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ABSTRACT

A polychromator has been designed and constructed for the
measurement of the electron temperature with high spatial
resolution by Thomson scattering in the stabilized z-pinch EXTRAP.
The design is centered on the use of low-loss silica single fibres
of 0.4 mm core diameter. The dispersive element is an aberration
corrected concave holographic grating, specially designed to image
the input fibre face onto the output fibre array with high
efficiency. Very good stray light rejection is achieved due to the
grating being the Single optical element in the polychromator.



1. Introduction

In order to evaluate the stability and confinement properties of
the octupole magnetic field stabilized z-pinch EXTRAP [1*2], the
plasma pressure profile must be measured. A well known method to
measure the electron density and the electron temperature in
plasmas is incoherent Thomson scattering of User light by the
plasaa electrons [3].In a relatively dense pinch of small diameter,
such as EXTRAP, the required spatial resolution places a strong
constraint on the optical system detecting the scattered radiation.
In this paper we describe a polychromator specially designed to be
used with laser scattering systems having a small scattering
volume.

The plasma parameters governing the design of the apparatus, are
the following:
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plasma density: 10 m

plasma temperature range: 5 - 50 eV

plasma radius: 5 mm

When the main noise source is light emitted by the plasma - as
expected for a dense pinch - the signal to noise ratio SNR can be
written as U ) .

SUR . C ( 1 flAAetV ) * / • (1)

Only the parameters essential to the polychromator design are
specified, the constant C absorbs everything else like the laser
power and the plasma parameters among other things. The length of
the scattering volume is 1, the solid angle of observation is 3 .
the viewing volume is V, the spectral interval per channel is AX
and the transmission efficiency of the optical system is e t. The



length of the scattering volume is determined by the spatial
resolution, for the pinch EXTRAP 0.5 mm is chosen. The width of the
scattering volume is the diameter of the focused laser beam, a
practical value is 0.5 mm. These data suggest the use of 0.4 mm
diameter single optical fibre as the entrance slit of the
spectrometer. Silica fibres have very low losses in the wavelength
range of the ruby laser employed and their use is very convenient,
allowing the placement of the polychromator and the photodetectors
far from the electrically noisy environment of the experiment. The
cross-section of the viewing volume now becomes cylindrical, being
the image of the polished face of the entrance fibre. Due to the
cylindrical cross-section, the signal to noise ratio becomes
independent of the diameter of the viewing volume. Thus, the design
of the polychromator must optimize the remaining parameters in the
SNR formulae,yielding a system with a large numerical aperture and
minimal transmission losses. The resulting apparatus is described
in the following chapters.

2. The Experimental Apparatus

The polychromator is shown in fig. 1. It consists of the

following subsystems:

( i) light, collection optics,

( ii) dispersion system,

(iii) exit fibre array,

The scattering volume is defined by the image of the optical
fibre face produced by a two lens condensor arrangement. The fibre
used has a core diameter of 0 4 mm. This small area has to be



imaged onto the beam focus with as little aberration as possible
for efficient light collection and in order not to collect
unnecessarily large amounts of stray and plasma light. The two
identical plano-convex lenses employed each have a focal length of
300 mm and a diameter of 105 mm. Ray tracing has shown that this
two lens arrangement has superior imaging properties compared to a
single lens. An aperture in front of the lenses limits the solid
angle to avoid overfilling the grating in the polychromator. Although
the fibre is multimode, experience has shown that the light leaking
into the angle outside the grating due to mode mixing in the fibre
is negligible. A polarizing filter is placed in front of the fibre
face to select the proper polarization from the scattered light,
thereby increasing the signal to noise ratio since the plasma light
is unpolarized. A wideband interference filter can be placed in
front of the fibre as well if the line radiation of the plasma
entering the polychromator proves to contribute to the noise. In
the same manner, a narrow band interference filter can be employed
to discriminate against the stray scattered laser light at the
unbroadened ruby wavelength.

