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Renovation of the IPM-2 source ion-optical system for the Globus-M2
spherical tokamak neutral beam injector
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The paper is devoted to the IPM-2 ion source ion-optical system preparation for the plasma heating

experiments with a neutral beam in the Globus-M2 spherical tokamak.

Within the framework of this

work, a complete renovation of the ion-optical system of the ion source was carried out, including its
assembly, adjustment, and testing. To assess the quality of the work performed, measurements were made
of the main electrical parameters of the high-energy beam, its energy spectrum and signals from secondary

emission probes.

Based on the data obtained, the beam power distribution profile and its characteristic

dimensions are reconstructed, and the relative concentrations of the energy components of the beam are

calculated.
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Introduction

The NI-1 atomic injector [2], which was constructed
in the 1970s at the Kurchatov Institute for the T-11
tokamak, is used in experiments at the Globus-M spherical
tokamak [1] as the primary instrument for plasma heating.
Globus-M2 is a new compact spherical tokamak [3,4]
that is the upgraded version of Globus-M (with aspect
ratio A = 1.5, major radius R = 0.36 m, and minor radius
a=0.24m). Toroidal magnetic field Bt and plasma
current |p may be increased in the new setup to 1T
and 500 kA, respectively. The diagnostic complex [5] and
the neutral injection complex, which was fitted with the
second injector (NI-2) [6], were upgraded in the transition
to Globus-M2.

The NI-1 injector supports injection of a hydro-
gen or deuterium beam with a particle energy up
to 30keV and a duration up to 50ms. The max-
imum power of a neutral beam at the injector out-
let is 0.5 or 1.0MW depending on the type of ion
source installed (IPM-2 or IPM-1). The present study
is focused on renovation of the ion-optical system of
the IPM-2 source, analysis of the quality of executed
works, and preparation of the source to experiments
on additional plasma heating at the Globus-M2 spherical
tokamak. This paper contains a great number of tech-
nical terms related to the physics of ion sources and
atomic beams; in order to gain a deeper understanding
of this field, the reader may consult specialized litera-
ture [7-10].
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1. Adjustment of the ion-optical system
of the IPM-2 source

1.1. Design of the ion-optical system

The multi-slit ion-optical system (IOS) consisting of
three electrodes (emission electrode (EE), negative elec-
trode (NE), and grounded electrode (GE)) is used to form
and extract an ion beam in an IPM-type source (source with
a peripheral magnetic field). The electrical field generated
in the accelerating gap forms a plasma emitter at the slits of
EE lenses and extracts an ion flux. The NE provides overall
beam focusing and blocks the back flow of secondary
plasma electrons. The GE ensures that the emerging ion
beam has ,,zero“ potential. Figure 1 shows the assembled
NE lens of the IPM-2 source and replacement grids for it.

The IOS of the source ensures overall beam focusing
in two directions: horizontal (due to the fact that EE and
NE grids are curved along slits with a curvature radius
on the order of 2.5m) and vertical (due to the fact that
the outermost NE grids (the bottom and the top one in
Fig. 1) are shifted apart in the vertical direction relative to
the corresponding EE grids).

According to the design of the IPM-2 ion source, the shift
of the outermost NE grids relative to the center axis should
be Ay =200um. This corresponds to a focal distance
of 2.5m.

With zero shift, the configuration of equipotential lines in
the NE slit region forms a diverging lens with focal distance
F ~ 1.6d, where d is the EE-NE gap [7,8] (Fig. 2) [9]. It
should be noted that a certain effective value deg, which is
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Figure 1. Assembled NE lens of the IPM-2 source and
replacement grids for it.
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Figure 2. Geometry of the slit cell of the IPM source 10S and
beam focusing in the direction perpendicular to the slits performed
by shifting the NE relative to the EE.

greater than the actual interelectrode distance, is taken as d,
since it accounts both for the EE thickness and the ,,sag” of
the electric field in the NE lens slit. The effective size of
the accelerating gap is degr = t; + d + 8, where t; is the EE
thickness and &, is the half-width of the NE slit aperture.
It can be said that, to a sufficient degree of approximation,
each cell operates independently, and the beam as a whole
is a combination of individual elementary beams. The angle
of inclination of their axes defines the beam focusing in
the vertical direction (across the slits). In order for an
elementary beam emerging from a certain EE slit located
at distance yo from the central slit (through which the
beam axis goes) to cross the beam axis at point located at

distance L from the source, the NE slit center needs to be
positioned at distance Yo + Ay from the beam axis, where
shift Ay is determined using relation yo/L = 0.625AY /e
Ay = 1.6ds : Yo/L. The overall beam size is defined by
the angular divergence of elementary beams and distance L.
The constraint on the beam size is imposed by dimensions
of the tokamak inlet (26.5 x 8.5cm).

