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A beam emission spectroscopy system is being developed and deployed on the HL-2A tokamak to
measure local low wavenumber (k, p; < 1) density fluctuations by measuring the Doppler-shifted
emission from a 50 kV deuterium heating neutral beam. High spatial resolution (Ar < 1 cm, Az <
1.5 cm) measurements are achieved with customized in-vacuum optics. High frequency, high-gain
preamplifiers sample the light intensity at a Nyquist frequency of 1 MHz and achieve a high S/N
ratio via high optical throughput, low-noise preamplifiers, and high quantum efficiency photodiodes.
A first set of 16 detector channels [configured in an 8 (radial) X 2 (poloidal) array] has been installed
and tested at HL-2A, covering the radial range r/a = 0.8—1.1. The frequency and wavenumber spectra
have been measured under different plasma conditions. Initial measurements have demonstrated the
capability of measuring edge plasma density fluctuation spectra and the poloidal flow velocity fields
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with a high S/N ratio. Published by AIP Publishing. https://doi.org/10.1063/1.5039350

. INTRODUCTION

Understanding typical turbulent fluctuations and the
resulting transport is one of the key scientific issues for predict-
ing and optimizing the performance of magnetically confined
fusion devices. A new beam emission spectroscopy (BES)
diagnostic system'? is being developed and deployed on the
HL-2A tokamak to measure low wavenumber (k, p; < 1)
density fluctuations. The BES diagnostic system is a widely
deployed 2D measurement tool in tokamaks'~’ and stellarator
devices;? it measures density fluctuations in the edge and core
regions. Atoms in the neutral beam are collisionally excited via
collisions with ions and electrons. The fluorescence is emitted
when the excited atoms are subsequently de-excited by sponta-
neous emission or collisional de-excitation. By measuring the
intensity of the Doppler-shifted neutral beam D,, emission, the
local plasma density fluctuations can be calculated as

N

n
:K(Tevn67"')_ev (1)
ne

where K is the coefficient that depends weakly on local plasma
parameters,’ Z—Z is the normalized electron density fluctuations,
and § is the relative light intensity fluctuations. This mea-
surement of density fluctuations provides measurements of
turbulence spectra, radial/poloidal correlation lengths, turbu-
lence decorrelation times, time-resolved velocity field, and 2D
turbulence imaging. These measurements contribute greatly
to the study of core and edge turbulence, pedestal dynam-
ics and instabilities, as well as energetic particle physics and
magnetohydrodynamic (MHD) instabilities.
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In this paper, the newly designed BES system on the HL-
2A tokamak is introduced in Sec. IT and preliminary fluctuation
measurements are presented in Sec. III, with a discussion in
Sec. IV.

Il. THE BES DIAGNOSTIC SYSTEM ON HL-2A

HL-2A is a middle-size tokamak device with major radius
R = 1.65 m and minor radius a = 0.4 m. A variety of auxil-
iary heating sources have been deployed, including electron
cyclotron resonance heating (ECRH), lower-hybrid current
drive (LHCD), and neutral beam injection (NBI). The BES
optical viewing system is installed on the port to the left of
(clockwise from) the neutral beam (Fig. 1). This neutral beam
consists of four 50 keV deuterium sources that inject tangen-
tially near the mid-plane in the direction of the plasma current.
BES observes the red-shifted D, emission near A ~ 659 nm
[Fig. 1(e)].

The optical system viewing the beam emission is installed
inside the vacuum chamber and consists of an f/1.65, 280-mm-
focal-length objective lens which includes a 10 cm field lens
in the tilt tube (Fig. 2). The 18 cm diameter objective lens
images the beam emission from the radial range 0.2 < r/a <
1.1 of the plasma. The optical axis of the front-end objective
lens elements is offset from the optical axis of the field lens to
optimize throughput. This design allows the first objective lens
element to be closer to the beam while ensuring that the opti-
cal system can be installed in the limited space with sufficient
spatial coverage. The BES port is located below the mid-plane
and is tilted upwards by ~9° relative to the equatorial plane,
consistent with the HL-2A magnetic field pitch angle range
of 5°-9°. This design optimizes spatial resolution by view-
ing tangent to the local magnetic field lines. The beam line is

Published by AIP Publishing.


https://doi.org/10.1063/1.5039350
https://doi.org/10.1063/1.5039350
mailto:kerui@swip.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5039350&domain=pdf&date_stamp=2018-10-08

10D122-2 Ke et al.

