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SUMMA RY

The construct ion of TEAL (Transversely Excited Atmospheric
pressure Laser) is described with reference to the required specification for
single pulse thermal blooming experiments. All the major performance para-
meters are described, such as energy, temporal profile, spectrum and stability.
In particular, several different measurements of the spatial profile are compared
with theoretical predictions, which in general predict well the main features but
not the f iner details. Also the results of pulse stu’tching experiments are
described, in which the pulse is lengthened from 3 to 14 ~s.

1. INTRODUCTION

A CO5 laser with certain properties was required for single pulse
thermal blooming experiments. In order to compare experiment with theory it
was essential that the properties of the laser beam were well characterised,
reproducible from shot to shot, and conformed to the following requirements:-

(1) A pulse energy of at least 1 3.

(2) An axisymmetric spatial profile, which, when focussed, gave a
near diffraction limited shape. This was required in order to facilitate
theoretical modelling using an axisymmetric (3D) computer code.
Also the spatial profile had to be independent of time during the pulse
for the same reason.

(3) Shot to shot directional stability very much bet ter than ± 54
Lrad, this being the angle subtended by the smallest detector used.
This should be maintained over at least 10 successive shots.

(4) A reproducible temporal profile.

(5) A reproducible spectrum, consisting preferably of only one or
two rotational lines in the 10.6 ~im band.

The laser used was a double discharge TEA laser with a continuously
flowing gas mixture of He:1~4:CO~ in the ratio 6:1:1, and with an unstable
confocal optical resonator. The laser is referred to as TEAL.

2. LASER DESIGN

2.1 Electrica L desJg~
The charging circuit, shown in figure I, is similar to that described by

Pan et al. (L). The uniformity of the main anode/cathode discharge depends on
the presence of a relatively uniform “layer” of electrons produced in the initial
discharge between the trigger wires and the cathode.
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In the original design, the trigger wires ran lengthways along the
cathode plate and this resulted in a laser near field pattern, see figure 2, with a
transverse modulation associated with the spacing of the trigger wires. Clearly,
the initial electron distribution was not entirely uniform. Subsequently, a new
cathode was substituted with transverse trigger wires, which eliminated this
problem.

Laser action commences 3.6 i*s after the initiation of the discharge
and lasts for 3 ~s. When C1 is charged to 50 kV (~ 300 3) the optical output is
typically 10 3 giving an overall efficiency of 3.3%.

2.2 Optical design

An unstable confocal optical cavity was chosen because it has certa in
well known (2) useful properties when a high power single mode output is required
from a high gain gas laser.

A schematic of the resonator is shown in figure 3. Both mirrors are
made of BeCu, which has a reflectiv ity of 9S% at 10.6 ~sn. The convex output
mirror is supported by a three-legged “spider” which inevitably interrupts the
annular output. This arrangement was found to be preferable to mounting the
mirror on an output window for several reasons:-

(1) It facilitates checking or replacement of the mirror or window
independently.

(2) It allows the output window to be set at a large angle to the
optical axis in order to eliminate back reflections which might disturb
the mode structure or temporal profile.

(3) It provides a rigid mirror mount, easily centred.

The effect of the “spider” on the far field pattern is shown in figure
4. The ring modulation, in multiples of three, is clear but the central - 

~ot does
not show any three-fold structure on this burn pattern, nor on any other burn
patterns.

Alignment of the optical cavity is accomplished by allowing the beam
from an HeNe laser to enter through a mm diameter hole in the centre of the
concave mirror. The area of this hole is < 0.02% of the mirror area, so its effect
on the laser output should be negligible. A glass flat prevents gas leaking through
the hole. The HeNe laser beam in the cavity spreads initially by diffraction, and
then as a result of the unstable cavity geometry, to form a visible annular output
very similar to the pattern produced by the CO2 laser beam, and having the same
alignment requirements. Alignment of the cavity by successive mirror adjust-
ments is then straightforward.