1.2. IPM-2 10S assembly

The key design parameters of the IPM-2 source are listed
in Table 1.

Following the IPM-1 source accident, the IPM-2 source
was installed at the injector. The signals from secondary
emission probes, which were installed at the beam re-
ceiver [2], during an injector shot revealed a considerable
increase in the vertical beam size. This is indicative
of focusing issues in the IOS. It should be noted that
maintaining the design accuracy of alignment of grids at
the IOS electrodes is one of the key issues in assembly and
adjustment of a multi-slit IOS. The permissible grid fabri-
cation error is £20um. An IZA-2 linear comparator [11],
which is designed for length measurement with an accuracy
up to 1um, was used to verify the quality of fabrication
of grids and for IOS adjustment. As was already noted,
the IOS of the IPM-2 ion source consists of three lenses
(electrodes) with three grids of 14 slits in each of them (42
elementary cells in total; see Fig. 1).

The EE, NE, and GE lenses were measured first, and
the shift of NE slits relative to the EE was determined
based on the obtained data. It turned out that the linear
sizes of certain elementary cells and the overall shifts of
the outermost NE grids relative to the EE changed in the
course of operation. This is illustrated by Fig. 3, where the
shifts of centers of NE slits relative to the centers of EE
slits for each elementary cell are indicated. The obtained

Table 1. Key parameters of the IPM-2 source

Maximum ion beam power, MW

hydrogen 1.0
deuterium 0.7
Maximum accelerating voltage, kV 30
Maximum current of the hydrogen ion beam, A 35

Maximum current of the deuterium ion beam, A 25

Number of grids in electrodes 3

Focal distance, m

— in the horizontal plane 25
— in the vertical plane 25
Beam divergence angle, degrees:
— horizontal (along slits) +0.6
— vertical (across slits) +1.5

Percentage of components Hf /Hj /H7 75/18/7

(at a current density of 0.4 A/cm?), %

Technical Physics, 2022, Vol. 67, No. 4



Renovation of the IPM-2 source ion-optical system for the Globus-M2 spherical tokamak neutral beam... 451

data suggest that the shifts of both top and bottom grids
differ considerably from the design values (approximately
100 um for the bottom grid and 250 um for the top one).
An upward shift in excess of 250 um is unacceptable, since
it has a negative effect on the transparency of the optical
system as a whole and increases the risk of an elementary
beam falling directly onto a structural element of the NE
grid. The focal distances for each elementary cell of the
IOS were calculated based on the measurement data for
grids and estimates of their relative shifts. The results
of calculations revealed a significant deterioration of IOS
focusing performance due to unbalanced heat loads imposed
on electrodes (breakdowns, local overheating, etc.) in the
process of operation of the source. These heat inputs
inevitably alter the IOS lens geometry (not least because
of the deformation of structural grid elements that form slit
apertures).

The measurement results indicate that the IPM-2 source
requires renovation: certain IOs grids need to be replaced,
and the system as a whole needs to be reassembled,
adjusted, and aligned. It was decided after a thorough
inspection and analysis that the current EE grids may remain
in place, but the entire set of damaged NE and GE grids
should be replaced. The optimum fitting of individual EE
and NE grids was chosen in the following way.

1. All EE and NE grids were measured to estimate
the quality of their fabrication. The grids were then
compared based on the obtained measurement data in order
to determine the best pairwise matches between different
electrodes.

2. The grids were arranged on electrode lenses to set the
predetermined shift of the outermost NE grids.

The optimum mutual arrangement of grids in lens
assemblies providing the needed beam focusing was chosen
as a result.

The measured shifts for the new IOS assembly are
presented in Fig. 3 (crosses): the needed EE-NE alignment
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Figure 3. Shifts (measured from the beam axis) of the centers
of NE slits relative to the centers of EE slits in the old and new
IPM-2 IOS.
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Table 2. Operating parameters of the injector in the course of
verification of the IOS assembly quality

EE voltage, kV 26

EE current, A 19-24
Pulse duration, ms 40
Working gas deuterium

accuracy was achieved, the focal distance is approximately
equal to 2.5 um, and the shift of NE grids does not exceed
250um. The measurements of GE grids revealed that
their segments were deformed and could affect the I0OS
transparency. Therefore, they were replaced. The direct
influence of the GE lens on focusing is insignificant, but its
segments should not interfere with the beam propagation.

