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ABSTRACT 

We are constructing a diagnostic system to measure the electric 
field (>100 kV/cm) of a free-electron laser (FEL) beam when injected 
into the plasma of the Microwave Tokamak Experiment (MTX). The 
apparatus allows a crossed-beam measurement, with 2-cnt spatial 
resolution in the plasma, involving the FEL beam (with 140-GHz, =»1-GW 
ECU pulses), a neutral-helium beam, and a dye-laser beam. After the 
laser beam pumps raetastable helium atoms to higher excited states, 
their decay light is detected by an efficient optical system. Because 
of the Stark effect arising from the FEL electric field (E), a 
forbidden transition can be strongly induced. The intensity of 
emitted light resulting frora the forbidden transition is proportional 

2 to E . Because photon counting rates are estimated to be low, extra 

effort is made to minimize background and noise levels. It is 

possible that the lower E of an MTX gyrotron-produced ECH beam with 

its longer-duration pulses can also be measured using this method. 

Other applications of the apparatus described here may include 

measurements of ion temperature (using charge-exchange recombination), 

edge-density fluctuations, and core impurity concentrations. 
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INTROIXJCTION 

In the Microwave Tokamak Experiment (MTX) at the Lawrence 
Ltvermore National Laboratory (LLNL), ultra-high-power microwaves 
will be injected into the toroidal plasma region for plasma heating 
and current drive. Preparations are under way to inject 1 to 2 GW of 
power with a free-electron laser (FEL) beam. One of the key goals for 
MTX is to understand the propagation and absorption mechanisms of the 
microwaves in a tokamak plasma. This understanding is essential in 
guiding the use of microwaves wich ultra-high peak power for plasma 
heating, noninductive current drive, and other plasma processes. 

We are preparing a spectroscopic method for measuring the 
spatially varying FEL microwave electric field in the MTX plasma. 
This approach combines laser-induced-fluorescence spectroscopy with a 
neutral-particle beam (Laser-Aided Particle Probe Spectroscopy, or 
LAPPS). This crossed-beam measurement requires the spatial and 
temporal intersection of the FEL electron-heating beam, the 
neutral-helium beam, and the laser beam. This is not an easy task in 
the crowded region where the FEL beam enters the MTX plasma. In 
addition, this intersection must be viewed by efficient optics. 
Figure 1 shows the interaction region for the LAPPS diagnostic and the 
principal components of the system. 

Using the Stark effect, experimenters have previously made 
similar spectroscopic measurements of electron-cyclotron-frequency 
electric fields in plasmas by combining a neutral-beam probe and 

2 3 laser-induced fluorescence. * The same technique has been modified 

to also measure such relatively low-frequency fields as the 
ion-cyclotron frequency in a plasma device. However, MTX has much 
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higher densities and temperatures than were available In the earlier 
experiments, making the the measurement different in detail and more 
difficult in general. 

I. SPECTROSCOPIC MEASUREMENT SCHEMES 

Because of neutral-beam attenuation, one of the most difficult 
problems is to provide a sufficient density of radiating atoms at the 
center of the burned-out and highly collisional plasma without 
significantly perturbing the plasma. Neutral helium is an attractive 
candidate because of its low ionization cross section. We plan to use 
metastable atoms in a neutral-helium beam because then dye-laser 
energies ^re available to pump these atoms to higher excited energy 
states. Metastable helium atoms in the triplet state can be produced 
in a xenon-gas helium-neutralizing chamber, while those in the singlet 
state can be produced by collisional excitation in the MTX plasma 
itself. 

It is well recognized that the forbidden lines or plasma 
satellite lines due to the Stark effect can be used to directly 
measure the electric field In plasmas. ' We apply this effect in 
the LAPPS diagnostic system. The microwave electric field in a FEL 

beam injected into the MTX plasma is expected to be as large as 
9 several hundred kV/cm. Calculations show that, because of the 

energy-level mixing due to the Stark effect, forbidden transitions can 
be strongly induced in such a high electric field. ' By measuring 

the intensity of emitted light resulting from a forbidden transition, 

we will be able to estimate the microwave electric field. 

