and (6)
the steering plates.

(No.), the deflector in the accelerator lab (1) steers the beam so it
exits the room at a 44○ angle away from W7-X to minimize neutron
radiation with a −2.8○ vertical component to account for the height
of the accelerator with respect to the entry port. The remaining
88○ deflection is achieved in the torus hall using a new 20○ (3) along
with the 68○ (4) deflector as second and third deflector. The elec-
trostatic deflectors have a focusing effect on the beam. Placing the
20○ deflector (3) first causes the ions to have a converging exit veloc-
ity from the deflector and a spatial extent smaller than a parallel
beam. This helps to maintain a desirable beam shape and size as it
passes through the 292 mm drift space between this deflector pair.
A pair of steering plates is placed after the first deflector (1) elec-
trodes as well as after the deflector pair (3, 4) to correct for any beam
displacement in the y direction.

The electrostatic quadrupole lenses, shown in Fig. 2, are used to
refocus the beam after passage through the deflectors. A quadrupole
lens produces a beam that converges in one direction and diverges
in the orthogonal direction. Arranging these lenses in a doublet
enables the system to provide a converging beam in both directions,
though with different focal lengths. The presence of an electrostatic
quadrupole doublet lens in the accelerator tank influences the choice
of quadrupole lens combinations used further down the beamline.
A quadrupole doublet lens (2) is used between the first deflector (1)
and the subsequent deflector pair (3,4). Here, a doublet arrangement
is used to match the doublet lens in the accelerator tank and correct
for the difference in focal lengths in the two orthogonal directions
introduced by the first doublet lens and deflector. A quadrupole
triplet lens (5) is placed after the last deflector (4). A triplet lens can
act as either a stigmatic or astigmatic lens, allowing focal lengths in
the orthogonal directions to be chosen during operation.

The beam focus has a strong effect on sample volume size; the
ability to alter the beam focus, as desired, is predicted to improve

measurements within W7-X.16 Ion optics modeling has shown that
the system should be able to maintain a beam profile small enough to
pass through the entire primary beamline and achieve a full width at
half max of ∼1 cm in the plasma. The beam focus and position within
the primary beamline will be observed using beam profile monitors
(BPM)17 that provide two orthogonal measures of the beam’s cur-
rent profile. There are five BPMs in the beamline, two flanking each
of the (44○ and 88○) deflectors and one immediately preceding the
PBL steering system. The beam current will be monitored by three
Faraday cups, one preceding each of the deflectors and one immedi-
ately prior to the PBL steering system. These can be inserted into the
beam path to quantify the beam current.

The sample volume location in the plasma is determined by the
injection angle into the plasma and the energy of the primary beam.
Steering electrodes in the PBL, shown in Fig. 3 (left), electrostatically
deflect the beam, controlling its injection angle into the plasma. A
pair of x-steer electrodes and a pair of y-steer electrodes produce
electric fields aligned with the “x” and “y” directions of the deflector.
The steering voltages are altered, enabling measurement of partial
profiles during a single discharge. Maximum electric fields between
the “x” and “y” electrodes are 8 and 16 kV cm−1, respectively, and
each pair has a gap of 2.5 cm. The electrodes can steer a 1 MeV beam
up to 3○ and 5○.

D. Secondary beamline
Once the primary beam reaches the plasma, ionization will

occur along its path, creating a fan of secondary ions. The ions that
travel through the exit port will enter the secondary beamline, which
contains electrostatic steering plates, redirecting them to the energy
analyzer. This secondary beamline, and its three pairs of steering
electrodes, is shown in Fig. 3 (right), between the exit port and the
energy analyzer. The steering electrodes and the pivoting system

FIG. 3. Left: Top view of the primary beamline from one entry port (bottom) to the
start of a steering system (top). Right: Top view of the secondary beamline from
the exit port (bottom) and energy analyzer (top). The red area highlights half of the
pivoting angle.
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described below reduce the range of angles (in principle to 0○) with
which secondaries enter the analyzer. This reduction is necessary for
accurate electric potential measurements.

The length of the secondary beamline is a compromise between
various objectives. Calculations indicate that an analyzer located
closer to the plasma will have sample volumes with more compact
shapes that lead to both better wavenumber sensitivity and larger
signal levels. However, an analyzer that is located further from the
plasma reduces the effect of ferromagnetic materials in the analyzer
vacuum chamber on the W7-X magnetic field, lessens perturbations
of the W7-X field on the functionality of the analyzer and its vac-
uum systems, and lowers the requirements of the steering system.
We have chosen a secondary beamline length that places the analyzer
∼3.5 m away from the exit port.

There are two pairs of steering electrodes that produce elec-
tric fields in the direction along the long dimension of the ana-
lyzer entrance apertures (“x”) and one pair in the short dimension
(“y”). The maximum electrode bias voltages and electric fields are
40 kV and 3.6 kV cm−1 for the first “x” set and 20 kV and 5 kV cm−1

for the others. The gap between the first “x” set is 22 cm and
8 cm for the others.