2. Tests of the IPM-2 source and
estimation of the quality of 10S
renovation

In order to test IPM-2 and verify the focusing quality of
the updated 10S, the ion source was installed at the injector,
where it was subjected to vacuum tests and high-voltage
aging. This procedure is preformed to clean the surfaces
of IOS electrodes with repeated high-voltage breakdowns
of a limited energy. When all tests and the injector ramp-
up sequence were completed, the quality of IOS assembly
was checked by finding the optimum EE current at a fixed
accelerating voltage with the beam size being monitored
(data from secondary emission probes at the beam receiver
were used). The operating parameters of the injector in the
course of verification of the IOS assembly quality are listed
in Table 2.

With the optimum EE current, the beam has the best
focusing across the IOS slits (and, consequently, the
smallest size); in the contrary case, it spreads out in the
vertical direction. The focusing performance was assessed
based on the profile of power density of an atomic beam
reconstructed from signals of 22 secondary emission probes
of the beam receiver. The reconstruction procedure, which
was detailed in [2], allows one to restore the profile of
distribution of the power density over the beam section
and thus estimate the quality of focusing. The DAS
Tools code [12] was used to visualize and analyze the
probe measurement data. In order to estimate the quality
of focusing, the values of beam height AY [cm] at a
power density level of 1/e were compared at different EE
currents. The results of this comparison are presented in
Fig. 4.

The minimum of the obtained saddle-type dependence
was at a current of 21.5—22 A, which is the optimum one
for an accelerating voltage of 26kV. The corresponding
vertical beam size at a level of 1/e is 11.5—12cm, which
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Figure 4. Dependence of the beam height at a level of 1/e on the
EE current at a fixed accelerating voltage of 26 kV.

translates into 16—17 cm at a power density level of 0.9 and
is indicative of tight focusing.

It now becomes possible to estimate the power of ion
and atomic beams at the optimum current of the emission
electrode. We use the formulae from [2] to do this. The
coefficients of conversion of an ion beam into an atomic
one and transport coefficient nio X iy may be estimated
based on the ratio of signals of identical probes with the
electromagnet being switched on and off. The power of
a deuterium beam determined in this way at an energy
of 26 keV is 400 kW.

In order to assess the quality of I0S renovation, the size
of the beam obtained using the updated IOS was compared
to the sizes of beams produced in earlier experimental cam-
paigns of the IPM-2 source with a different IOS assembly at
the optimum beam parameters and an accelerating voltage
of 26kV. The discharge parameters are listed in Table 3.
Discharge No. 407815 belongs to the series of experiments
with the new IOS assembly. The NE voltage in these
discharges was 3kV, and the NE current was 1.5 A.

Figure 5 presents the oscilloscope records of the key
signals for the corresponding discharges for a beam with
an energy of 26 keV.

The results of reconstruction of the width and the height
of beams for the considered discharges are presented in
Figs. 6 and 7, respectively.

Table 3. Key parameters of discharges from different TPM-2

series
N NBI Uee, KV lee, A t, ms Gas
318961 26 20.7 40 D
318962 26 227 40 D
321256 26 235 40 D
407815 26 22 40 D

Figure 5 demonstrates that the beam width in the new
IOS assembly increases almost by a factor of 2. This
is the result of installation of a new set of NE grids
without shaping (ie., the curvature radius is zero). The
height of beams in different IOS assemblies remains almost
unchanged. This is indicative of fine focusing in the vertical
direction.

Thus, the size of the IPM-2 beam after renovation at the
receiver is X XY =5 x 13cm at a power density level of
1/e, and the horizontal beam size does not exceed 8 cm,
which is less than the width of the interface connector of
the injector (8.5cm).

3. Preparation of a neutral beam
for experiments at the Globus-M2
spherical tokamak

A deuterium beam with the maximum possible energy
and power needs to be injected in experiments at the
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Figure 5. Oscilloscope records of the key signals for discharges
from Table 3: EE current and EE voltage.
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Figure 6. Profile of the distribution of the power density of beams
with width.
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Figure 7. Profile of the distribution of the power density of beams
with height.

Globus-M2 spherical tokamak to maximize the neutron
yield in discharges with additional plasma heating. Accord-
ing to the design parameters (Table 1) of the IPM-2 source,
the maximum power of a deuterium ion beam is as high
as 0.7MW at an energy of 30kV. Beam parameters close
to these ones were obtained by increasing gradually the
EE voltage (Uee) and raising its current (l¢e) proportionally
(Fig. 8).