2.3 Mechanical design

In order to meet the requirements for shot to shot stability of beam
direction and spatial profile, a massive and rigid mechanical design was required.
The main reason for this was the transient rise in gas pressure, generated each
time the laser is fired, which caused the mirrors to lose their alignment. The
problem could have been avoided by mounting the mirrors external to the KC 1
windows. However, this would have required windows of higher optical quality,
because they would be an integral part of the optical cavity, and, in addition,
would have increased the optical losses, over and above the 75% output coupling.
The method adopted was to use mirror mounts sufficiently robust to maintain
mirror alignment against disturbances. Figure 5 shows the design.

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :.~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



The mirror mounting backplates arc of I in. thick mild steel and are
rigidly connected together by four 13 in. diameter stee l bars. This structure is
mounted on a ~ ton steel table, and provides a very stable structure on to which
the mirrors can be mounted. The perspex box which retains the gases, arid into
which the electrodes are mounted, is connected to the backplates by flexible
bellows. These allow for different ial thermal expansion of the perspex relative
to the stee l bars and ~t k~~ for coarse adj ust m ent of the mirror spacing.

The mirrors are mounted kinematically with two powerful springs
adjacent to each mounting point. The force exerted by these six springs is
sufficient to overcome the transient gas expansion. Concentric with each mirror
mount is a flexible rubber gas seal which allows adjustment of the mirror and
also serves as a pressure relief valve , ,is close as possible to the mirror. Any
relative movement between the mirror mount and its mounting plate is
monitored by permanently liscd micrometer dial gauges. The mounts were found
to be suffic iently robust that when deliberately displaced and allowed to reset by
the action of the springs, any change in angular alignm ent of the mirror was too
small to measure (< 5 prad).

The mirror separation has coarse adjustment by moving one of the
mounting plates along the steel bars before clamping it. Fine adjustment is
provided by making one of the ball and socket pivots in the kinematic mounts
adjustable with a screw thread h~ ~ 5 mm.

3. LASER BEAM PROPERTIES

3 t  Energy

Total energy wa~ measured using a Gen-Tec ED 500 pyroelectric
joulemeter. This was placed so as to receive the energy diffracted into the
second order of a calmh rated wire tr ansmission grating.j he. energy wa s found to
be typically — 10 3 with a shot t~~’ shot var iat io n of ± 5%. It was also found that
during a rapid success ion of shots , the energy decreased with time due to ‘be loss
of ~~~ molecules by dissociation in the discharge.

Tennp~~~l rofile

The temporal profile wa s measured using a photon d rag detector , see
I gs - r - ’ n. The profile is ty p ica l  ot pulsed CO~ TEA Liser. There is an initial gain

~ 
1
~~J spike, containing — ~~ of the total energy tn~1 lasting for 200 ns, the

remainder of the energy being (- (f l i t ted o ver  a period of 3 j~ s .

The fast response tune ot the detect or (< I ns) reveals the self— mode
Iocl ing. which is another character istic ot CO 2 TEA lasers.

3.3 Lase r spectrum

The laser spectrum is important because the absorption coefficient of
propane, which is used in thermal blooming experiments , is sensitive to
wavelength.

S



— ~~~~~

The spectrum of the laser output, as a function of time, was
measured using an infra-r ed grating spectrum analyser (Optical Engineering
Model l6A). Observations of the phosphor screen shown most energy to be in the
P(20) rotational line of the 10.6 iim band, with a small amount in the P(l8) and
occasionally P(l6) lines. Time resolved relative intensity measurements were
niade by replac ing the phosphor screen with an array of Cr/CrO thin film
detectors (3) w ith elements aligned with the positions of these lines. Numerous
measurements showed a mean energy distribution:-

P(20) 82 ± 17%
P( 18) 14 ± 12%
P(16) 4 ± 8%

The temporal profiles of these three lines showed no significant differences in
shape.

