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h  i g  h  l  i g  h  t  s

• A  phase  contrast  imaging  diagnostic  on the  HL-2A  tokamak  is  designed.
• Time  and  space  resolution  of PCI  on HL-2A  are  2 �s and  0.1  mm.
• Frequency  and  wavenumber  range  are 1–500  kHz  and  2–15  cm−1.
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a  b  s  t  r  a  c  t

In this  article  we  present  the  design  of  a phase  contrast  imaging  (PCI)  system  on  the  HL-2A tokamak.  This
diagnostic  is  developed  to infer  line  integrated  plasma  density  fluctuations  by  measuring  the phase  shift
of  an  expanded  CO2 laser beam  passing  through  magnetically  confined  high  temperature  plasmas.  This
system  is designed  to diagnose  plasma  density  fluctuations  with  the maximum  wavenumber  of  15  cm−1.
The designed  wavenumber  resolution  is 2  cm−1, and  the time  resolution  can reach  2 �s. The  broad  k�s
ranging  from  0.2 to 3 makes  it suitable  for  turbulence  measurement.

©  2017  Elsevier  B.V.  All  rights  reserved.

1. Introduction

It is believed that the microscopic instabilities can cause the
so-called anomalous transport in fusion plasmas [1,2]. Generally
speaking, the typical wavelength scale of the micro-turbulence
which causes anomalous transport is in the order of a dozen
ion cyclotron radii �i. Ion temperature gradient mode (ITG)
and trapped electron mode (TEM) are at this turbulence scale,
i.e. kITG,TEM�i = 0–1. For electron temperature mode (ETG), the

wavenumber is
√
mi/me times that of ITG or TEM. It corresponds

to small wavelength turbulence with a wavenumber of kETG�i > 1
[1–5]. From perspective of wavenumber, the energy of turbulence
concentrates on low wavenumber, and transfers from lower to
higher wavenumber turbulence through cascade. Consequently,
the turbulence energy spectrum decays exponentially with the
increase of k. Therefore it will be useful to be able to simultane-
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ously measure both high wavenumber (ETG) and low wavenumber
turbulence (ITG/TEM).

In HL-2A, the low wavenumber turbulence power spectrum is
typically measured by Langmuir probes and gas puffing imaging,
which can only measure turbulence at the edge. For high wavenum-
ber fluctuations on other tokamaks, small-angle laser scattering
is well developed yet lacking wavenumber resolution due to the
scatter angle requirement. Absolute calibration between different
diagnostics is also very difficult. Phase contrast imaging (PCI) is
an effective diagnostic to investigate plasma density fluctuations
in both core and edge region, which can provide continuous mea-
surements over a wide range of wavenumber and frequency [6–9].

The rest of this article is organized as follows. The principle of
PCI is briefly introduced in Section 2, respectively. HL-2A tokamak
and detailed design about the PCI system on HL-2A is presented in
Sections 3 and 4 is a brief result and discussion.
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2. Main principle of PCI

In this section we briefly introduce the main principle of PCI
diagnostic. A detailed discussion can be found in Ref. [10]. PCI is
a coherence scattering diagnostic. A traditional scattering system
complies with the following rule:

I ∝ |E2|
2�0c

= I0 (1)

where I is the total collected light intensity after scattering by plas-
mas, I0 is the incident light intensity. A suitable phase plate which
can delay the phase of the unscattered light by �/2 is introduced
into the PCI system. After phase delay, Eq. (1) changes to:

IPCI ∝ |EPCI |2
2�0c

= I0(1 + 2� cos kpx) (2)

where IPCI is the total collected light intensity of PCI system, � =
−�0re

∫
nedl � 1 is the phase shift caused by the plasma density

fluctuation, kp is the wavenumber of density fluctuation which is
perpendicular to the scattering direction, �0 is the wavelength of
the incident laser beam, and re = e2/

(
4�ε0mec2

)
is the classical

electron radius.

