MAX-PLANCK-INSTITUT FUR PLASMAPHYSIK

GARCHING BEI MUNCHEN

A Single-Exposure Imaging Device for
Infrared and Submillimeter

Wavelength Laser Radiation

F. Keilmann

IPP IV/18 May 1971

Die nachstehende Arbeit wurde im Rabmen des Vertrages zwischen dem
Max-Planck-Institut fiir Plasmaphysik und der Europiischen Atomgemeinschafl iiber die
Zusammenarbeit anf dem Gebiete der Plasmaphysik durchgefiihrt.




Ipp 1IV/18 F. Keilmann A Single-Exposure Imaging
Device for Infrared and
Submillimeter Wavelength

Laser Radiation

May 1971 (in English)

Abstract

A detector for two-dimensional observations of infrared and sub-
millimeter wavelength radiation is described. It allowed mode
structures and interference patterns to be imaged for the first
time with the 337 /u radiation of an HCN-laser.

The image conversion effect is based firstly on radiation ab-
sorption by a metal film and secondly on temperature display
presented by the colour shift in a liquid crystal layer.
Irrespective of the wavelength of the infrared radiation, full
contrast is achieved at the input energy density of o.oo4 J/cmz.
Single pictures can therefore be taken in short exposure times,
viz. 10-9 sec at a wavelength of lo.6 /u (Coz—laser) or 10_5 sec
at 337 /u (HCN-laser). A spatial resolution of loo line“gairs
per mm can be achieved if the exposure time is below lo sec,

which calls for a power density of at least 4o W/cmz.
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Introduction

For infrared light with wavelengths longer than about 2 Ve there
are no photographic films that allow imaging based on photochemical
reactions. However, the long wavelength radiation from the in-
frared up to the submillimeter region is of particular interest

in plasma diagnostics. Infrared radiation can act as a selective
probe for measuring the electron density distribution since the
refractive index at these wavelengths is mainly governed by the
plasma electrons. The following is an outcome of detailed

estimates /1/: There is a linear relation between the phase
velocity and the electron density ng, in the ranges 1012j5 n,

= 1015 cm“3 for HCN-laser radiation (wavelength 0.337 mm) and
1ot = 0, lo18 em™ for CO,-laser radiation (wavelength
lo.6 /u).

Besides this application in plasma physics, infrared photography
is wanted for astronomy, geography, medicine, and material testing.
Attempts are being made in these fields to record infrared ra-
diation in order to pinpoint radiation sources or to determine
two-dimensional distributions of temperature and emissivity. For
this purpose infrared cameras have been built in which a quantum
detector scans the image field point by point and displays it on
a TV screen. This is done by rotating mirrors and prisms. In
particular, the development of efficient and sophisticated image
converters has been stimulated by military demand for air re-
connaissance /2/.

In plasma diagnostics the time resolution required of an image
detector is often much higher than can be achieved with rotating
deflection systems since the state of the plasma may vary at
time scales of Il.o-'6 or 10_9 sec. In fact, gquantum detectors

with rise times of around lo"9 sec are available; many of these
could be arranged in a mosaic for image conversion.As far as

the author is aware, however, such an elaborate system has not

yvet been built.

With the advent of high power lasers in the infrared and sub-

millimeter regions a different class of image converters has




become practicable, in which infrared radiation induces optically
visible phenomena, particularly as a result of temperature de-~
pendent effects.

1. Thermal Image Converters

In thermal image converters the infrared radiation energy is
converted to heat, so that a temperature pattern corresponding
to the investigated infrared image appears in the absorbing
layer. This is then made visible by a temperature dependent
optical effect in the absorbing layer itself or in a second
layer specially applied for the purpose.

A thermal image converter can therefore be of very simple design,
unlike the scanning system above, but it is inferior to quantum
detectors as regards rise time and, in particular, decay time.
Fortunately, however, neither time constant is relevant in plasma
diagnostics. What is important is that single pictures can be
taken with sufficiently short exposure time.

For displaying the temperature image irreversible optical effects
may be used. It is possible, for example, to induce or accelerate
chemical reactions /3 - 6/. Heating may cause the substrate to

melt /7/ or evaporate /8, 9/; it is surprising that despite its

very good energy resolution of lo-S J/'cm2 the evaporograph according
to CZERNY has not been used hitherto to record infrared laser

radiation.

