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The Lithium Tokamak eXperiment has undergone an upgrade to LTX-β, a major part of
which is the addition of neutral beam injection (NBI). NBI has allowed for a new charge
exchange recombination spectroscopy (CHERS) system to be installed in order to measure
impurity concentrations, ion temperature, and toroidal velocity. Previously on LTX measur-
ing these parameters relied on passive spectroscopy and inversion techniques and had large
uncertainty. The CHERS system has 52 total views, split into four groups of 13, half facing
towards the beam and half symmetrically facing away from the beam so the background
non-beam related emission can be simultaneously subtracted. Both sets of views sample a
major radius of 27-59 cm, with resolution through the beam of 1.5-2.5 cm. LTX-β is expected
to have its magnetic axis near 35 cm, with minor radii of 18-23 cm. Three separate spec-
trometers will be used for the diagnostic, giving the system great flexibility to simultaneously
measure emission from multiple impurity lines. The viewing optics are f/1.8, allowing all of
the spectrometers to be fully illuminated. Design and calibration of the system as well as
the advantages of various configurations of the spectrometers will be highlighted.
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I. INTRODUCTION

Many tokamaks have observed benefits from lithium
wall conditioning1–5 such as increased confinement
time6,7. This has been attributed to lithium binding
hydrogen, which reduces edge recycling. Recently, flat
electron temperature profiles have been observed in the
Lithium Tokamak eXperiment (LTX)8. This type of
equilibrium has been described theoretically9 and was
suggested to come about from lithium coated walls and
low neutral density in the scrape off layer10. The low
recycling, hot edge, flat temperature profile regime is ex-
pected to have several advantages, such as greater con-
finement and reduction of thermal gradient driven modes.
Investigating and characterizing this new flat temper-

ature regime will be the primary scientific goal of the
upgraded LTX-β. A major part of the recent upgrade
has been the integration of neutral beam injection (NBI)
onto the experiment. NBI will allow for plasma heating,
core fueling11, apply an external torque12, and enable the
charge exchange recombination spectroscopy (CHERS)13

diagnostic. Because edge fueling cools the plasma edge
in the same way as recycling, core NBI fueling is required
for the flat temperature regime to be extended in time.
Flat temperature profiles are predicted for ions as well
as electrons during a steady state low recycling regime,
but were only observed for electrons in LTX. Applying a
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high external torque and observing the resultant toroidal
velocity will test the prediction of low neutral drag due
to low edge density.

Previous passive, impurity emission spectroscopy was
available on LTX14, but had limitations including being
line integrated and unable to measure Li3+. The CHERS
measurements will be well localized and able to measure
the temperature and velocity of Li3+, therefore testing
the previously mentioned predictions of plasma rotation
and ion temperature profile. Because LTX-β has steel
plasma facing components which are coated in lithium,
the major impurity species is expected to be lithium.
This paper primarily considers CHERS based on fully
ionized lithium, but the new system is also sensitive to
emission from other impurities such as carbon and oxygen
both previously observed in LTX.

In Sec. II, the LTX-β upgrades and device parameters
relevant to the CHERS diagnostic are discussed. The
design of the CHERS mounting and optical systems are
discussed in Sec. III along with the unique requirements
of LTX-β. In Sec. IV the calibration of the CHERS
system is described. The final section discusses the capa-
bilities of the diagnostic, possible upgrades, and further
measurements which can be made to improve the accu-
racy of the CHERS diagnostic.

II. MACHINE DESCRIPTION

LTX-β is expected to have plasmas of roughly equiva-
lent spatial extent to those of LTX. The experiments of
most interest, the flat temperature profile experiments,
had typical major radii of 35-40 cm and a last closed flux
surface near 60 cm8. The plasma current for many LTX
discharges was ∼ 70 kA with durations of 20-30 ms and
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FIG. 1: A top down view of the LTX-β device showing all
52 views. The solid blue and orange lines show each

individual view, with colors corresponding to the core and
edge respectively. The black circles are where the views were
measured for spatial calibration. The magenta solid lines

mark the location of the neutral beam.

peak electron temperatures of 200-300 eV8. In LTX-β,
increased toroidal field as well as increased stored energy
for ohmic heating will allow for extended pulse duration.
The toroidal field will be approximately double of LTX,
going from 0.17 T to 0.34 T. All of this should allow for
50-75 ms shots with toroidal current near 150 kA.
The upgrade most relevant to this work is the inte-

gration of a neutral beam system on loan from Tri-Alpha
Energy, made by the Budker Institute of Nuclear Physics.
The beam operates at 20 kV with a current of 35 A. Ini-
tial operation of neutral beam injection (NBI) will last
for 5 ms. The power supplies, to operate for up to 16
ms are installed. The full energy fraction is specified at
over 80%, but will be measured directly during operation.
The beam divergence is ≤ 0.02 rad. The tangency radius
of the beam through LTX-β is 21 cm which represents a
limit on the innermost resolvable radii with the CHERS
system. The NBI will add 700 kW of heating power,
much more than the previous ohmic heating power of
∼150 kW. NBI will apply a significant external torque,
which in the zero drag limit is calculated to lead to ro-
tational frequencies of tens of kHz. Lastly, the NBI will
add core fueling in plasmas with flat temperature pro-
files, thus extending the duration for which that regime
can be maintained.