For a given beam energy, the beam displacement and velocity
in the toroidal direction will vary significantly among W7-X mag-
netic configurations due to the difference in their poloidal magnetic
fields. This is most pronounced between the high iota and low iota
configurations. A single analyzer location is not sufficient for study-
ing all configurations. Thus, the conceptual design features a pivot
of around ±5.5○ (illustrated as the red shaded region in Fig. 3) of
the secondary beamline and energy analyzer, about an axis located
between W7-X and the first pair of steering electrodes.

E. Energy analyzer
The diagnostic will use a Proca-Green type parallel plate elec-

trostatic energy analyzer.18,19 This analyzer was used previously on
TEXT-U, where it demonstrated the ability to measure equilibrium
potential with energy differences of 100 eV for a 2 MeV beam14 and
fluctuations in energy of a few electron volts.9 For a 2 MeV beam, the
analyzer will require a 340 kV potential between its electrodes, sup-
plied by a 400 kV power supply. The associated power supply will
require an enclosure that is 50 m3 filled with air or 9 m3 if filled with
SF6 (insulating gas). Placement in the torus hall would require use
of the SF6 enclosure (to minimize its footprint) while placement in
the accelerator room will allow use in air.

The analyzer has three entrance apertures and three split-plate
detector sets. The split-plate detectors are located at the end of the
particle trajectory in the analyzer and are used to measure the sec-
ondary current, calculate the beam deflection through the analyzer’s
electric field, and infer the beam energy. The three entrance aper-
tures enable simultaneous measurement of three sample volumes in
the plasma.

III. SAMPLE VOLUMES AND SENSITIVITY STUDIES
The HIBP on W7-X conceptual design enables measurements

at sample volumes in regions having ITG and trapped electron
mode (TEM) driven instabilities that are likely to cause electrostatic
turbulent transport. This requires secondary beam currents that

are sufficient for measuring fluctuations. Modeled beams through
the diverse set of W7-X reference magnetic configurations result
in different sample volumes and current levels. Signal level sim-
ulations based on electron impact ionization for Tl+1, Tl+2 and
Tl+3 are displayed in Fig. 4 for selected sample volumes in the
standard configuration. For flat density profiles with relatively high
ne ∼ 10 × 1019 m−3, current levels are sufficient to allow measure-
ments of equilibrium and density fluctuations (>1%) along most of
the minor radius on the outboard side (green circles in Fig. 4).

The most important factor determining the secondary signal
level is the plasma density. Signal levels will be larger in lower density
discharges due to a decreased beam attenuation, enabling fluctua-
tion measurements to be made over a wider range of plasma radii.
The high triple product discharges in the previous W7-X operation
campaign occurred with core fueling through pellet injection. Dur-
ing a single discharge, and prior to pellet injection, plasmas with a
flat density profile with ne = 2.2 × 1019 m−3 had a significant level of
turbulence, whereas after pellet injection, the plasma had a peaked
density profile with ne = 8 × 1019 m−3 and reduced turbulent trans-
port. Simulations of HIBP trajectories and secondary ion current for
both pre and post pellet injection cases estimate that relative den-
sity fluctuations larger than 0.5% should be measurable at all radii.
During the low density pre-pellet phase, the sensitivity is better than
in the post-pellet phase, and both are better than the high density
(ne ∼ 10 × 1019 m−3) discussed in the previous paragraph. The pos-
sibility of measuring φ̃/Te is expected with relative fluctuation values
>1% within 0.2 < ρ < 0.8 for both pre- and post-pellet cases. For
equilibrium potential, measurement signal levels up to an order of
magnitude smaller are sufficient, making it possible to resolve in
higher density scenarios.

FIG. 4. Sample volumes and secondary beam current estimates for the W7-X stan-
dard magnetic configuration, projected on a toroidal cross-section of ϕ = 18○. The
colors are indicative of estimated secondary current (Is). The simulations are for a
1→ 2 MeV, 50 μA thallium ion beam and a plasma with ne0 ∼ 10 × 1019 m−3.
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IV. CONCLUSIONS
The conceptual design of a heavy ion beam probe for Wen-

delstein 7-X is nearly complete, satisfying the space need for this
complex diagnostic and utilizing equipment from the TEXT-U
HIBP system. The primary beamline is designed to deliver a focused
beam to desired sample volumes with sufficient current to meet
the set of physics goals. Simulations show that measuring equilib-
rium potential at all radii is feasible. Initial estimations also show
that density and potential fluctuations will be possible at all radii
in low-density plasmas and at larger radii in high-density plas-
mas. Wavenumbers within ITG and TEM characteristic scales are
expected to be measurable. The secondary beamline is designed to
pivot, enabling the diagnostic to study the upper outer quadrant of
the plasma over the wide magnetic configuration space of W7-X.
Near-term work includes design review processes and refurbish-
ment of HIBP hardware components from TEXT-U. High voltage
conditioning and calibration of the energy analyzer will also be
carried out.

SUPPLEMENTARY MATERIAL

See supplementary material for the data shown in Fig. 4 in
digital format.
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