Reversible effects have the advantage that the image converter
returns by itself to the initial state after an exposure. For
example, thermal expansion can be recorded by optical holography
/lo/. Heat-quenched phosphors /11, 12/ and cholesteric liquid
crystals /13 - 17/ are, however, much more sensitive temperature
indicators. In fact, a o.o04 /u thick film of such a phosphor is
sufficient for observation, whereby a temperature difference of
0.05 °C can be resolved. In spite of that, phosphors are less
suitable for observing pulsed laser radiation. This is because
the low luminous density of the fluorescence excited by ultra-



violet radiation would necessitate a much too long exposure time
for read-out, about 0.1 sec even with fast photographic films.

On the other hand, cholesteric liquid crystals do not have this
disadvantage. The light intensity usable for read-out in this
case is proportional to the white light intensity used for
illumination, and so with flash-lamps read-out times of 1 msec
and less are readily achieved. The image conversion effect here
results from the back-scattered light having only one spectral
component owing to Bragg interference; the wavelength of this
component, i.e. the colour, shifts with the lattice structure
of the liquid crystal on change of temperature. To achieve a
sufficient scattering effect, an approximately lo /u thick
liquid crystal layer (about 50 lattice planes) is required. If
a substance whose working range covers 1.5 © ¢ between red and
blue is chosen, it is possible to resolve a temperature difference

of about 0.2 ° c.

2. A Thin Film Absorber for Infrared and Submillimeter Radiation

To obtain the highest possible sensitivity in a thermal image
converter, a large percentage of the radiation has to be absorbed.
On the other hand, this must be done by a thin film since the
temperature rise is inversely proportional to the heat capacity.
This material problem mostly depends on the wavelength used. For
example, with a 150 /> thick two-layer element of liquid crystal
and Mylar /16/ the absorption at A = lo.6 /u is 8o %, while at

A = 337 /u no absorption can be observed. This is also true of
various other plastics that would be suitable as substrate foil
for the liquid crystal film.

An ideal way to absorb radiation is to use an extremely thin

metal layer /18, 19/. It can be made in such a way that in the
spectral range of interest (A =1 /u up to radio wavelengths)

it absorbs 50 %, irrespective of the wavelength; i.e., it be-
haves exactly like a half-black body. The necessary film thick-
ness is less than o.l /u. This means that it does not add signifi-
cantly to the heat capacity of the displaying liquid crystal layer
and of the approximately 2 - 5 S thick base foil.




The absorption behaviour of a thin metal film can be followed

from the complex refractive index /18/:
Fal
n = (1+1i) - VG /2meo

where € is the electrical conductivity, w the frequency, and €5
the vacuum dielectric constant. ( varies at visible light fre-
quencies but is constant over the spectral region investigated.
For the dependence of the absorption on the film thicknes
Fresnel’s equations yield a maximum between the extremes of
complete transmission at d = 0 and complete reflection at d —=> ©0.
The relevant film thickness for highly conducting metals is
always very small compared to 1 /u and so for the spectral re-
gion investigated it holds that 2> d. Fresnel’s equations thus
become very simple. For vertical incidence with f = G“o(‘bﬂﬂg/eo
one gets

2
_f

R = T578)2
2

N

T = 1278)2

= _4f

oy = (2+f)2

where R, T, and A denote the reflected, transmitted, and absorbed

components respectively of the radiation power.

An absorption maximum A = 0.5 is obtained for f = 2, and hence
1/%34 = 189 (. The term 1ﬂ$d_may be regarded as the resistance
of a flat slab with square base area a2 and height d; since it
is independent of a, it may also be called surface resistance.

For the optimal surface resistance of 189 Q0 the following film
thicknesses are calculated: 0.8 ! for silver, 5.4 8! for iron,
and 9.2 R for chromium, i.e. only few atomic layers. In actual
fact the films have to be much thicker because the conductivity

under these conditions is appreciably reduced by lattice defects.



Experimentally, an absorbing metal film was produced by vacuum
depositing chromium on a 3 /u thick Hostaphan foil (Fig.l).

