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ABSTRACT: A compact pellet injector has been installed and is now operating on the TJ-II
stellarator. It is a four-pellet system equipped with a cryogenic refrigerator for in-situ hydrogen
pellet formation, a fast propellant valve system for pellet acceleration (<1200 m/s), in line
diagnostics for determining pellet velocity and mass, and injection lines to the magnetically
confined plasmas (n.(0) <5x10" m~, T¢(0) <1 keV, B(0) = 1 T, average minor radius = 0.22 m)
created in this heliac device. It is intended for use on TJ-II as an active diagnostic for studying
particle transport, suprathermal electron populations, magnetic field orientations, and rational
surfaces as well as for plasma centre fuelling. For this, optical fibre coupled silicon diodes (or
avalanche photodiodes), installed outside of nearby viewports, record the Balmer Ha light (A =
656.28 nm) emitted from the neutral cloud that surrounds a pellet as it crosses the plasma. In
this way, it is possible to follow the temporal evolution of the pellet ablation. In addition, an
ultrafast-frame CMOS camera, equipped with a bifurcated coherent fibre bundle, is used to
obtain multiple images of the neutral cloud. Finally, additional plasma diagnostics, e.g.
Thomson Scattering, broadband bolometer arrays, Heavy Ion Beam Probes, combine to make
the overall system a very powerful tool for plasma studies.

In this paper, after providing a brief overview of the pellet injector and its associated
plasma diagnostics, first injections into TJ-II plasmas are used to evaluate its overall capabilities
to undertake and fulfil the objectives outlined previously. In particular, we assess the associated
plasma diagnostics used to follow pellet ablation across the plasma radius, to locate particle
deposition and to subsequently follow the plasma evolution along the discharge after injection.
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1. Introduction

Cryogenic pellets have been injected into magnetically confined plasmas for several decades [1,
2]. Although the primary purpose of such injections is to fuel the discharge, pellets can be used
for other purposes such as formation of internal transport barriers or for diagnosing plasmas [3,
4]. In the latter case, the luminescence light emitted by the neutral, or partially ionized, cloud
that surrounds a pellet as it traverses a plasma is collected by light sensitive detectors or imaged
using cameras. Then, after analysis, the pellet ablation rate and its penetration length can be
established for bench marking pellet ablation modelling, and the presence of, for instance,
suprathermal electron populations can be identified and localized, cloud striations can be
studied, or the local magnetic field pitch can be determined [5-7].

A compact pellet injector (PI) is now operating on the TJ-II stellarator [8]. It is a four-pellet
system equipped with a cryogenic refrigerator for in-situ hydrogen pellet formation, fast
propellant valves for pellet acceleration (800 to 1200 m/s), diagnostics for determining pellet
velocity and mass [9], plus injection lines to deliver pellets to the TJ-II vacuum chamber.
Although, the primary purpose of this PI is plasma fuelling, it is suited as an active diagnostic
for studying particle transport, instabilities, and rationals. A significant advantage of the TJ-II
set-up is the optical access to the pellet path through the plasma, i.e., from above, behind and
tangentially. In order to exploit this, light sensitive diodes and a fast-frame camera, equipped
with a bifurcated coherent fibre bundle, are located outside these viewports, which together with
the broad range of standard diagnostics available provide a powerful diagnostic capability [10].

2. Diagnostic set-up

When a pellet crosses the last-closed flux surface (LCFS) of a plasma, ablation of surface
material begins and a cloud of neutral particles becomes arranged in an isotropic way around it.
As long as these particles remain neutral they follow the pellet with the same velocity while
expanding outwards at a different velocity. However, once such particles become sufficiently
hot, so that the cloud becomes partially ionized, they experience a Lorentz force (within a ms
timescale) that stops their transverse motion and leads to a drift velocity. This cloud also causes
a self-regulating or limiting character to the ablation. It then follows the magnetic field pitch
and becomes detached [2]. Moreover, the particles in the cloud are excited by collisions with



plasma particles and subsequently de-excite by light emission. It is assumed that this light
intensity is proportional to the ablation rate [11]. The dedicated light diagnostics, installed in
nearby TJ-II viewports, and the pellet injector are summarized in the following subsections.