3. Experiment setup

3.1. HL-2A tokamak

HL-2A is the first diverted tokamak in China. HL-2A tokamak is
with a major radius R = 1.65 m,  minor radius a = 0.4 m,  maximum
current and toroidal field are Ip = 0.48 MA  Bt = 2.8 T, respectively.
Auxiliary heating includes 4 MW NBI, 3 MW LHCD, and 5 MW ECRH.
The diagnostics include more than 30 different tools, including
Doppler Backscattering (DBS), Electron Cyclotron Emission (ECE),
and Charge Exchange Recombination Spectroscopy (CXRS), etc. This
enables HL-2A to explore many topics of fusion plasma physics
related H-mode and pedestal, MHD  and energetic particles, divertor
and scrape-off layer, etc.

3.2. Beam expanded system

First of all, a suitable collimated monochromatic laser beam
should be chosen as the source. After comparison, 30 W continuous
CO2 laser (Ti100W-HS, adjustable up to 100 W)  with a wavelength
of �0 = 10.6 �m manufactured by SYNRAD Ltd. was chosen to work
as the beam probe. The plasma fluctuation scale which will be mea-
sured by PCI is associated with the beam width. As shown in Fig. 1,
the incident beam width is limited by the diagnostic window at
location ‘NO 45’ on HL-2A with an inner diameter of 35 mm.  So,
the incident beam, which has a width of 2.0 ± 0.3 mm should be
expanded to 30 mm (<35 mm)  by a factor of 15. The expansion of
the beam is achieved by a pair of focusing mirrors: a small concave
spherical mirror and a large off-axis parabolic mirror as shown in
Fig. 2.

The off-axis parabolic mirror is a good way to produce a colli-
mated beam of the required width that also would be free from
significant aberrations or astigmatisms. A couple of ZnSe lenses
(focal length: 50 cm)  are used to prevent the CO2 beam from
expanding too early and to control the initial beam diameter when
it enters the two-mirror system.

During plasma discharges, each PCI element needs to be
shielded to prevent the effect of stray light and dust in the air, and
for safety reason. The flat mirrors used to steer the beam are made
of a copper substrate and then gold coated. The gold has a superior
reflection coefficient for the infrared light (99.5% at 10.6 �m)  and
the copper provides excellent heat conduction.

Fig. 1. Location of major PCI components on the HL-2A tokamak. The major radius
and minor radius of HL-2A are R = 1650 mm,  a = 400 mm;  the location of PCI vertical
window is 265 mm from chamber axis. The PCI chord in vacuum vessel covers a
plasma region of 0.625 < r/a < 0.7 in the equatorial plane.

Fig. 2. Layout of the optical components of the PCI beam expanded system.

It is to be noted that 10.6 �m laser beam is infrared. It is not con-
venient for optical adjustment and it’s harmful to the researchers.
Red light HeNe laser with a wavelength of 632.8 nm is used here
just as a debugging beam. Shutters are located between each laser
and lens to cut off the light beam when needed because CO2 laser
can only remain stable after working for minutes and it is not wised
enough to shut down the laser frequently. During the campaign, the
laser is turned on all the time to remain stable. Cooling system is
also used here to prevent the lasers from overheating.

3.3. Phase plate

The phase plate is among the most critical elements of PCI sys-
tem. Fig. 3 shows the design of phase plate, and the location of
phase plate in the exit beam path can be found in Fig. 4. The phase
plate is a thin cylinder with a diameter of  ̊ = 30 mm 1.325 �m
gold coating (yellow part in Fig. 3), which is just �0/8, is deposited
on the ZnSe substrate. �0/8 coating is because we need �/2 shift
(�0/8 + �0/8 = �0/4 ↔ �/2) in order to get maximal contrast between
scattered and unscattered beam. ZnSe is chosen here because of its
low absorptivity of infrared light at 10.6 �m.  A narrow strip with
a width of w is left uncoated to shape a phase plate groove. All of
the scattered beam is reflected on the gold surface. Overwhelming
majority of the unscattered beam is also reflected on the upper ZnSe
surface. A tiny fraction of the unscattered beam will pass through
the ZnSe substrate. Anti-reflective coating is also deposited on the
bottom of this substrate. A light intensity meter is aligned with the
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