First the foil is stretched on a plastic holder 14 cm in dia-
meter. Two parallel strip electrodes are then mounted 7 cm apart.
The square area intervening is then coated until the resistance
drops to about 200 Q. It is not essential to get the value 189 @
exactly because the above equations show that the absorption
exceeds 40 % for resistances between 70 and 400 Q. By opening
the vacuum vessel no change in surface resistance is observed.
The coated surface appears dully reflecting (Fig.l).

An absorbing film with a surface resistance of 280 Q was used
to make absorption measurements by determining the transmission
for vertical incidence and the reflection for nearly vertical
incidence, the total error being L 15 %. The radiation sources
used were a HeNe-laser (wavelength o0.63 /u), a Nd-laser

(1.06 /u), a Coz—laser (lo.6 /u), an HCN-laser (337 /u), and

an X-band klystron (3 cm). For this frequency range covering

15 octaves the absorption values were constant, between 35 and
55 % in agreement with theory.

The resistance does not change when the film is treated with
solvents such as alcohol or petroleum ether. Crumpling the film,
however, strongly increases the d.c. resistance since the metal
cracks, but this does not affect the radiation absorption.

It is doubtful whether the thin metal foil would withstand the
strain if used for observing very short, high power radiation
pulses. Assuming the breakdown strength of the material to be
5
lo

tolerated. To make a further estimate, we anticipate the sen-

V/cem, radiation power densities up to 24 MW/cm2 could be

sitivity as discussed in the next section: An absorbed radiation
energy density of o.00l5 J/cm2 is required to achieve the full
temperature contrast of o.5 °C, which corresponds to an input of
approximately o.o004 J/bmz. From this now we find the shortest
possible exposure time to be 0.17 nsec. This allows a single

1 nsec mode-lock pulse from a transversely excited high pressure
COz-laser to be used for imaging.




in addition, it has to be checked whether the metal foil can
withstand the thermal stress. A maximum temperature rise occurs
when the length of the radiation pulse is short relative to the
characteristic time constant of the thermal conduction. With an
absorbed energy of o.o00l5 J/cm2 the melting-point for chromium
is reached when the film thickness is less than 28 g (probably
the actual thickness of our film is about 20 to 50 2. a rough
estimate of the heat flow is provided by the one-dimensional
steady-state equation of thermal conduction:

AT

A Ax

aiie]

With a thermal conductivity A ¥ 0.002 W/cm “c (Hostaphan) this
means tha t the thermal energy Q = 10-3 J/cm2 can flow away in
T = lo nsec over a gradient of 500 %% at a length of o.1l /u.
So an experimental check would be useful to see whether the
metal film is damaged at exposure times less than lo nsec.

At all events there is definitely no damage at an exposure time

of 300 msec, as was observed with TEA~C02-1aser pulses having a

2

power density of 13 KW/cm® (field strength here 2000 V/cm).

3. Transient Response of the Liquid Crystal Detector

The display in liquid crystal image converters is suitably achieved
with substances whose working range at 35 % is safely above room
temperature, with a useful temperature range of 1.5 °c. The

colours red, yellow, green, and blue than indicate temperatures

of about 35, 35.5, 36, and 36.5 Oc. Full contrast is thus achieved
by a temperature rise of 0.5 °c. The necessary quantity of heat

is calculated to be 0.0015 J/sz for the case where a 3 /u thick
Hostaphan foil is coated on one side with a 3o ® thick chromium

film and on the other with a 7 /u thick liquid crystal film.

In this section, only infrared exposure times less than o.l sec
will be considered. This ensures, as will be shown later, that
heat transport mechanisms other than thermal conduction play no
part in producing the colour image. Due to thermal conduction,



the enerqgy of o.o00l5 J/cm2 localized at first near the metal

film, propagates with a time constant which can again be esti-
mated from the thermal conduction equation, to be about o©.o0o003 sec
(Q = o.001 J/cmz, L = 0.002 W/cm oC, AT = 1 OC, Ax = 5§ /u). It

is therefore best to read out the tempeirature image with a delay
of about 0.5 msec. With longer delay the spatial resolution gets
poorer. Possibly, some delay may have to be accepted as it is

not sure at what rate the structural change of the liquid crystal

follows the temperature rise.

