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Abstract

A megahertz LIF-based diagnostic system for measuring ion density fluctuations in two spatial

dimensions is described. Well resolved spatial and temporal 2D images of turbulent structures

will be useful in understanding ion turbulence in magnetically confined plasmas which is a key

factor in the performance of fusion experimental devices. A sheet beam of a megahertz repetition

rate tunable Alexandrite laser is used to excite ion emission from argon plasma. The fluorescence

emitted from the plane of the laser beam is detected with a narrow band interference filter and

intensified ultra-fast CCD camera providing 2D images of relative ion density fluctuations every

microsecond. It is expected that the edge plasma on fusion devices will be accessible to this

technique.

PACS numbers:
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I. INTRODUCTION

Plasma turbulence is an important phenomenon in magnetically confined plasmas. Recent

studies have shown that it has a strong impact on the performance of fusion devices - for

instance, plasma edge turbulence determines the boundary values of the plasma density

and temperature, which in turn affect the internal gradients and control global plasma

transport [1]. Traditionally, edge turbulence in plasmas has been studied by probes or

probe arrays, using two-point correlation technique, which have a drawback of perturbing

the plasma. In recent years there have been few attempts to provide non-invasive two-

dimensional (2D) vizualization: for example, gas puff imaging diagnostic (GPI) was used

to study edge turbulence in the National Spherical Torus Experiment (NSTX) and Alcator

C-Mod [2, 3] and beam emission spectroscopy (BES) was employed on DIII-D [4], but those

diagnostics often lack spatial resolution.

This paper describes a new megahertz planar laser-induced fluorescence (PLIF) imaging

diagnostic. Nowadays, PLIF is a popular tool in the field of fluid mechanics and combustion

research. This technique utilizes a laser sheet beam to excite a resonant atomic or molecular

transition and subsequently image the fluorescence, usually at different wavelength, onto

a high resolution 2D detector to visualize density or flow structure (Fig. 1). In plasma

physics, LIF has been widely used for local measurements of ion distribution function, ion

temperarure, flows, density, etc. [5] but only limited number of experiments were peformed

using planar LIF [6, 7]. A feasibility study carried out in [8] showed that the PLIF diagnostic

is a promising techique for turbulent structure vizualization in plasmas of the magnetic

reconnection experiment (MRX) [9] and NSTX.

Existing PLIF diagnostic systems are typically based on lasers with low repetition rate

(< 100 Hz) which is too slow to catch fast transient phenomena. Recent innovations in

the design of high power solid state laser sources has resulted in the development of high

repetition, high power solid state lasers such as Ruby or Nd:YAG. These lasers can generate

a burst of about 100 pulses which are few microseconds apart. The described burst laser

systems lack tunability and their output is limited to the first and second harmonics of

Nd:YAG (1.064/0.532 µm respectively) [10] and fundamental of Ruby (0.694 µm) [11] which

prevents them from being used for resonant excitation. One way to achieve tunability is to

couple them with the optical parametric oscillator (OPO) [12] while another approach is to
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obtain a burst from inherently tunable solid state crystals such as Alexandrite. Alexandrite

has an important advantage of being easily tunable in the range ∼ 700−800 nm and can be

efficiently frequency doubled to provide laser radiation from ∼ 350− 400 nm. This provides

the flexibility to tune the laser to the resonant wavelength of the ion or atom and obtain

resonant absorption of the laser radiation.

The present work is an attempt to extend the performance of a single-pulse PLIF di-

agnostic system which has been shown to be an effective tool for 2D visualization of the

instabilities in a helicon plasma [7]. We applied techniques that have been developed for

Ruby and Nd:YAG to build a burst megahertz repetition rate Alexandrite laser. This com-

bined with the ultra-fast gated multi-frame 2D CCD detector can provide a real-time imaging

system with microsecond resolution.

II. BURST TUNABLE ALEXANDRITE LASER DESIGN

The basic design of the laser is shown on Fig. 2. The overall approach of the system is

to first create a single pulse having the required spectral and temporal characteristics at the

fundumental harmonic (∼ 756 nm) by a Q-switched oscillator. The pulse from the oscillator

is then injected into a regenerative amplifier (Regen) that replicates this laser pulse to the

desired number and temporal separation [13]. The output of this regenerative amplifier is

then amplified further through three stages of laser amplification, before being up-converted

to the required wavelength. A commercial tunable Q-switched Alexandrite laser from Light

Age Inc. (oscillator) produces lineary polarized pulses at 10 Hz with duration ∼ 80 ns and

energy up to 200 mJ in the range 730-780 nm. The laser incorporates a nine stage tunable

birefringent filter and etalon to reduce the spectral linewidth to 0.2 Å which matches the

Doppler broadened absorption line of a low temperature noble gas. The pulse from the

oscillator is mode-matched into the Regen ring. The Regen is a 36 m (120 ns optical delay)

optical resonator which consists of a thin-film polarizer (TFP) used for input/output, a 27-

pass Herriott cell providing optical delay, a flash lamp pumped Alexandrite head, a Pockels

cell and mode matching optics. After the beam is injected its polarization is switched so

that a portion of the beam is ejected by the TFP after the first pass while the reminder

of the beam continues to circulate and is amplified (’regenerated’) until the Pockels cell

is activated next time, extracting a new portion of the beam. The train of pulses is then
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amplified to higher energy by passing through 3 amplifiers, one of which works for a double

pass, and up-converted in frequency by a BBO crystal.