(@)

Objective lenses

2.2 NBI: 50kV@23A for D°

Detector array

Multi-channel DAQ, 2M/s

(b) (c)

ABCDABCD

(d)

X4
ABCDABCD
1-1 2-2 3-3
(e)
= 100 . . . w/o filter
X — — =w/ filter
téi 30 b —-—-~ filter trans.
s \-".'\‘
= \
& 60} D, v
=3 !
= 40} b
S !
~ \
20 B
g \
S 0 . »
655 656 657 658 659 660

FIG. 1. Schematic of the BES system on the HL-2A tokamak. (a) Layout of
the BES system (top view). (b) Arrangement of fibers on the image end [image
plane, see cross section 1-1 in (a)]. Each channel contains 6 fibers (2 X 3 array),
and 4 radially offset channels (A, B, C, and D) form one unit. (c) Layout of
fiber bundles in one unit [cross section 2-2 in (a)]. (d) Arrangement of fibers
on the detector end [cross section 3-3 in (a)]. (¢) Beam emission intensity
(black solid line), filtered beam emission intensity (blue dashed line), and the
filter transmission (red dotted-dashed line).
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FIG. 3. Oneshoton HL-2A discharge with multiple auxiliary heating sources.
Time evolution of (a) toroidal field By ~ 1.33 T, (b) plasma current /,, ~ 150
kA, (c) line-averaged electron density n, ~ 1 ~ 2 X 10" m=3, (d) auxiliary
heating power of NBI (red solid line), ECRH (green dashed line), and LHCD
(blue dotted-dashed line), (e) one of the BES channels located at p ~ 0.85,
and (f) D, emission intensity in the divertor.

focused to a curved image surface that is located just outside a
vacuum window to allow fiber access. The vacuum window is
integrated into the optical design. A flat 3 mm thick (change-
able) protective window is located closest to the plasma at the
front of the objective lens elements, and a mechanical shutter
protects the optical system when not in use.

A 10 m fiber bundle array is located outside the vacuum
chamber at the image plane of the objective optical system
(Fig. 1). Each channel consists of 6 1-mm-diameter fibers that
are arranged as a 2 X 3 fiber array (2 in the radial direction and
3 in the poloidal direction). 4 channels are grouped together
in a 1 (poloidal) X 4 (radial) configuration [Fig. 1(b) shows 4

Shutter Vacuum side

BES port

Objective lenses

105 mm

Felld] Tl Atmosphere side

A-A

FIG. 2. Design of the optical lens of the HL-2A BES system. (a) 600 mm diameter mid-plane flange (as viewed from the vacuum side). The BES port is the
lowest one (BES shutter and other diagnostics installed on this window are not shown for simplicity), with the optical axis tilted upwards by ~9°. (b) Design of
the BES objective lens [cross section A-A in (a)]. The axis of the 180 mm diameter objective lens is offset by 25 mm from the axis of the 105 mm diameter field
lens, which is installed inside the tilted tube. The objective lens is protected by a flat 3 mm thick window at the front of the lenses. A mechanical shutter can be
closed to protect the optics when not in use. A 105 mm diameter, 12 mm thick quartz glass window forms the air-vacuum interface.
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FIG. 4. An arrangement of BES channels for edge/SOL

turbulence experiments. 16 channels are deployed in an
8 (radial) X 2 (poloidal) 2D array on the outer midplane.
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such units]. Currently, there are 4 units available on the HL-2A
tokamak. The configuration of 4 units is flexible. Figure 1(b)
shows a typical scheme of a 2 X 2 configuration that has been
initially deployed [i.e., the 16 channels are configured in an 8
(radial) x 2 (poloidal) array]. This design increases the radial
resolution without losing much flexibility. In each unit, the
front face of the four channels are arranged like staircases (not
shown) to match the curved image plane.

The red-shifted beam emission is relayed to the col-
limating lenses by the fiber bundle arrays. The collimated
light passes through a customized interference filter (50 mm
diameter) with 70% peak transmission in the wavelength
range of 659.2-660.2 nm and <5% low transmission at 658.3
nm [where an undesired carbon II emission line exists, see
Fig. 1(e)]. The filter is rotatable, enabling a slight shift in the
transmission band. Then focusing lenses image the filtered
light onto the PIN photodiode detectors.

A 2.65 mm square PIN photodiode (PPD) based high fre-
quency, high gain, and low-noise detector array is used as the
beam emission detector.'” The detector and its preamplifier cir-
cuit are chilled to —10 °C in a vacuum chamber with a pressure
of 4 ~ 10 mTorr to minimize electronic noise and prevent any
condensation. The black curve in Fig. 5 shows the total detec-
tor noise. Dark current (i-noise) dominates the noise spectra'’
at low frequencies, while voltage noise (e-noise), which arises
from the pre-amplifier, dominates the noise spectra'® at higher
frequencies and increases monotonically with the frequency.