2.1 TJ-II stellarator

TJ-II is a four-period, low magnetic shear stellarator device with an average minor radius of
<0.22 m and a major radius of 1.5 m [8]. It was designed to explore a wide range of rotational
transforms [0.9 < i(0)/2n < 2.2]. Its magnetic field is generated by a system of poloidal, toroidal
and vertical field coils, and the resultant cross-section of its fully 3-dimensional plasma
structure is bean shaped with magnetic field B(0) <1 T. The coil set includes 32 toroidal field
(TF) coils whose centres follow a toroidal helix of radius = 1.5 m and pitch law 6 = -4¢ (where
0 and ¢ are poloidal and toroidal angle). The nominal coil system is completed by a central
structure made up of two coils (a purely horizontal one of 3 m diameter (CC) and a helical
winding (HX) wrapped around this coil that follows the same winding law as the TF coils), and
a pair of circular coils (VF) carrying the same current. For this evaluation process plasmas are
created and maintained using a neutral beam injector (NBI) heater that provides <520 kW (tng:
<120 ms). As a result, plasmas with n(0) <3x10" m™ and T.(0) <380 eV are achieved with a
lithium coating on the vacuum vessel wall. Note; the electron cyclotron resonace heating system
and a second NBI were both off-line for these tests.

2.2 TJ-II Pellet Injector

Its pellet formation, acceleration, guide line diagnostics, delivery and control systems were
developed, built and tested at the laboratories of the Fusion Energy Division of Oak Ridge
National Laboratory, Tennessee, USA before being installed on TJ-II [9]. In TJ-II, small pellets
(0.5 mm diameter (type-I) containing 3x10'® hydrogen atoms) are required for experiments in
which the electron density must not rise above the gyrotron cut-off limit (~1.7x10" m ). Note:
for standard configurations the plasma volume is ~1 m’. Larger pellets (0.66 mm (type-2), 0.76
mm (type-3) and 1 mm (type-4) diameter containing <1.2x10", <1.8x10" and <4.1x10" H
particles, respectively) are required to penetrate deep into the core of NBI heated plasmas.

A schematic of the pellet injection system is found in Fig. 1. The system consists of a gun
box in which pellets are created at 10 K and a gas propellant system for pellet acceleration.
Closer to TJ-1I, the injection line is equipped with two diagnostics through which pellets pass
before reaching TJ-II. The first consists of a light emitting diode and a light sensitive diode to
provide a time signal. The second is a microwave cavity mass detector. It provides a second
timing signal whose amplitude is mass dependent thus facilitating particle accountability. In its
current set-up pellet delivery is very reproducible, (At <50 us), with minimum mass loss due to
friction because of the use of short (~2 m) straight guide tubes.

2.3 Associated Plasma Diagnostics

In order to record Balmer Ha light (A = 656.28 nm) emitted from the neutral cloud surrounding
a pellet, optical fibre based diagnostic systems have been installed outside nearby upper (TOP),
rear (SIDE) and tangential (TANG) optical viewports. See Fig. 1. These systems consist of a 5
m long, 600 wm diameter optical fibre (model M34L05 by Thorlabs, Newton, NJ) with a Ha
filter having central wavelength of 660 nm +/-2 nm, full-width at half maximum (FWHM) of 10
+/-2 nm, and peak transmission >50%, (model FB660-10 by Thorlabs, Newton, NJ). The
collected light is directed to the input of a switchable gain, amplified silicon photodiode detector
(model PDA36A by Thorlabs, Newton, NJ). Note: lenses are not used as the acceptance angle
of the fibre (with respect to intensity) is ~27° FWHM which allows light to be collected along
the whole pellet ablation path (<0.4 m). For instance, for TOP, the fibre to pellet path distance
varies from ~0.75 m to ~0.9 m and the light is incident on the fibre to within ~16° with respect