As long as the spatial resolution is limited by thermal con-
duction effects, it can reddily be estimated: if it is possible
to read out after a delay of about 0.0003 sec, intensity maxima
should be clearly separable at a distance equal to the film
thickness lo /u. The detector can thus resolve loo line pairs

per mm, provided that the infrared exposure time does not exceed
10-4 sec, i.e., the infrared power does exceed 4o W/cmz. If the
radiation power is lower, a longer exposure time has to be chosen.
How does the spatial resolution decrease with increasing ex-
posure time?

For this case only the thermal conduction parallel to the film
will be considered, and it is assumed that the infrared light
bundle uniformly illuminates a spot of diameter D in a relatively
short exposure time. The absorbed energy is then Q = 0.0015 J/cmz-
T (g)z. Heat flows away through the boundary area of this

spot F = lo P ol D. What interests us is the time after which
the excess temperature of 0.5 % begins to disappear in the
center of the spot. The driving temperature gradient can be
assumed to be 0.5 oC/D. Irrespective of D, the linear thermal
conduction equation yields for this state a heat flux

(o) C -6

— . L] _...__.._._._.5 _— .
= A F o) = 3 lo W

adle

where . = 0,002 W/cm2 °c. Half of the originally absorbed energy
then flows away in the time T = 250 D2 (T in sec, D in cm).
Thus, lo /u large spots disappear in about 0.0003 sec, but 1 mm
spots take 3 sec. The following behaviour of the spatial re-
solution as a function of the exposure time can thus be given
(order of magnitude) :




Exposure time in sec 1 o.l 0.0l o.o00l < o0.o000l

m-:—_=4=17 =

Resolvable line pairs

per mm 1 3 lo 30 loo

It can be concluded from this that an exposure time of o.l sec

is completely sufficient for diffraction limited observation of
HCN-laser radiation, which is equivalent to a power density of

4o mW/émz.

4, Stationary Images and Setting of Working Point

If an exposure time of 1 sec or longer has to be used to record
an infrared image due to low power densities < 0.005 w/cmz, the

temperature balance is affected by convective heat losses and
emission of radiation.

The emission L is equal to that of a blackbody into half-space
because the foil has a broad-band absorption coefficient of
0.5 and emits into full space. A small temperature rise AT at
300 °Kk yields

AL = o0.0006 < AT W/cm2

i.e., the emission from the illuminated areas is greater by
0.0003 W/cmz than that from the surrounding region, if the latter
is 0.5 9% colder.

This shows that an absorbed signal power of as little as
0.0003 W/'cm2 will just maintain a stationary "image" with

AT = 0.5 0C. For this limiting case, however, the required ex-
posure time will be very long, and it is to be expected that
the contrasts will drop below the observation limit owing to
temperature equalization via thermal conduction.



Let us take instead an absorbed signal power fifty percent
higher, i.e., 0.00045 w/bmz. The net »ower during image formation
is then > o.oo00l5 W/cmz, and so the exposure time needed to
attain the net energy o.00l5 J/cm2 is < lo sec. The estimates

in the previous section then state that even at this long ex-
posure time spatial frequencies of 3 line pairs per cm give

good contrast. If this spatial resolution is acceptable, the

low radiation power density of o0.00l W/cm is sufficient for

image conversion.

Hitherto there has been no mention of convective heat transport.
At an excess temperature of the liquid crystal film of lo %
relative to the ambient air the convective heat transport can
be estimated as o0.o006 W/cmz. Unlike the thermal radiation
losses, these losses cannot be compensated by the heating me-
chanism, discussed later, in order to reach the operating tem-
perature of 35 °c all over the sensitive area: the heated air
moves near the surface and heats higher lying parts, resulting
in a highly non-uniform temperature distribution.

Convective disturbances can obviously be avoided in two ways:
either the air temperature is made 35 S or the air is pumped
off. The former ould only be feasible in temperature-controlled
rooms; closed vessels with temperature-controlled air are im-
practicable since the temperature of the indispensable thin
polythene window, approximately 5o cm2 in area, cannot be kept
sufficiently constant; the interior is thus subject to air
disturbances which cause the detector temperature to fluctuate
by a few o.1 %.

I£f, on the other hand, the air is pumped off to about 1 torr,

it is possible to achieve uniform pre-heating. This does not
affect the reaction of the liquid crystal. A constant working
temperature can be achieved by uniform irradiation, for example,
with an electrically heated metal plate.