III. COLLECTION OPTICS DESIGN

Designing a charge exchange spectroscopy system to
cover a full minor radius of LTX-β has several unique
challenges including the lithium evaporation environ-

ment, the characteristics of the neutral beam, and the
evolution of the plasma equilibrium. This section will
define some of these challenges and the design choices
made to overcome them or mitigate their impact.

The lithium evaporation environment poses a signifi-
cant threat to viewports exposed to the plasma in LTX-
β. The viewports need to be protected from evaporated
lithium coatings, and must be replaceable without vent-
ing the machine. For this reason, each viewport is re-
quired to have a gate valve and a pump-out port in front
of it. Ideally, the collection optics would have the largest
possible aperture and be placed as close as possible to the
plasma, so that their solid angle of collection and plasma
coverage would both be maximized. However the width
of gate valves increase with greater diameter, negating
much of the benefits of larger optics. For this reason the
thinnest possible valves (35 mm thick VAT 2.75 inch 010
series gate valves), custom viewports (with thinned steel
and integrated pump out ports to shorten the optical as-
sembly), and optics whose maximum aperture matches
the aperture of the gate valve were chosen. All of these
components can be seen in Fig. 2. These choices maxi-
mized the portion of the plasma which each set of views
can sample, and protect the viewports from the harsh
lithium environment.

In order to subtract the spontaneous emission of the
plasma from the NBI induced charge exchange emission,
each view facing the beam has a symmetric background
view that points away from the beam and samples the
same tangency radius of the plasma. Viewing the same
tangency radii of the plasma from two different directions
also allows for absolute wavelength calibration based on
plasma emission, because Doppler shifts are equal and
opposite for the counter facing views. This doubles the
number of optical components and halves the available
space for alignment systems, but allows simultaneous
subtraction of spontaneous emission.

Previous LTX shots did not have active feedback con-
trol, and thus the plasma position and shape would
evolve throughout the discharge. This necessitates a wide
viewing range, machine radius of 30-60 cm, which can not
be sampled with a single set of optics. In order to sample
the entire region of interest two sets of views were used
in each direction, two pointing towards the NBI and two
pointing away.

In each direction, one set of views samples the core of
the plasma, 27-43 cm, and the second set covers the edge,
43-59 cm, with some loss of throughput for the highest
radii in each set of views. These views were chosen to
cover the desired range and minimize the gap between
sets of views. Each set has thirteen 660 µm, f/1.8 fibers,
held in a fanned position with each fiber and view sep-
arated by 1 degree, whose throughput passes through a
single lens. The core views, optimized for resolution and
to minimize the gap between core and edge sets, have
their light redirected by a mirror before being collected
by the fibers. The mirrors allow the optical fibers to
be redirected up and away from other diagnostics, and
are susceptible to dust accumulation but were necessary
to increase the viewing range without interfering with
other systems. The edge views were chosen to access
the greatest radii without leaving a gap between the core
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a) d)b) c)

FIG. 2: Several opto-mechanical aspects of the LTX-β CHERS system. From (a)-(d) the images are (a) a rendering of the
thinned ported viewport; (b) the multi-directional port; (c) the complete opto-mechanical system sans the lenses; and (d) the

fully installed system.

and edge sets of views. Three spectrometers are available
for the CHERS system, an f/4.6 adjustable wavelength
commercial Isoplane, an f/1.8 fixed grating commer-
cial Holospec, and the f/1.8 High-throughput adjustable-
wavelength lens-based (HAL) spectrometer15,16. In or-
der to to fully illuminate the spectrometers, have mini-
mal chromatic aberrations, keep the lens aperture close
to the diameter of the viewport, and minimize the focal
spot size of each view, f/1.8, 75 mm commercial camera
lenses were selected for light collection.

As no single spectrometer can measure all of the 52
CHERS views, three spectrometers are being used each
with its own advantages. The Holospec spectrometer has
f/1.8 optics and a fixed grating and slit, so it has high
throughput, reduced instrument width due to a curved
slit, and calibration is simple and stable. The HAL spec-
trometer has f/1.8 optics and a tunable grating. This
means the HAL spectrometer has both high throughput
and can operate over a wide spectral range, but has fixed
resolution for a given wavelength and spectral range.
The Isoplane spectrometer has f/4.6 optics, three tun-
able gratings, and an adjustable slit. The optics give the
Isoplane less throughput than the other two spectrome-
ter. The selection of gratings, allow for the spectral range
and resolution to be adjusted. All of these gratings are
rotatable and thus the spectrometer can operate from
400 to 800 nm. The variable slit width also allows for
resolution to be adjusted.