to its normal. In the case of SIDE, the distance varies from 0.6 m to 1.05 m and the light is
incident to within ~6° to the fibre normal. Next, a pellet crosses the plasma outer minor radius in
<200 us, so the detector bandwidth is set to a few 100's of kHz, depending on the photon flux
incident on the photodiode (typically a few times 10'* photons/s). In this way, it is possible to
follow the temporal evolution of the pellet ablation and the light emission from the neutral
cloud. When increased signal bandwidth is needed (e.g., high frequency signal variations, i.e. up
to 1 MHz), the silicon detector is replaced by an avalanche photodiode (model LCSA3000-01
by Laser Components GmbH, Olching, Germany). However, in order to reduce the light
reaching the detector, and thus avoid signal saturation, an appropriate neutral density filter, (e.g.
0.D =2.5t0 4.0), is combined with the Ha filter. Note, the amplified silicon photodiode output
is ~2x10° V/W at 656 nm whilst the APD output is 3.6x10° V/W at the same wavelength.
However, the use of an APD, whose gain is sensitive to changes in room temperature, results in
reduced signal-to-noise ratio. Finally, for data acquisition a 12-bit, ultra high-speed
multifunction board with 4 analogue inputs and 20 Msamples/s sampling rate capability is used
(model PCI-DAS4020/12 by Measurement Computing Corporation, Norton, MA). This is
located in a nearby PC that automatically transfers data to the TJ-II data acquisition system.

In order to obtain multiple images of a pellet as it crosses a plasma, an ultra-fast frame
CMOS-camera (model APX-RS by Photron Incorp., San Diego, CA), equipped with a
bifurcated coherent fibre bundle and machine-vision type camera lenses (e.g. model HF16SA-1
by Fujinon, Tokyo, Japan), is employed. This camera, which has 2 Gbytes of digital memory,
can record between 3x10* frames per second (1024x1024 pixels) and 2.5x10° frames per second
(128x16 pixels). The electronic shutter exposure time can be controlled independently from
frame rate — it can be set to =1 us. Note: the exposure time can be reduced further by using an
image intensifier, albeit this is not required for long exposure times due to high Ha emission
from the cloud, 10%° to 10> photons/s. The bifurcated coherent fibre bundle (custom made by
Schott AG, Mainz, Germany) is 4.5 m long with a square section of 6x6 mm®, 50 lines/mm,
corresponding to 300x300 fibres. Note: transmission is >20% at 656.3 nm [12]. For viewing the
pellet/plasma interaction, the bundle/lens combination is fixed to the outside of TANG, SIDE
and/or TOP.

The partially ionized clouds (striations), created about the pellet as it traverses the plasma,
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Figure 1. The TJ-II pellet injector. Left: A cross-section of the TJ-II vacuum chamber and bean-shaped
plasma showing the locations and viewing directions of associated diagnostics. Right: The vacuum
chamber where pellets are formed plus in-line pellet diagnostics. The flight path for a type-4 pellet is
highlighted. Also shown are gas surge tanks, a moveable target plate and vacuum valves.



extend along the magnetic field lines and are detached at intervals (<10 us). These clouds can be
imaged using the fast frame camera thus providing a way of visualizing material displacement
along the local magnetic fields, B [13]. For the latter, at any position (R, ¢, Z) in TJ-II, where R
is major radius, ¢ is toroidal angle and Z is vertical position above the central coil, the magnetic
field is defined by a vector B = (B,, B, Bz), where the subscripts indicate the radial, toroidal
and vertical components, respectively. Moreover, B depends strongly on ¢ in TJ-1I, unlike in a
tokamak, which is very close to being axisymmetric. Now, the line-of-sight (LoS) from TANG
is nearly parallel to the magnetic field lines across the plane of the pellet path (as in [17] but
reversed). In contrast, the LsoS from TOP, and from SIDE, are sensitive to the radial and
vertical components of B, respectively. This set-up will permit the radial and vertical
components of the field lines, respectively, to be studied for comparison with studies made with
Motional Stark Effect [14]. Note: the pellet position is determined from the Ha signal collected
by the diode mounted on the outer TOP viewport.

The TJ-II is equipped with a wide range of passive and active plasma diagnostics [10].
Diagnostics that are of particular interest include Thomson scattering (TS) that can provide up
to two electron density and temperature profiles per discharge (with <500 us separation)
although normally only one of each is obtained [15]. Note: the TS system is located 180°
toroidally from the PI. Other diagnostics of interest include a microwave interferometer to
provide the line-integrated eclectron density along a discharge, multiple-filter soft X-ray
diagnostics to follow the temporal evolution of the core electron temperature [16], broadband
bolometer arrays [17], heavy ion beam probes [18], Mirnov coil arrays to measure local
magnetic field components [19], and a hard X-ray detector.