Preheating by this method is not practical, however, for spatial
reasons to be discussed in the next section. Instead, the thermal
radiation from a heating ring /16/ can be used (see Fig.2). The
input intensity I is then
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The radiation profiles thus calculated (Fig.3) show that with a
ring diameter of 7 cm an approximately uniform temperature dis-
tribution can be achieved if the distance is about 2 cm. Ex-
perimental confirmation was obtained. The heating system shown

in Fig.4 has been successfully used under vacuum conditions. For
the optimum distance of 2.7 cm an electric power of 1 W is re-
quired to keep the working temperature lo °c above room temperature.
The temperature distribution in the liquid crystal has a central
region about 3 cm in diameter that is uniform to within o.l OC;

in a 1 cm thick surrounding ring the temperature then drops o.4 .
Disadvantages of this heating method are that the foil and ring
planes have to be adjusted parallel, and that setting the correct
current value requires some effort.

With the use of metal absorption films much better heating fa-
cilities are now available: a heating current can be sent di-
rectly through the metal film. However, heating is only uni-
form if there are no cracks. This can easily be checked by
measuring the resistance. The electrically supplied heat is
lost essentially by radiative emission, theoretically with a
power of 0.006 W/'cm2 at an excess temperature of 10°%. with
the foil shown in Fig.l 1lo V and 35 mA are in fact needed for
setting the working point. At the boundary of the metallized
region the gradients due to thermal conduction extend a few mm,
the remainder of the 7 x 7 cm image area being uniform to within
0.3 °C. The relaxation of the temperature follows the voltage
and current changes with almost no inertia.

As the experiment showed, the metal film withstands a permanent
electrical load of 4o V and 140 mA; this is equivalent to a

power input of o.ll W/cm2
Stefan-Boltzmann law yields a temperature of 1l3o °c.

, which in vacuum according to the
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5. Coupling of Infrared Radiation and Read-Out System

The infrared radiation to be recorded impinges on the detector
filq through a vacuum~-tight window. Vertical incidence is
necessary for undistorted imaging. Furthermore, a large viewing
angle, if possible the entire half-space, should be available
for irradiation; this is particularly important for holographic
observations. The window has therefore to be placed near (1 cm)
the detector film. In particular, this allows the radiation to be
manipulated very near to the detector. Only the opposite half-
space therefore remains free for observing the colour phenomena
in the liquid crystal film. Here also the line of observation

is chosen perpendicular to the surface so as to avoid distortion.
This can be done with a camera mounted on the outside of a glass
window closing the vacuum vessel.

To complete the image converter, suitable white light illumination
must be provided. Firstly, light from the infrared entry window
has to be prevented from being transmitted through the liquid
crystal film since the colour effects only appear in reflection.

A remedy is afforded here by opaque windows made of germanium

or black polythene. Secondly, the light used for illumination

may not be reflected direct from the receiver surface (metal

film) into the camera. This calls for oblique incidence.

In order to make the illumination uniform, an impractical large
distance would be necessary with an ordinary flashlamp. On the
other hand, the calculation for the above heating system shows
that uniform illumination can be achieved in the near field of

an annular source (See Figs. 2 and 3). This has the advantage

that the flashlamp can be incorﬁorated in the vacuum vessel
without taking up too much room. The distance of the annular flash-
lamp (lo cm in diameter) from the detector foil is 7 cm, so that

a central field of view, 6.5 cm in diameter, is just free of
direct reflections (Fig.5). The distance between liquid crystal
film and camera lens is 26 cm.
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With this geometry the illumination of the field of view is uni-
form, but the scattering angles vary. In the center of the image
area the irradiation is incident uniformly at angles between 3o
and 35 © to the normal, the line of observation being along the
latter. For points 2.5 cm from the center of the image the line
of observation if inclined 6 © to the normal, while the incidence
angles vary between 26 © and 45 o' with the emphasis at 3o =
These angular differences have, however, surprisingly little
effect on the observed colour. If the measurements of FERGASON
/l4/ are taken as a basis, the wavelength of the light scattered
with maximum intensity should decrease by about 7o 8 from the
center of the image to a radius of 2.5 cm. This is roughly one-
sixth of the distances between red, yellow, green, and blue. No
red shift in the radial direction could in fact be observed.