There are 52 views which sample 26 different radial lo-
cations, as can be seen in Fig. 3 part (a). The maximum
number of views which can be sampled simultaneously
by the spectrometers is 44. Between the two commercial
spectrometers there are 21 inputs, and while HAL has
a variable number of inputs its most numerous config-
uration has 23 inputs. Because the number of views is
greater than can be sampled by the spectrometers, there
is a fiber patch panel to select which views go into which
spectrometer.

Having the fibers pass through a patch panel before
entering the spectrometer has several operational advan-
tages over terminating the collection fibers directly into
the spectrometers. Because each spectrometer has ad-
vantages, the sampling can be optimized for different
plasma scenarios. The fibers in these patch panels have
their f-numbers match the spectrometers into which they
are being terminated. For the f/4.6 spectrometer this

means that the amount of stray light within the spec-
trometer is reduced without the amount of light reaching
the photosensor being reduced. This lowers the noise
within the system.

IV. CALIBRATION

Three forms of calibration were performed on the LTX-
β optical system: spatial, throughput, and chromatic.
The spatial calibration was performed only once and is
the same regardless of spectrometer. The throughput
and chromatic calibrations were performed for each spec-
trometer, so that the input fibers, internal through put,
and differences in chromatic response could be taken into
account.

In order to align and measure the position of the view-
ing chords, a ruled beam with 1 mm resolution was in-
serted through four different midplane ports, and po-
sitioned with 3D-printed jigs. Each fiber was back-
illuminated and where the bright spots fell on the beam
was recorded. Each view had two points defined this
way, which defined each view. After both the beam fac-
ing and background views were initially measured, the
background views were adjusted slightly to more sym-
metrically match the beam facing views. The location
of each measurement point, and the determined view-
ing chords are shown in Fig. 1. It was also verified that
each of these measured viewing paths passed through the
optics, which acted as a third point to verify the measure-
ments. The symmetric views have tangency radii which
match each other to within 0.25 cm.

The tangency radii and beam intersection radii were
calculated for each viewing chord and are shown in Fig.
3 (a). The beam intersection radii are near to the tan-
gency radii, but are larger. The resolution of the CHERS
system was also determined with these measurements.
This is determined by the difference between the nearest
and farthest machine radii which the view crosses while
intersecting the beam. The resolution is given in Fig. 3
(b). In this figure, it is notable that the measured and
predicted values for the CHERS resolution vary slightly.
This is due to the virtual point, where the views intersect,
being further in and slightly off center from the viewport.
In the predictions, the virtual point was assumed to be
in the center of the viewport. The core and edge views
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FIG. 3: The spatial calibration measurements are shown
above. In part a) the close alignment between the tangency
radii of the beam facing and background facing views (blue
circles and orange X’s respectively), as well as the beam
crossing radii (black +’s) are shown. Part b) shows the

resolution of each view through the beam, with measured
values as *’s and predicted values as solid lines.

allow for access to beam intersection radii of 26-59 cm,
with resolution below 3 cm for the edge views and below
2 cm for 30-45 cm of the core views.

After the spatial calibration was determined, relative
throughput calibration was performed for each of the
views through each spectrometer. This was achieved by
placing a small integrating sphere into the vessel with
a flexible positioning arm, back illuminating each view
and visually ensuring that the back illuminated spot was
completely within the integrating sphere, then using a
light emitting diode (LED) to illuminate the integrating
sphere. This method ensured that each view was uni-
formly and equally illuminated. The relative throughput
calibrations for the f/1.8 Holospec and the f/4.6 Isoplane
are shown in Fig. 4.

There are two main trends to notice in the relative
throughput data. The f/1.8 data has a view near the
center of each lens through which the throughput is
maximized, and the relative throughput is reduced near
the edges of the lenses. The f/4.6 data is much flat-
ter through a majority of the views. This is a result of
the effective f-number changing for different views. The
throughput difference would mean that the effective f-
number for the view with the smallest tangency radius is
f/2.2, if the decrease in relative throughput is completely
due to effective f-number change. That slight change
in f-number is supported by the f/4.6 data, which only
sees variation in throughput at the far edges of the views
where vignetting is expected.
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FIG. 4: The relative throughput for each view. Part a) was
measured using the f/4.6 Isoplane , while part b) was

measured using the f/1.8 Holospec. Dashed lines are the
background facing views and solid lines denote the beam

facing views. The blue curves are from the core facing view
set and the orange the edge views. The error bars are based

on the uncertainty in the uniformity of the integrating
sphere and light source combination.