III. INITIAL RESULTS AND DISCUSSION

Typical time traces of the burst laser pulses are shown in Fig. 3. In the present config-

uration the number of pulses achieved is limited to the duration of the Regen free-running

mode gain which was measured to be 10-15 µs. That allows to get about 10 pulses 0.96 µs

apart (120 ns * 8 circulations) with the energy ∼ 2 mJ/pulse or 4-5 pulses 1.92 µs apart (120

ns *16) with the energy 3-4 mJ/pulse. After amplification that corresponds to less than 40

mJ/pulse. The main limitation to the Regen energy output is optics damage, when energy

density of the laser pulse exceeds optics damage threshold. To prevent that, we had to limit

the energy of the seeded pulse injected into the Regen to 15 mJ by putting a diaphragm

into the oscillator cavity and also run the Regen amplifier at moderate gain. Conversion

efficiency to the second harmonic strongly depends on the power density and for a 40 mJ

pulse conversion efficiency was < 4 mJ, just under 10% , which is below the energy required

to saturate the transition in the plasma (10 mJ as shown in [7]). Saturated operation is

important because in this case the resulting LIF signal has a weak dependence on the local

laser power density. If the Pockels cell is turned off, than the seeded pulse leaves the ring

after the first pass without losing too much energy. For a 7 mJ output pulse from the Regen

we can get 90 mJ at the fundamental and over 20 mJ in the second harmonic at 378 nm

which means over 20% conversion efficiency. It should be possible to achieve higher energy

per pulse in the burst by improving the design of the Regen to make sure that the beam does

not get focused on the mirrors. Also the burst could be further amplified by converting the

single-pass amplifiers into double-pass, or improving the efficiency of the pumping heads.

A factor of 2 improvement in the energy per pulse at fundamental should be enough to

saturate the transition.

Initial LIF tests were performed with the single 20 mJ pulse in the argon plasma produced

by a steady state helicon source operated at 27 MHz [14]. The plasma column is about 2 cm

in diameter with peak density 1013 cm−3, electron temperature ∼ 5 eV, magnetic field 2.5

kG. The laser beam is transported to the plasma by a 1.5 mm fused silica fiber with ∼ 75%

efficiency and collimated to a 2 cm diameter beam by a 7.5 cm lens. The LIF scheme for
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ArII with excitation at 378.6 nm was chosen. The resultant fluorescence signal was detected

at 488 nm by the PSI-IV CCD camera system from Princeton Scientific Instruments [2, 3]

equipped with a 58 mm f/1.2 Nikon lens and a narrow band interference filter. The camera

has a frame storage capability on chip that can transfer a frame in one clock cycle and store

28 frames on the CCD chip before being read out. The shortest exposure time per frame is

1 µs. Image array size is 160 × 80 pixels with individual pixel size 115 µm.

PLIF (top) and background (bottom) emission images of plasma from adjacent CCD

frames with spatial resolution of ∼ 0.8 mm are shown on Fig. 4. At 1 µs exposure time

LIF signal amplitude is roughly equal to the background. Since the laser pulse duration is

less than 100 ns we plan to provide gating for an individual frame using an image intensifier

from Hamamatsu which would improve signal to background ratio to 10:1.

Use of the gated multi-frame camera will also extend the applicability of PLIF diagnostic

to high density pulsed plasma experiments (n ≈ 1014 cm−3) such as MRX. Initial experiments

performed on MRX with a single frame camera [15] showed that the LIF signal is on the order

of shot-to-shot variation of the background signal, in which case background subtraction

does not work. At these densities, the laser excitation has to compete with excitation

due to inelastic collsions, and the LIF signal is swamped by the collisional fluorescence

background. Taking two images closely in time (< 1 µs apart), where the first image

contains the superposition of LIF and background emission and the second image contains

only background emission, and assuming that fluctuations of interest proceed on a time

scale slower than the interframe separation time, one can recover the LIF signal by doing

background subtraction.

In summary, the megahertz planar laser induced-fluorescence diagnostic for plasma tur-

bulence vizualization is under development. Future work will include improving the perfor-

mance of the burst laser to increase the energy per pulse in the burst. An image intensifier

will be added to the CCD camera to provide gating for an individual frame. After the

proposed upgrades, this technique combined with an argon diagnostic puff could be used for

real time vizualization of the edge turbulence in fusion plasmas.
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FIG. 1: Basic experimental setup for PLIF.
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FIG. 2: Alexandrite laser system layout.
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FIG. 3: Laser burst with 1 µs (top) and 2 µs (bottom) between pulses.
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FIG. 4: Radial view of PLIF (top) and background (bottom) plasma emission. Resolution is 0.8

mm per pixel.
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