The illumination time of the flashlamp, o0.o00l sec, isby a factor
of 3 longer than the optimum delay time. It is sufficient for
spatially resolving 50 line pairs per mm. The heating of the
detector due to the flashlight is about o.l © C, which can just
be tolerated.

6. Assembly of the Liquid Crystal Image Converter

The liquid crystal detector was built on the principles already
discussed, as shown in the scale drawing in Fig.5. The two de-
tachable endplates of the vacuum vessel contain round apertures
for infrared input and optical read-out. For photographing the
submillimeter radiation a 2 mm thick Teflon window is used that
bends a few mm under the influence of atmospheric pressure. The
observation window is an 8 mm thick plexiglass sheet. The de-
tector film and the illumination system are contained inside
the vessel.

The vacuum vessel is connected direct to an electronically con-
trolled oscilloscope camera (Steinheil Oszillophot M2), as shown
in Fig.6. The camera is provided with a beam splitter for un-
distorted observation of the image by the experimenter. Permanent
illumination is provided by four l-Watt bulbs located on the in-
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side wall of the vessel beside the annular flashlamp. This can
be seen in Fig.7.

The frame with the detector foil (Fig.l) and, eventually, the
heating ring (Fig.4) as well are attached to a rail rigidly
mounted to the detachable endplate. The latter has vacuum-tight
feedthroughs for the heating leads, and so assembling is very
simple (Fig.8).

To ensure sharp imaging by the oscilloscope camera, the focal

length of the objective has to be increased, e.g. by adding a
dispersing lens. An image scale of 1 : 1 was considered suitable for
observing the detector surface (6.5 cm diameter) because Polaroid
films and 6 X 6 cm2 colour films (Agfa CT 18) were used; there-

fore an 18 cm long tube was inserted between objective and film
holder. Figure 9 shows the full field of view as seen on Polaroid
film (Type 42).

7. Operation

The liquid crystal film is prepared by spraying the membrane with
the substance dissolved in petroleum ether (Liquid Crystal In-
dustries). If the film is heated in horizontal position to a tem-
perature of about loo °c (by passing current through the metal
film), the solvent quickly evaporates, leaving the cholesteric
substance, which can order properly on cooling. The colour effect
is then optimum. The film thickness can be found by weighing.
Films kept at room temperature in closed containers still show
good reaction after a number of weeks. Liquid crystal films
that have become nonuniform can be washed off with petroleum
ether.

The intensity of the flashlamp (Paffrath and Kemper UR 130) re-
quires an aperture of 11 or 16 with Agfa Color Film CT 18, and

16 or 22 with Polaroid Film Type 42. With apertures larger than

8 the image becomes blurred owing to the additional lens. Sufficient

contrast can be achieved by mounting colour filters direct to the
camera lens.
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The camera can be opened by a trigger signal delivered by a
laser pulse. For observation with longer infrared exposure
times such as 1/50 sec use is made of a pulse generated when
the infrared shutter closes. The camera stays open for 1l/loo
sec. The firing of the flashlamp is delayed 1 msec after the
camera is opened by a relay.

8. Photography with 337 /u Wavelength Radiation

First the liquid crystal image converter was tested by repeating
previous experiments /16/ with a C02-laser (wavelength lo.6 /u).
Confirmation of the estimates in Section 3 was obtained, i.e.

full contrast is achieved at an input energy density of o.o004 J/cmz,
and the spatial resolution for an exposure time of 1/loo sec is
about lo line pairs per mm. Furthermore, it was found by photo-
graphing 300 nsec Coz—laser pulses (see Section 2) that the de-
tector can withstand a radiation power of at least 13 KW/'c.'m2

(equivalent to 2 KV/cmz).