Table 1
Spectrometer Resolution Precision f-number
HAL 0.09 nm 0.0005 nm 1.8
Holospec 0.09 nm 0.01 nm 1.8
Isoplane 0.08 nm 0.01 nm 4.6

Also, the viewing sets with higher tangency radius have
lower throughput than their core counterparts. That de-
crease in throughput is due to the mirrors, which are used
to redirect the path into the collection fibers. The mir-
rors reduce throughput by ∼ 10%. This drop in through-
put can be seen in the difference between the maximum
heights of the orange and blue curves in Fig. 4.

Along with the relative throughput calibrations, ab-
solute sensitivity as a function of wavelength was deter-
mined for the 3 gratings in the Isoplane and the HAL
spectrometer. For each calibration, spectra were col-
lected from 400 to 800 nm while the light source and
optics were varied in three configurations (1) through the
entire CHERS system with the positionable integrating
sphere and LED, (2) through only the patch panel fibers
into the spectrometer with the LED integrating sphere,
and (3) through the patch panel and spectrometer with
a calibrated light source. From these measurements and
the known output of the calibrated light source, the sen-
sitivity of the CHERS system independent of light source
was determined. It was found that the spectral response
of the system varied less than the LED intensity uncer-
tainty (%10) from 400 nm to 800 nm, for the CHERS
optics and both spectrometers.
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V. ION TEMPERATURE AND VELOCITY
MEASUREMENT CAPABILITIES

The Holospec has a fixed wavelength range, 511-521
nm, and so is optimized for sensitivity to the Li III n =
7 − 5 transition which emits at 516.69 nm. That is the
transition many CHERS studies have looked at in the
past17,18. The NBI on LTX-β has a lower acceleration
voltage than that in many other tokamaks, 20 keV, and
thus the emission from the Li III n = 5− 4 transition is
11 times as intense as the n = 7−5 transition of the NBI
in LTX-β19. Both the Isoplane and HAL spectrometers
can operate from 400 nm to above 800 nm, so they are
sensitive to both transitions.
The sensitivity of the CHERS systems including sensor

response and optical transmission was measured. The re-
sulting relative sensitivity of the Isoplane, collection op-
tics, and collection fibers to 516.69 nm radiation is nearly
equivalent to that of 449.89 nm radiation. Therefore, the
Isoplane is roughly 10 times more sensitive to the Li III
n = 5 − 4 transition than the more traditional Li III
n = 7− 5 transition.
Since these measurements rely on the Doppler effect

and the spectral resolution is nearly constant through
wavelength, the velocity resolution is inversely propor-
tional to the central wavelength of line emission and the
temperature resolution is inversely related to the central
wavelength squared. The temperature and plasma rota-
tion resolution are therefore worse for the Li III n = 5−4
transition than for the Li III n = 7−5 transition, because
of their wavelength difference. The temperature uncer-
tainty is increased by 31% and the uncertainty in velocity
is increased by 15% for the higher intensity, lower wave-
length emission. Both transitions have their advantages,
the n = 7 − 5 transition has higher precision in tem-
perature and velocity, while the CHERS system is more
sensitive to the n = 5− 4 transition.

VI. DISCUSSION

A new spectroscopy system has been installed on the
recently upgraded LTX-β to be used as a CHERS diag-
nostic. The design considerations and methods to pre-
vent lithium coating damage were discussed. Spatial cal-
ibration, relative throughput calibrations, and absolute
wavelength calibrations have all been performed on the
system. The measured spatial calibration covers the de-
signed region. The measured resolution is slightly better
than the design due to optimized focusing and minimiz-
ing the view path lengths. The spatial calibrations show
very good alignment with the beam facing and back-
ground views. The relative throughput calibration shows
that the views not centered in the collection lens have a
reduced effective f-number and that the mirrors used also
reduced throughput. The wavelength calibration shows

that while the system will be more sensitive to the shorter
wavelength transition, the shorter wavelength will neces-
sarily reduce the precision of the temperature and veloc-
ity measurements. This gives a choice of high sensitivity
operation or high precision operation.

The optical systems have been installed and calibrated
but there are still steps which can be taken to improve
the CHERS system. Measurements of the NBI full, half,
and third energy fractions will be performed. This can
be done by firing the neutral beam into hydrogen gas and
measuring the Doppler shifts of the emitted light. There
is also an in-vessel beam dump calorimeter which will
measure the fraction of the beam which shines through
the plasma. This calorimeter will be calibrated so the cal-
culations for the beam plasma interaction can be verified.
Modeling is underway to predict the thermal response
of the dump to NBI, and the dump can be experimen-
tally calibrated by firing the NBI into an empty vacuum
chamber and measuring the calorimeter response to the
full beam energy.
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