Several possible spectroscopic-transitlon schemes that we may be 
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able to use in MTX are listed in Table I and depicted in Fig. 2. Each 

has its advantages and disadvantages. We are designing the equipment 

to allow as wide a range of choice as is feasible. These schemes are 

referred to as "allowed-excitation" or "forbidden-excitation" schemes, 

depending on whether the laser-induced transition is an allowed or 

forbidden transition. 

For schemes (1) through (4), we include in Table I calculated 

values of R (the ratio of light intensity resulting from the forbidden 

and allowed transitions shown in Fig. 2) for an electric-field 

strength of 100 kV/cm. This ratio is proportional to the square of 

the electric field, and thus by experimentally determining R we can 

measure the electric field. (Reference 12 includes calculations of R 

for several line pairs of Hel and Lil.) On the other hand, schemes 

(5) and (6) involve measuring only one line, and a calibration 

measurement is necessary. But, here also the emitted-light intensity 

varies approximately as the square of the electric field. 

Other effects that must be taken into account in the LAPPS 

measurements include the motional Stark effect, the Zeeman effect, and 

Doppler shifts arising from the velocity of the helium-beam atoms. 

Doppler shifts will be particularly important when choosing the 

collecting-optics interference filters and the exact laser 

wavelengths. 

In determining whether the planned measurements with LAPPS are 

feasible, we have calculated population densities in the plasma of 

various helium-atom levels, using a collisional-radiative model. 

To do this, we use a set of coupled rate equations to calculate the 

temporal and spatial evolution of the population density of the 

different relevant energy levels in a fast neutral-helium beam being 
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locally irradiated with a pulsed laser beam while passing through a 
plasma. From these results, we have estimated the photon-counting 
riites for the MTX experimental arrangement for the spectral lines of 
interest. The counting rates thus obtained, even though some are 
email, appear measurable based on the parameter values expected for 
the plasma and for the FEL, neutral-helium, and the dye-laser beams. 

II. EXPERIMENTAL PARAMETERS AND APPARATUS 

Table II summarizes typical parameter values we expect for the 
plasma, the FEL beam, and the neutral-helium beam. In addition, we 
plan to use a tunable excimer-excited dye laser with a pulse width of 
25 ns (possibly stretchable to 50 ns), rated output energy of 40 mJ, 
and peak power of >1 MW. If longer laser pulses are found to be 
needed, we may also use a flashlamp-excited dye laser. 

The planned light-collecting system consists of two sets of 
mirrors, lenses, beam splitters, and wavelength filters (see Fig. 1). 
We use two sets of almost identical optical elements to double our 
signal levels. First, the light emitted from the interaction region 
of the plasma and the FEL, laser, and neutral-helium beams reflects 
off mirrors that are placed in the two narrow side access slots above 
the plasma. The light through each slot then passes through a vacuum 
window, where a lens collects and collimates it. The collimated light 
from each slot is separated into two beams of different narrow 
wavelength bands, parallel to one another with one beam displaced out 
of the plane of Fig. 1, by a dichroic mirror, a second (turning) 
mirror, wavelength filters, and a lens to focus onto two photo-
multiplier detectors. [Spectroscopic schemes (1) through (4) require 
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the detection of two distinct wavelengths.] We align the sets of two 

beams from the two slots so that the beams of the same wavelength band 

intersect at the detector plane; thus, only one detector for each of 

the two wavelength bands to be measured is required. 

Because of the limited access to the MTX plasma region, our field 

of view is restricted. Counting rates of photons that we wish to 

detect are expected to be low for schemes (1) through (4), so extra 

effort is needed to minimize background and noise levels. We have 

more flexibility with the schemes (5) and (6) because of their higher 

counting rates. For our present calculations, we have assumed a 

transmissivity cf 0.3 for the optical system and a photomultiplier-

tube quantum efficiency of 0.1. 

The planned optical and helium-beam equipment will allow a 

spatial scan of ±3 cm, with 2-cm spatial resolution, along the 

direction of the incoming FEL beam (see Fig. 1). It is expected that 

this range, although limited by the accessibility to the tokamak, will 

permit us to measure the rate of absorption in the MTX plasma of the 

FEL microwave energy. 

We will acquire up to four channels of data: two wavelength 

bands, a signal representative of the input laser light, and a signal 

derived from the FEL beam. For satisfactory time resolution, we 

expect to acquire data at a 1-GHz rate. The data will then be 

computer acquired and analyzed. 