2.4 Signal analysis

In order to determine pellet radial location in the plasma, time signals provided by the lightgate
and microwave cavity diagnostics are used. Then, knowing their separation (0.585 m) as well as
the lightgate to plasma edge separation, i.e. to the LCFS, for the magnetic configuration under
study, the pellet location can be determined (assuming no acceleration). Note: the plasma minor
radius varies significantly with magnetic configuration. For the standard configuration, termed
100 44 64, where the nomenclature reflects the currents in the CC, HX and VF coils,
respectively, the distances from the lightgate to the LCFS and from the LCFS to the centre are
2.7 m and 0.18 m, respectively for #ype-4 pellets. Note: the corresponding lengths are
significantly different for other pellets, e.g. 2.74 m and 0.172 m for #ype-3. Hence, Ha signals
can be corrected for light collection solid angle, collection angle with respect to the fibre
normal, interference filter transmission, detector efficiency and amplifier gain. Such corrections
are essential to compare modelled ablation rates with Ha emission.

3. Results

An example of pellet ablation profiles in TJ-II, reconstructed from Ha signals, is plotted in Fig.
2 together with electron density profiles collected prior to, and after, injections into reproducible
discharges. In the first instance, good reproducibility of Ha profile shapes is apparent, as is the
coherence between peaks from TOP and SIDE signals for the same pellet. However, although
the agreement between the modelled ablation and Ha signal is quite good the model used still
needs further adjustment [20]. For this, the TS pre-injection electron and temperature profiles of
Fig. 2 were used and a 30 keV neutral beam was assumed. Next, the frequency of peaking in the
Ha is seen to reduce after the pellet has crossed the inner most radius along its flight path. It is
considered that detached ablated particles begin to rotate poloidly about the plasma centre. Such
rotation is also deduced from bolometer data. In the same figure, a Ho profile exhibits a sudden



increase in intensity that is associated with suprathermal electrons, these being often induced in
this NBI-only operational mode.

The evolution of electron density and temperature is seen in the TS profiles collected at
different instances before and after pellet injection in Fig. 2. Also shown is a representative
reconstructed Ha signal. Note: reproducible plasmas were used with a target line-averaged
electron density of 1.4x10" m™. From these profiles, it is seen that the perturbation in
temperature following pellet injection (first noted at p = ~0.5 for At = +136 us) propagates
radially inwards and outwards faster than the rise in electron density (first noted at p = ~0.3 for
At =+233 us). The initial temperature perturbation at +136 us also coincides with the maximum
in pellet ablation (about p = ~0.5), and extends radially within 100 us (the pellet radial locations
at different times are indicated by the dashed vertical lines). While these test injections and
results have not been full analysed as yet with relevant transport codes etc., they show the
capabilities of the pellet and plasma diagnostics available in TJ-II.
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Figure 2. Lhs: Ha light emitted several #ype-2 pellets crossing the TJ-1I plasma. TOP and SIDE for discharge 38054.
SIDE for discharges and 38055. The dashed line indicates the nearest approach of a pellet to the plasma centre.

Also shown is the modelled ablation rate for a pellet with 6.3x10"® particles injected at 1003 m/s. The Ha photon
emission rate is estimated to be ~0.02 Ho/pellet particle/e. Centre: Thomson Scattering electron density profiles
collected at several time instances (At) before and after pellet injection. All times are with respect to pellet arrival at
the plasma edge. Dashed vertical lines represent pellet locations in the plasma at selected times. Also shown is a Ha
signal. Rhs: as central plot but with electron temperature profiles.

4. Conclusions

First injections of cryogenic hydrogen pellets into TJ-II plasmas have been performed and
signals from some associated basic diagnostics have been processed and evaluated. These first
tests indicate that the combined PI and diagnostics system will be a powerful mechanism for
performing plasma fuelling experiments in TJ-II as well as a new tool for plasma studies.
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