A specially designed, aberration corrected concave holographic
grating is used for the wavelength dispersion of the scattered
radiation. With this grating several advantages are gained:

( i) Holographic gratings have a much lower stray light
level than conventional ruled gratings

( ii) The concave grating acts both as a dispersive and focusing
element. Additional collimating optics, giving rise to
stray light, are not needed,

(iii) Holographic concave gratings can be corrected for
astigmatism making it possible to focus nearly all the
diffracted light onto a small spot (fibre)-



The task of the grating is to collect light from the input fibre
and to form spectral images onto the array of output fibres. In
order not to lose light it is important that the image is of good
quality. One of the main disadvantages of classical ruled gratings
is that a point source is imaged as a line. By special design of a
holographic grating it is possible to minimize the astigmatism,
thereby increasing the throughput. Another important factor to
consider is the diffraction efficiency of the grating. Ruled gratings
are generally given an asymmetrical triangular groove profile (blazed
grating), which causes most of the light to be diffracted into
only one order. Holographic gratings, on the other hand, usually
have a symmetrical, sinusiodal profile. High efficiency can,
however, be achieved also with sinusoidal groove patterns by using
the grating in a configuration where only two diffracted orders are
propagating, the zero and the first order 15].

Aberration corrected holographic gratings have been manufactured
commercially since the beginning of the 197O:s. It seems that most
of these gratings have been used for replacing ruled, conventional
concave gratings in classical mountings, though some unconventional
grating instruments have been available. Notable are the so called
type III gratings manufactured by Jobin-Yvon, which have the
property of giving a perfect1, stigmatic image for two or three
wavelengths. This property would seem to make type III gratings
suitable for imaging onto optical fibres. For our purpose, however,
we have found the type III gratings insufficient for a number of
reasons:

( i) Although they are perfectly stigmatic for some wavelengths,
the astigmatism is often considerable for other
wavelengths, even in the close vicinity of the design
wavelength.

(ii) For practical reasons, the array of output fibres has to be
mounted so that the fibre faces art. perpendicular to the
diffracted rays. Therefore, the spectral focal curve should
also be perpendicular to the diffracted ray, and this is
not possible with type III gratings.



Therefore, we have used a different approach for the holographic
grating design [6].

When there is astigmatism in an optical system, one obtains,
instead of a single point focus, two line foci, which are usually
called the tangential and sagittal foci. The focal properties of a
concave grating can be visualized by drawing the tangential and
sagittal focal curves. They give the positions of the two foci for
varying wavelength. To obtain the best wavelength resolution, the
exit slit should be placed at the tangential focus. The distance
between the sagittal and tangential foci is a measure of the
astigmatism. In particular, if the two curves intersect at some
point, the astigmatism is zero at that point. We are interested in
a rather narrow wavelength region around the ruby laser line, but
it is important that the astigmatism is small in the whole
interval. We therefore look for configurations where the two focal
curves not only intersect at one point,,but are also parallel at
the same point. Specifically we require that both curves be
perpendicular to the diffracted ray. Furtharmore, since we use the
same type of fibres for both input and output, we require that the
configuration should have a magnification of unity. As shown in
ref. 6, the grating configuration should then satisfy

sin e e n » (1 + v T " 1 sin 6ey (2)

ren = rex

where (r , 8 ) and (r , 6 ) are the polar coordinates of the

entrance and exit fibres, respectively, and R is the radius of
curvature of the grating. Any grating configuration which satisfies
equations (2) and (3) fullfills our requirements of stigmatic
imaging with unit magnification. The actual choice for the
individual parameters depend on the system specifications. The



incidence and diffraction angles should not be too small, since in
that case there will be many diffracted orders giving rise to stray
light. The incidence angle should not be too large either, since
the projected grating area, as seen from the input fibre, will then
be small. The size of the instrument depends on the required dis-
persion and on the F-number. The above considerations led us to
the grating configuration as shown in fig. 2.

The grating has a radius of curvature of 289 mm and a diameter
of 100 mm. The input and output fibres are both located 297.1 mm
from the grating centre, and the incidence and diffraction angles
are 51.8° and 19.0° respectively. This gives an F-number of F/3 at
the input side and the linear dispersion in the focal plane is 20 A/mm.

The total transmission efficiency e of the polychromator depends on
three factors: the diffraction efficiency of the grating, loss of
light which falls outside the grating and aberration losses. The
diffracted efficiency varies over the grating surface, the mean
efficiency may be estimated to about 50 %. Of the light leaving
the entrance fibre, a factor of cos 51.8° ** 0.6 is collected by
the grating. The aberration losses should be very small if the
poiychromator is correctly adjusted, we estimate that 30 % of the
light which leaves the grating in first order diffraction is
collected by the exit fibre. From these estimates we expect the
total transmission efficiency of the polychromator to about 25 %.