To determine if any lines other than P(20), P(18) and P( l6) of the 10.6
lim band were present at too low an energy to be observed on the phosphor
scree n, measurements were made of the energy transmitted through a calibrated
narrow band pass optical filter , with a bandwidth of 0.25 lim, a band centre at
10.6 urn and a peak transmission of 78%. Outside the range of experimenta l error ,
- ~ 15%, no energy was observed in other lines. The accuracy of this

nimedsurernent was Iiriiited by the fact that the filter transmission varies very
rapidly in the region of interest. Taking into account the possibility of up to 15%
of energy in lines other than P(20), P(l8) and P(16), the measured energy
distribution becomes:-

P(20) 76 ± 22%
P( 18) 13 ± 1 2 %
P( 16) 3.5 ± 7.5%
Other 7.5 ± 7.5%

3.4 Shot to shot stability

In order to monitor the spatial and temporal profiles of successive
laser pulses in a reproducible way, it was essential that the position of the beam
relative to the detector array did not vary from shot to shot. The criterion used
~ ac that over 10 successive shots the scatter of the beam centre position in the
m easurement plane should be uruch less than the dimensions of a single element
of the detector array , ie, much less than 0.8 mm. The measurement plane was
the focal plane of a two m~rror optical system with an effective focal length of
14 .8 m, so that an angular scatter < ± 54 ~.irads was required. The effects of air
turbulence on the beam stability were minimised by enclosing most of the beam
patch in 4 in. diameter plastic tubing.

Measurements of the position of the beam centre were made by
observing the burn marks produced by successive shots on heat sensitive paper,
using an alignment telescope with cross w ires. These measurements showed
typically an rms scatter of ± 0.2 mm ( ±  l4 u rads) which is well within the
requirement.

6
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3.5 Refractive index of the laser medium

The accuracy with which the spatial profile of the laser beam fits the
simple diffraction theory depends partly on the accuracy with which the optical
cavity has been constructed, but also on the homogeneity of the refractive index
in the laser medium, ie, in the gas discharge. The variation of refractive index in
space and time was investigated using a Mach-Zehnder interferometer with an
HeNe laser, see figure 7. The interference pattern contains information relating
to the refractive index difference between the probe and reference arms of the
inter ferometer , integrated along the length of the laser medium, parallel to its
optical axis. The HeNe laser beam probes a region of cross section 1 crr? on each
shot. The interference pattern was photographed every 1 us during the discharge
using an IMACON high speed camera. By repeating this procedure in different
regions of the discharge on successive shots, refract ive index contour maps were
produced for different times during the discharge, see f igure 8. A constant
re fractive index gradient across the laser would result in an angular displacement
of the beam, whereas a variable gradient would be expected to cause distortion
of the beam profile.

3.6 Spatial profile

Using these refractive index data, theoret ical predictions were made
of the spatial profile in the far field (4). This was accomplished by computing the
effect on an initially plane wave of a typical refractive index profile, as the
wave propagates through the laser medium. The refractive index profile
corresponding to I ps from the start of the laser pulse of — 3 

~
i s duration was

used. By taking an average, static profile , rather than attempting to account for
the t ime variation of refractive index changes, the computation was considerably
simplified and because the temporal variation of refractive index is not large ,
this should give a good indication of the beam distortion induced by laser medium
inhomogeneities. The effect was computed of multiple passes of a beam through
the laser medium, the computation being continued until a steady state situation
resulted. This was taken as a prediction of the phase and intensity distribution
across the near field of the laser output. By a Four ier transform the far field
distribution was then predicted. A calculation of the pattern was also performed
assum ing a uniform refractive index throughout the laser medium. Also, the far
field pattern was calculated for a plane wave diffracted by an annular aperture
of the same dimensions as the laser output annulus (5) .

In order to test these theoretical profiles, the spatial profile of the
focussed beam was rie asured in two different ways. Firstly, using an eight
element linear array of Cr/ CrO thin film detectors, each element 0.8 x 1 mm. A
profile was built up from several laser shots. Results obtained in this way are
shown in figure 9 in comparison with a theoretical profile (4) assuming a uniform
refractive index throughout the laser medium. These measurements were made in
the plane of a x 4 magnified image of the primary focus, in order to ease the
problem of making measurements on a very small scale.