Far infrared radiation, which can best be produced at present

by an HCN-laser at a wavelength of 337 /u (approximately 0.1l W c.w.),
has not been photographed hitherto with an image detector. The

image converter described here now fills this gap /20/. The value

of such a detector is best illustrated by the following three
experiments.

a) HCN-Laser Emission
For our first experiments we used a 6.5 m long HCN-laser with

hole-coupling /21/; the liquid crystal image converter was placed
70 ecm in front of the coupling mirror (see Fig.lo). Laser beam
images photographed in this arrangement are shown in Figs. 11 - 14.
They show a spot with a diameter of about 2 cm which, surprisingly,
does not have rotational symmetric, monotonically decreasing

power distribution. Instead, there are several maxima grouped in
series at intervals of 3 to 6 mm. The power ratio between adjacent
maxima and minima is about 2.
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Before looking for an explanation of this distribution, we can
determine the output power of the laser. The exposure time was
0.3 to 1 sec, depending on the tuning of the laser. Estimating
the area heated by 0.5 ° tobe 3 L1 cmz, we obtain for the
given sensitivity of the liquid crystal image converter, a to-
tal output power of 14 L 5mwor as £ 15 mW, depending on the
tuning of the laser. The reflection and absorption losses due
to the transmission through the 2 mm thick Teflon window of the
detector were assumed to be 7 % and 5 % respectively.

In order to explain the observed power distribution, it is
essential to consider the resonator modes. According to KOGELNIK
and LI /22/ the hemispherical configuration (Fig.lo) has a con-
focal length b = 7.2 m, and a spot radius on the plane mirror

and the concave mirror of W, = 2 cm and 4.1 cm respectively;

this shows that there can be no undisturbed TEMO distribution.
Near the concave mirror lo % of the total power would be outside
the laser tube; large variations due to reflection from the glass
walls would therefore be expected here. STEFFEN and KNEUBUHL /23/
have analyzed these influences and found, that the eigenfrequencies
of the lowest "tube modes" are sufficiently different for only one
of them to oscillate at a given resonator length. Furthermore, we
observed resonator interferogramms similar to those obtained in
/23/ with a Golay cell.

A look at the plane mirror of the resonator readily shows that the
mode must be appreciably disturbed. About 52 % of the TEMOoq mode
would be coupled out through the hole, which is more than could

be picked up by the amplifying system /24/. For laser oscillation
to take place, the radiation distribution on the plane mirror has
to be much wider than the Gaussian distribution characterized by

W, = 2 cm /25/. For this reason the relative amount of radiation

impinging on the glass wall still exceeds the lo % calculated for

TEM In addition, the intensity at the outer boundary of the

ooq”
plane mirror, i.e. 4.5 cm from the laser axis, will also rise
above the value expected for TEMooq(which would be 2 - lo“5 re-

lative to the axis value).
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We are thus on the way to explaining the structure observed in
Figs. 11 - 14: it represents the interference pattern which is
induced in the laser beam emerging from the central aperture by
the radiation emitted around the mirror edge. A beam emanating
from the outer boundary of the mirror intersects the laser axis
in the image plane at an angle of 4.5/70 = 64 mrad, thus pro-
ducing interference fringes with a separation of 0.337/0.064 =
5.3 mm. The superposition of many such beams gives rise to the
patchy structure observed. The structure does not show rotational
symmetry because the mirrors are not aligned exactly perpendicular
to the tube axis. It follows from the intensity ratios that even
at a distance of very few mm from the tube wall the power density
of the mode is still several per cent of the maximum.

It should be worthwhile using the liquid crystal image converter
for systematically studying the radiation distribution in sub-
millimeter wave lasers. This would afford another means of testing
"tube modes" /23/ in the cases of hole coupling and metal mesh
coupling.

b) Two-Dimensional Interferograms at 337 /a

To prevent the interference fringes from having too large a se-
paration d = A/2sine/2, the angle e between the reference and
object beams in the case of submillimeter radiation should be

at least a few degrees. The simple interferometer shown in Fig.l5
was chosen. A Fresnel biprism made of Teflon was used to pro-
duce interference between the two halves of the beam. The re-
sulting interferogram is shown in Fig.16. It gives a fringe
distance of 1.8 £ 0.1 mm. Given the 14.5 © angle of refraction

a of the prism, the refractive index of Teflon is found to be
1.37 £ 0.03. Other optical components of Teflon were made for

use in interferometric measurements of the electron density dis-
tribution in plasmas. Figure 17 shows the focal line of a cylin-
drical lens with a radius of curvature of 5 em (focal distance
approximately 1l cm). A brief estimate shows that the diffraction
limited focal width of 2 mm is obtained.
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c) Focusing with Conical Waveguides

Conical waveguides made of metal are used in experiments with
HCN-laser radiation to concentrate the radiation on a detector
element. In particular, this is intended to compensate small
directional fluctuations of thehncoming beam. Our pictures show
how strongly structured the radiation is at the outlets of such
waveguides, and how sensitive the structure is to small changes

of angle.