It is important to choose the recording parameters of the holographic
grating in such a way that the grating will have the desired focal
properties. There are five parameters to choose; the exposure
wavelength, and the coordinates of the two point sources. Several
different exposure configurations are possible, which yield
gratings with the desired focal plane position and zero astigmatism,
but the individual configurations differ in the amount of higher
order aberrations. One of the most severe aberrations is the
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first type coma. The recording parameters have therefore been
chosen in such a way that the first type coma is minimized. The
chosen design has been extensively tested by ray tracing methods,
to ensure that the image quality is acceptable over the whole
wavelength interval of interest.

The grating collects light from the input fibre and forms
spectral images onto the output fibre array. This array is built
from fibres identical to the one used for input. Ten fibres spaced
cTosed together in a row form the array and cover a spectral
interval of 8 nm. This interval is displaced towards the short
wavelength side of the scattering spectrum and gives good resolution
when measuring low plasma temperatures. For higher electron
temperatures more fibres are needed, but the number of channels is
not increased. Instead, two or three adjacent fibres are coupled to
the same photomultiplier tube, thereby increasing the spectral
width per channel. This approach will maintain a high SNR, by
keeping the numbar of photoelectrons per channel approximately
constant. Once the system is tested and operates reliably, , the
number of channels can be reduced drastically to three or four,
increasing the spectral width per channel unequally, wider near the
tail, narrower near the peak of the distribution, so the signal to
noise ratio (SNR) is kept approximately the same for each channel.
This is possible only after the observation of plasma light noise
in each spectral interval.

The one or more fibres forming a single channel of spectral
interval are coupled to a photomultiplier tube. They are placed
close together and pushed against the window of the tube in a light
tight arrangement. The exact position of the fibres on the window
is determined for each tube by finding the most sensitive area on
the photocathode. A factor of four variation in sensitivity across
the cathode area is not uncommon.



If the full spectra] resolution is not needed because the
temperature is consistently high, all the fibres can be replaced by
ones with 1 mm diameter, ther2by increasing the system etendue
fourfold. The spatial resolution will of course be 1 mm as well.

3. Alignment and Calibration

Careful alignment of the polychromator is necessary to achieve
the highest transmission efficiency. Three fibre mounts are
employed; the entrance fibre holder, the exit fibre array
holder and a holder for the fibre used to locate the grating
axis and centre of curvature. With the axis locator fibre in
place, the proper grating axis orientation is established by
turning three set screws on the grating mount, until the
light from the fibre is focused back onto the same fibre face,
Using an intense white light source imaged onto the entrance fibre,
the plane of diffraction is aligned by turning the grating around
its axis until the spectrum is focused onto the exit fibre array at
the same height as the entrance and axis locator fibres.

Further fine adjustment is done with Ii9nt fro*" the ruby
laser. Only a fraction of the laser pulse energy is needed,
therefore a diffuser is placed in the laser beam and the diffused light
is imaged onto the input fibre. By replacing the exit fibre
holder with a Polaroid film, the shape ana size of the focal spot
can be studied, for different positions of the entrance fibre.
The adjustments are continued until minimum spot size is obtained.

Finally the exit fibre holder is put in place. The fibre array must
be positioned accurately at the best focus, and must be oriented
along the direction of dispersion. The holder is therefore
adjustable in three directions and can be rotated along the fibre
axis. Tffe adjustments of the exit fibre were done using the ruby
laser and a diffuser. Two vacuum photodiodes were used; one for



detecting the pulse from the polychromator and one for monitoring
the output of the laser, which varies slightly from pulse to
pulse. The exit fibre position yielding the highest throughput
was established after a series of laser shots. The transmission
efficiency of the polychromato"* was measured by replacing the
polychrcmator with one single fibre, and comparing this direct
signal to the signal obtained through the polychromator. The
transmission efficiency was measured at 10 % which is smaller
than the 25 % expected from the theoretical considerations
above. This discrepancy probably results from a lower diffraction
efficieny than expected, since the good point imaging properties
of the grating has been verified by photographing the focal spot.

Before the polychromator is installed into the Thomson scattering
system, the different output channels have to be calibrated. This
is best done using a thermal source, e.g. a tungsten filament lamp,
which can be considered to have constant spectral emittance over
the interesting wavelength interval.

In this paper, only the polychromacor and light collection system
has been treated. The complete Thomson scattering system will
be presented in a following paper.
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Figure Captions

Figure 1. The polychromator system. (1) Laser beam, (2) aperture,

(3) collector lens, (4) polarizing filter, (5) entrance

fibre, (6) concave holographic grating, (7) exit fibre

array, (8) PM tube, (9) baffle

Figure 2. The grating configuration. The grating has very good

point imaging properties, which is indicated by the

small distance between the tangential and the sagittal

focal curves.
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