One of the fundamental criteria of beam quality is the Strehi ratio ~3(6), which is the ratio of the on axis intensity in the focal plane diffraction
pattern , to the theoretical diffraction limited on axis intensity for a uniform
plane wave. For an ideal beam 8 1, and any aberration of the beam will
decrease the value of B. It can be seen from figure 9 that the Strehl ratio is close
to unity, implying a high quality beam.

7 



Secondly, the focal plane profile was measured by observing the
energy within a known radius, as a function of radius, ie, the integrated energy
distribution. These measurements were carried out by placing a variable circular
aperture of known radius on the beam axis in the focal plane, and in front of a
pyroelectric joulemeter. Energy normalisation of each shot was made by placing
a calibrated diffraction grating in the main laser beam and monitoring with
another joulemeter the total energy transmitted into the second order of
diffraction. Figure 10 shows the experimental results , together with several
theoretical predictions. Firstly, a profile generated as described above (4~, taking
into account the measured refractive index gradient across the laser medium.
Secondly, the prediction of another computer code (7) which starts with a near
tielG profile and calculates the profile in the nominal focal plane without
assum ing that it is a true far field profile. Thirdly, the resu lt of the plane wave
diffraction theory for an annular aperture of appropriate dimensions.

The theoretical model which takes into account the refractive index
inhomogeneities within the cavity (4) is the one which most accurately predicts
the measured fraction of energy within the central maximum, but none of the
theories predict the wide spread of energy outside the central maximum.

In order to examine in more detail the properties of the beam when
focussed by a good quality mirror which introduces negligible spherical
aberrat ion or astigmatism, several further experiments were carried out.

Firstly, the thin film array was used to measure the profile of the
centra l maximum at 10 cm intervals along the axis of the focussing beam from
3 50 to 390 cm, stradd ling the nominal focus at 370 cm from the mirror , see
f igure 11. The measurements were made in the x 4 magnified image of the foca l
region. It can be seen that the on axis intensity increases beyond 370 cm , also the
spot diameter decreases with increasing distance through the nominal focus and
does not show any symmetry about the focus.

Secondly, the ax ial position of peak intensity was determinec. This
was done by f iring the laser at sufficiently high intensity to generate air
breakdown in the focal reg ion. Although the positions of dust particles, which are
necessary for the initiation of air breakdown, are random, the mean position of
air breakdown over a ser ies of shots occurs at the position of peak intensity.
Over a series of 10 shots this was found to be at 384 ± 6 cm from-n the focussing
mirror , ie. 14 cm beyond the nominal focus at 370 cm.

Thirdly, a ser ies of burn patterns were made on exposed polaroid film
at 10 cm intervals along the beam. From these, the diameter of the first dark
ring was measured as a function of ax ial position. This was found to decrease
linearly through the focal region. It was also noticed that , in the nominal focal
plane, the fourth bright ring of the diffraction pattern was clearly more intense
than the third, see f igure 4.

In order to determine whether these features are to be expected of an
idealised annular laser beam, these results were compared with theoretical
predictions. Taking the last result first , the idealised plane wave theory of
diffraction by an annular aperture with the same dimensions as the laser output
(5) predicts, in the far field, a profile in which the fourth bright ring is more
intense than the third, which is in agreement with the experimental result.
However, the theory also predicts that the fifth bright ring should be more
intense than the fourth, which is not observed experimentally. This may be
attributable to the fact that the laser output is not an ideal plane wave.8
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In order to make theoretical predictions of the profile at posit ions
other than the focal plane, a computer code using ,in implicit finite-difference
method to solve the wave equation (7) w~ s used to predict the beam profile at
any axia l position for any given axisymmnetric near field intensity and phase
prof ile. It could not, therefore , take into account the three-legged mirror
support , nor the effec t of refractive index disto i ~*on with in the laser mcd mum.
The calculation was ca rr ied out w ith four near field profiles, see f igure 12.