The detector electronics converts the light signal to a volt-
age signal, and then the voltage signal is recorded with a 2
Ms/s 14-bit D-tACQ digitizer (ACQ132). An FPGA-based
fast-impulse-response digital filter is applied with a passband
of 0-900 kHz to serve as an anti-alias filter.

lll. PRELIMINARY FLUCTUATION MEASUREMENTS

The 16-channel BES system is currently being operated
on the HL-2A tokamak. Figure 3 shows a typical L-mode
discharge on HL-2A with multiple auxiliary heating sources,
including 700 kW NBI, 1 MW ECRH, and 1 MW LHCD. The

2.02 2.04 206

plasma line-averaged density is ~2 X 10" m~. An example
BES signal (channel 8 near r/a = 0.85) in Fig. 3(e) demon-
strates the response to the NBI. The BES arrangement is shown
in Fig. 4. 16 BES channels are deployed as an 8 (radial) x
2 (poloidal) 2D array at the outer mid-plane, focusing on the
SOL and edge/pedestal region covering r/a ~ 0.8 ~ 1.1 (Fig. 4).
The equilibrium is obtained from EFIT at 650 ms (see Fig. 3,
brown vertical dashed line), and the last closed flux surface
(LCFS) is located at r = 37.4 cm. The radial and poloidal
spatial resolutions are 0.8 cm and 1.2 cm, respectively. Two
time slices are chosen to demonstrate the density fluctuation
measurements with BES: One is before the | MW ECRH is
turned on (brown vertical dashed line in Fig. 3) and the other
is when ECRH is on (magenta vertical dotted-dashed line in
Fig. 3). The auto-power spectra of the BES signal measured
by channel 16 are shown in Fig. 5. The background dark noise
spectrum (black line in Fig. 5) has been subtracted; the plasma
signals include plasma fluctuations and photon shot noise. The
spectra indicate that BES achieves a bandwidth of up to

10 - -
w/o ECRH
— — -w/o ECRH
w/ ECRH
= — — -w/ ECRH
Z 10t ]
=
g
3
8
) 10-10
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FIG. 5. Auto-spectra of detector noise (black dotted-dashed line) and raw
BES signal without ECRH (blue, 640 ~ 660 ms, at the time indicated in Fig. 3
by a brown vertical dashed line) and with ECRH (red, 820 ~ 840 ms, at the
time indicated in Fig. 3 by a magenta vertical dotted-dashed line). The blue/red
dashed lines are the cross-power of two poloidally separated channels.
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FIG. 7. Poloidal velocity measured by BES using the TDE method at 650 ms
(blue squares) and 830 ms (red circles). The positive/negative values of
(ve,rpE) correspond to the electron/ion diamagnetic directions, respectively.

900 kHz with the digital anti-alias filter, which includes the
frequency band where density fluctuations are typically dom-
inant. When ECRH is on, the turbulence around p ~ 0.85 is
shifted to a higher frequency due to a higher Doppler shift,
which is consistent with the increasing poloidal rotation at
this location (shown in Fig. 7) since the E x B velocity largely
determines the fluctuation spectral range.

The 2D array enables us to perform correlation analy-
sis in both poloidal and radial directions. Figure 6 shows the
k-spectra measured by two poloidally separated [Fig. 6(a)]
and radially separated [Fig. 6(b)] BES channels''~!3 inside
the LCFS. Turbulence with lkgl < 2.6 cm™! and Ik,| < 4 cm™!
is well resolved. The 20 ~ 80 kHz broadband turbulence has a
wavenumber range of 0.8 cm™! < kg <2.1cm™! and —0.9cm™!
< k, < 0.9 cm™! and propagates in the electron diamagnetic
direction in the laboratory frame. The poloidal velocity can be
measured utilizing time delay estimation (TDE) methods.'*!3
Figure 7 shows the poloidal velocity profile measured by BES
at 650 ms (w/o ECRH) and 830 ms (w/ECRH). The profiles
demonstrate that the BES system is capable of measuring the
edge poloidal flow evolution.

IV. DISCUSSION

An initial BES diagnostic system on HL-2A that con-
sists of 16 spatial channels is capable of measuring the fre-

Rev. Sci. Instrum. 89, 10D122 (2018)

FIG. 6. k-spectra measured by two (a) poloidally sepa-
rated and (b) radially separated BES channels.

quency and wavenumber spectra of density fluctuations in the
region of r/a ~ 0.8-1.1 with a high S/N ratio, as well as the
turbulence flow velocity evolution. Simultaneous measure-
ments of density fluctuations in the core and edge regions are
of great importance to transport studies, such as turbulence
spreading, L-H transitions, and H-mode pedestal physics. The
current fiber mount is designed to cover a wide radial range of
the plasma cross section. Additional channels are being fabri-
cated and will be deployed in the future to extend the capability
of this imaging BES diagnostic system.
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