III. CONCLUDING P.EMARKS 

Besides measuring the FEL electric field, we may be able to use 

this diagnostic method to measure the lower electric-field strength of 
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a gyrotron-produced electron-heating beam injected into the MTX 
plasma. Although the gyrotron pulses are of lower power, their longer 
duration allows the lower-level emitted light signals to be acquired 
over a longer time (we plan on data storage of up to 50-us duration 
acquired at the 1-GHz rate). 

Other diagnostic applications for the equipment we are developing 
may include measurements of ion temperature using charge-exchange 
recombination (CXR), fully stripped impurity densities (again using 
CXR), edge-impurity states (using laser fluorescence), density 
fluctuations (using the neutral-helium beam), and possibly the radial 
profile of the magnetic field (from Zeeman splitting). 

Work is progressing on the design and construction of the various 
components of this microwave-electric-field diagnostic system. In 
parallel, continuing physics calculations improve our understanding of 
the parameters involved and help identify the most promising 
spectroscopic scheme with which to begin our measurements. 
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TABLE I. Possible allowed-excitation scheaes (1 through 4) and 
forbidden-excitation schemes (5 and 6) for measuring electric fields 
with LAPPS. The relevant Hel energy levels are shown. 

Scheme Allowed Forbidden R a Laser induced 
line line (at E - transition and 

100 kV/oa) wavelength 

Singlet (1) 

(2) 

Triplet (3) 

3..nglet (5) 

Triplet (6) 

s'p—2XS 
501.6 run 

4 l p _ 2 l s 

396.5 nm 
4 3P—2 3S 
318.8 nm 
53P-»23S 

294.5 nm 
3 ' D — 2*P 
667.8 nm 
3 3D—2 3P 
587.6 nm 

3lp—2'P 
663.2 nm 
4 1P—2 XF 
491.1 nm 

4 3P—2 3P 
451.9 nm 
1 3 5 JP—2 JP 

404.5 nm 

0.17 

2.0 

0.3 

1.5 

2 1S—3 1P 
501.6 nm 

2 1S—4*P 

396.5 nm 
2 3P—4 3D 

447.1 nm 
2 3P—5 3D 

402.6 nm 
2l s—3 XD 

504.2 nm 
23 s— 33D 

3S1.0 nm 

aRatio of light intensities '.forbidden line/allowed line) . 
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TABLE II. Typical parameter values expected for the HTX plasma, the 
FEL bean, and the neutral-helium bean. 

Parameter Value 

Plasma 
-3 Electron density (cm ) 14 1 X 10 

Electron temperature (keV) !-< 

Minor radius (cm) 15 

Major radius (cm) 64 

Plasma current (kA) 300 
Toroidal magnetic field (T) 5.0 

FEL 
Peak power (GU) 1 to 2 
Frequency (GHz) 140 
Pulse length (ns) 50 

Neutral-helium beam 
Energy (keV) 50 
Neutral current (A) 0.2 to 0.4 
Cross section at plasma center (cm2) 2 X 2 
Pulse length (ns) - 1 to 5 
Atomic-helium population density (cm"3) 

Energy level 1 S 2 to 3 X 10 9 

Energy level 23S 5 X 10° 



PhotomuWpner 
tubes 

Light collecting 
and detecting 

system 

Interaction volume 
(2 cm x 2 cm x <5 cm) 

Neutral-beam 
scan (1:3 cm) 

FIG 1. Schematic drawing of the main components and the interaction 
region for the LAPPS diagnostic, depicting the plasma chamber; the 
FEL, dye-laser, and neutral-helium beams and their common interaction 
volume; and the emitted light signals. The system to collect and 
detect the light is also shown. See text for a description of the 
optical elements, including those between each of the two pairs of 
lenses. 



FIG. 2. Energy-level diagrams for six schemes that might be used on 
MTX for measuring electric fields (see Table I). Shown are the 
laser-excitation transitions and the transitions that give the emitted 
light to be detected. Symbols A and F designate the allowed and 
forbidden transitions. The diagrams for schemes (5) and (6) show an 
energy gap labeled with (Op, the FEL frequency, to emphasize that a 
two-photon transition occurs. lit schemes (1) through (4), the F 
spectral line is split by ±Wg. In schemes (3) and (4), the curved 
arrows between the upper levels indicate transitions arising from 
collisional processes. 