The first case, 01 , is the ideal case of constant phase and intens 1t’~across the annulus. The second, 02, has constant phase w ith an intensity profile
der ived fromn the computer mnode l (4) of the laser. The third, 03, also has constant
phase but with an intensity profile derived from experimental measurer-ulents ,
which are differen t from the com puter predictions. Finally, the phase predictions
of the computer model are added to the experimental intensity profile for case

04.

Figure I 3 shows the intensity on axis in the region of the focus ,
together with experimental measurements of on axis intensity and the position of
peak intensity as determined from the air breakdown measurements. The lit of
curves 01 and 03 is good up to and including the posit ion of peak intensity , but
the so litary experimental point beyond the peak is not accurately predicted by
any of the theoretica l models.

Figure 14 shows the radius of the first dark ring of the d i f t ac t io n
pattern, compared wi th  experimental results. This is seen to decrease
approximate ly linearly through the focal region, the best f i t s  in this case being
curves 02 and 04.

Figure I ~ shows the fract ion of the total energy contained w ithin the
centra l maximum as a tunction of distance along the direction of propagation.
The measured frac t ion at 370 cm is also shown. None of the curves is a good f~t .
02 being the best.

Clearly, none of the four models gives a good f~t fo r every property .
In part icular 04, w hich most c losely resembles the laser output, is not
significant ly a better fit than any of the others. Two possib le neasorm for these
discr epancies are f i rst ly,  the beam asymmetries which cannot be modelled with
the pm esent codes, or secondly, it may be that the fine structure of the near field
patte rn has some significant ef fect  on the beam profile in the foca l region. This

no structure is visible in figure 16 which is a burn pattern showing the near
~‘td intens ity and shows numerous narrow concentric rings , associat ed w ith

which there may be osc illations in phase. This fine structure cannot he predicted
by the computer mode ls because their scale is finer than the uiiesh size used in
the computations. Nevertheless , all tour models predict a comp lex beam profile
w ith continously decreasing central spot radius through the focal region and
different positions for the peak intensity and maximum fraction of energy in the
central spot, which mneans that these large-scale features cannot be attributed to
any im perfections in the beam.

Finally, using the th in film array , measurements were made of the
temporal variation of the spatial profile. Figure 17 is typical of a large number
of measurements of this type which show that there are small changes in the
shape of the profile with time, apart from changes in magnitude. The thin film
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array was aligned vertica lly, because the refractive index measurements
indicated that any gross movement of the beam would be in the vertica l plane.
From the refractive index measurements shown in f igure 8, an estimate was
macfe of the expected beam movement , using the paraxial ray equation

~~~ -~~~~~~~
n dx dz ’

where dn/dx is the transverse refractive index gradient , and ~~ /dz is the rate of
bending with distance along the laser axis. Between I and 2 is the calculated
movement was in the range 0.01 to 0.1 mm, upwards. Such movement s would be
at the limit of resolution of the detector array. However , careful analysis of
numerous profiles indicated that the beam did move in the expected direction
and that its movement was cons istent with the theoretical prediction. The
movement amounted to I to 10% of the central spot diameter at the focus and
the velocity of the movement was 10 to 100 rn/s.

4. PULSE STRETCHING WITH CO

There was a requirement for a laser pulse of significantly longer
durat ion than the 3 us of the laser in its original form. Now it has been shown (8)
that , by the substitution of CO for N2 in the laser medium and by a change in the
vo lume ratios of the constituent gases COa~CO:He, an increase in excess of 100
~ in the pulse length is possible. By trial and error it was found that a gas flow
ratio C02:CO:He of 0.4:0.6:8 litres/m m produced the maximum pulse length of 14
i’s with an energy of 4 3. Figure 18 shows that the temporal profile consisted of a
leading spike 0.5 us long with 14% of the total energy and a relatively (ow
intensity tail extending to 14 us.

The ~~ason for the relatively small increase in pulse length may he
related to the output coupling and consequent ratio of C(~ :CO required to
maintain laser action. The laser pulse is sustained in the presence of CO because.
in addit ion to storing energy in the first vibrational excited state , as N2 does, and
then slowly transferring it to the C02 upper lase r level by inelastic collisions, the
presence of CO also leads to more efficient depopulation of the lower laser level.
which N 2 does not. This means that a population inversion can be maintained with
a re latively small upper laser level population. When an unstable resonator is
used, with inherently higher output coup ling than a stable resonator , coherent
radiation must be generated at a correspondingly rap id rate in order to overcome
the output coup ling losses. Thus, the reservoir of energy in the vibrat ional ls
exc ited CC) molecules m c  m ore rapidly depleted and laser action is terminated. !n
order to extrac t th is energy at a sufficiently rapid rate , a re latively large
number of CO2 molecules is required. Thus, when using a high output coupling
resonator a high CO2:CO ratio is necessary.

This hypothesis is supported by the following experimental evidence.
Using a stable resonator (8) an increase in the output coup ling from 2% to 5%
resulted in a decrease in pulse length from 120 to 90 