The optimum EE current for deuterium corresponding
to the maximum design EE voltage for the [PM-2 source
(30kV) was 25A. The ion beam power was estimated as
Pj = Uge - (Iee — (1/2)I0e), where |qe is the negative elec-
trode current. This formula yields time-average power P; of
approximately 700 kW. The accelerating voltage decreases
slightly within the injection pulse due to discharge of the
supply storage capacitor. In addition, the gas discharge
in the source is not entirely steady-state: although the
discharge current remains constant, the discharge voltage
varies considerably within the injection time. These two
factors exert a combined influence on the shape of the
extracted ion current pulse and, consequently, on focusing.
However, since the beam size across the grids varies only
slightly with time, the beam focusing may be considered
adequate throughout the entire injection pulse. This is
confirmed by the temporal evolution of the beam height at
a power density level of 1/e (Fig. 7). The resulting average
total power of an atomic beam injected into the tokamak
is 500kW, and its variations do not exceed 10%.

The key parameter of a beam injected into the tokamak
is its energy composition (the percentage ratio of beam
components with different energy at the neutralizer output).
In addition to atomic ions D}, an ion beam ejected from
the source contains a certain amount of molecular ions D
and D7 and impurity hydroxyl ions D,O", which are
introduced into the beam as a result of specific processes
occurring in arc-discharge plasma in the gas-discharge

Technical Physics, 2022, Vol. 67, No. 4

chamber. Passing through the charge-exchange target in
the neutralizer, molecular ions capture an electron and
dissociate into atoms with energies E, E/2, E/3 (E is
the main energy) from fast ions D}, Dj, D, respectively,
while hydroxyl ions D,O" dissociate into atoms with energy
E/10. Charged particles are removed from the beam by
a magnetic field at the neutralizer output. The remaining
atoms are excited in collisions with background gas and
emit the D, line. The energy distribution of beam particles
is determined using a noncontact diagnostic method (see
its detailed description in [13]) based on the detection of
emission with a wavelength shifted due to the Doppler
effect. Owing to the Doppler shift, groups of atoms emit
spectral lines of separate wavelengths corresponding to the
particles with energy E, E/2, E/3, and E/10. The detection
of emission produced in interaction between the beam and
residual gas allows one to identify these spectral lines. An
example spectrum of this kind for the atomic beam with
the maximum power, the principal oscilloscope records of
which are shown in Fig. &, is presented in Fig. 9.

Five lines are discernible: one intense line on the left
corresponds to the emission of atomic deuterium upon
excitation of background gas by the beam (line D), and
three strongly shifted lines on the right correspond to fast
atoms with energies E,E/2, E/3. The line closest to
the unshifted one represents the emission of deuterium
atoms E/10. The spectrum for the deuterium beam also
contains a small peak to the right of the line corresponding
to atoms with energy E. This peak is indicative of
the presence of impurity hydrogen in deuterium. Having
analyzed the obtained spectrum of the deuterium beam,
we determined the relative concentrations of atoms with
energy E (59%), E/2 (19%), E/3 (6%), and E/10 (16%).
If we exclude the component associated with hydroxyl ions,
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Figure 8. Temporal dependences of the EE voltage, EE current,
NE current, ion beam power, and beam height at a power density
level of 1/e.
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Figure 9. Emission spectrum of a deuterium beam injected into
the tokamak plasma.

the ratio of components of a ,,pure” beam is E — 70%,
E/2 — 23%, E/3 — 7%. Converting these results into
fractions of power carried by different components, we find
that the bulk of beam power (~ 70%) corresponds to atoms
with energy E, while the power attributable to particles with
energy E/10 is negligible (less than 1%).

Conclusion

The IPM-2 ion source was renovated in the process of
preparation of the neutral injection complex to experiments
on plasma heating and current generation at the Globus-M2
spherical tokamak. The initial assessment of the IOS
focusing revealed that the focal distance in not consistent
with the design requirements, and a new 10S was assembled
and adjusted. Following the installation of IPM-2 at the
injector, the optimum EE current corresponding to the
best beam focusing across the IOS slits was determined
for the chosen EE voltage, and the quality of focusing
was compared to that from earlier IPM-2 experimental
campaigns. It was confirmed as a result that the vertical
focusing in the source is adequate and agrees closely
with the design parameters. However, since the new set
of NE grids were not shaped, the quality of horizontal
beam focusing decreased, and the new beam size was
XxY=5x13cm at a power density level of l/e. In
addition, the maximum design parameters for a deuterium
beam were achieved once again at the source, and the
total injected power was 500 kW. Thus, the renovation and
high-voltage aging of IMP-2 make it possible to perform
experiments on neutral injection at the Globus-M2 spherical
tokamak.
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