Figure 18 was obtained 17 mm after the outlet of a cone roughly
wrapped from silver paper with inlet aperture 3 cm in diameter,
length 40 cm and outlet aperture 0.5 cm in diameter. The cone

half-angle here was 2.2 2,

The second cone had twice as large an apex angle and was made
of polished brass. The inlet aperture was 4 cm in diameter, the
length 20 cm, and the outlet aperture 1 cm in diameter. For the
picture sequence in Figs. 19 - 22 the cone was fixed at its in-
let aperture and swivelled through small angles up to 6 ©, The
pictures are again taken 17 - 19 mm from the outlet aperture.
It can be seen that of an angle of about 3 2 (i.e. when the
rays have been reflected from the wall once on the average) the
radiation distribution assumes certain symmetries that are re-
miniscent of waveguide modes. At an angle of incidence of 5.5 ©
(Fig.1l9) the main direction of emission is inclined 20 © to the

axis of the cone.

9. Applications

The liquid crystal image converter allows the experimental
physicist working with laser radiation in the infrared and sub-
millimeter wavelength regions to use photographic reception
techniques. The 33 cm2 large detector field available in the
described image converter can be used for recording two-dimensional
intensity distributions (imaging) or one-dimensional intensity
distributions as functions of time (streak pictures, oscillo-

grams). As the image conversion effect involved is reversible,
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the pictures can be taken at intervals of the thermal equalization
time of a few seconds. Obvious applications are possible in the

following two fields:

a) Laser Physics

As was shown above in the case of the HCN-laser, the liquid
crystal image converter allows investigation of the forms of
emission and mode structures of infrared lasers. Such analyses
should be important mainly for chemical lasers and transversely
pulsed lasers in which the gain distribution is highly non-uni-
form. Furthermore the radiation intensity is absolutely determined,
without special calibration and irrespective of wavelength. Time
resolution can be achieved by one-dimensional focusing and
smearing perpendicular to théline of focus with a rotating mirror.
The practicable resolution limit can be estimated by taking

about looo Hz as rotation frequency and 1 m as the distance bet-
ween rotating mirror and image detector; one microsecond is then
displayed over a length of 1.3 cm. With the spatial resolution

of loo line pairs per mm this yields an ultimate time resolution
of 0.8 nsec.

b) Plasma Physics

In plasma physics the liquid crystal image converter allows
measurements of electron density distributions, time resolved
under certain circumstances. As explained at the outset, infra-
red and submillimeter wavelength radiation is required for
celective measurement of the electron density. The shortest
possible exposure times are governed by the sensitivity of the
liquid crystal image converter (o.o004 J/bnz) and the power of
the laser involved, viz. 10-9 sec at a wavelength of lo /u
(TEA—COz-laser) and 10-5 sec at 337 /u (pulsed HCN-Laser).

Besides phase shift (interferometry), other effects associated
with transmission through a plasma can be used for measurement,
such as absorption, beam deflection and Faraday rotation. All
these changes can, in principle, be observed from a suitably
exposed holographic picture. In fact, with the spatial resolution
of loo line pairs per mm it is possible to make holograms for
wavelengths longer than about lo /e
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Fig. 6 Fig. 7

Image detector, Image detector,
infrared window removed rear panel removed

Fig. 9 Fig. 8

Field of view for Polaroid Image detector
Type 42, size 72 x 95 mm2
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Fig.lo Experimental set-up for photographing HCN-laser emission

Fig.ll oOutput beam pattern of HCN-laser



Figs. 12 - 14
Output beam patterns of HCN-laser
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Fig.1l5 Sketch of Fresnel interferometer
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Fig. 16 Fig. 17
Interferogram at 337 /u; Focal line of a cylindrical
fringe separation 1.8 mm lens for 337 /u radiation
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Fig.1l8 Beam structure at outlet of cone made of silver paper

o

o = 1 2 . a = 4,5

Figs. 19 - 22 Beam structure at outlet of brass cone with its axis
inclined at an angle a to the beam direction