~~~~~ 
The present unstable

resonator has an output coupling of 75% and a maximum pulse length of 14 us.
The optimum C02:CO ratio in the low output stable resonator was 1:20 and for
the high output unstable resonator was (:1.2. Thus, it may be possible to control
the pulse length by means of the output coupling coefficient and adjusting the
C~~:CO ratio for maximnum energy.

10
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4.1 Long pulse spectrum

The spectrum was investigated in exact ly the same way as with the
Cf~ :N2:He gas mixture. It was found that 97% of the energy was in the P(20)
rotational component of the 10.6 ~i m band and the remainder in the P(l8)
component. There was no evidence of energy in any other component or band.

4.2 Long pulse spatial profile

The spatial profile in the far field, as a function of time, was
measured using the eight element thin film array. A typical set of profiles is
shown in figure 19. It is clear that the beam profile changes significantly during
the 14 us of the pulse. The direction of movement of the beam centroid was
found, over many shots, to be always the same. This was the direction expected
from the measurements of refractive index changes in the CO2:N~ He laser
medium. There is no reason to think that the sign of the refractive index
gradient will be different in the CO~rCO:He mixture, although a realistic
comparison of measured and calculated movement would require a knowledge of
the refractive index contours in the C02:CO:He mixture during the 14 us of the
pulse. This movement is a severe limitation to the usefulness of the long pulse
for single pulse therm al blooming experiments and consequently no further
refractive index measurements were made. It may be a fundamental limitation of
the double discharge method of excitation, because the refractive index changes
result from the energy deposition profile in the laser medium, and this profile is
characteristic of the double discharge system.

5. CONCLUSIONS

A thorough investigation of the TEAL output has shown it to be
suitable for use in thermal blooming experiments, although certain character-
istics are undesirable. To summarise :-

(1) The laser output energy was 10 3, which greatly exceeds the
minimum requirement of 1 3.

(2) The temporal profile, although complex , is constant from shot
to shot and can be dealt with by thermal blooming theory. However,
because of the rapid changes in intensity during the gain switched
spike, any thermal blooming measurements in the first 200 ns will be
difficult to make with any reliability.

(3) The laser spectrum consists of at least three rotational lines in
the 10.6 urn band, of which the predominant one is P(20). Subsequent
measurements of the absorption coefficient of propane showed a
variation of ± 20% which is attributed mainly to shot to shot
variations in the laser spectrum. This can be accommodated in
thermal booming theory by making calculations assuming highest and
lowest probable absorption coefficients.

(4) The shot to shot beam movement of ± 14 urad was well within
the requirements of less than ± 54 ~ rad for accurate profile
measurements.

i i



(5) Refractive index m easurements within the laser can aci’omin t t o m

deviations of the central mnax imnurn of the spatial prof ile from the
ideal, and for the small movements of the beam during each pulse,
neither of which should invalidate thermal blooming mneasurements .

(6) The pulse length can be increased from ~ to 14 ~is by replacing
nitrogen with carbon monoxide in the laser gas mixture. However ,
because of the large changes which occur in the spatial profile during
each pulse, it is unsuitable for thermal blooming experiments.
Nevertheless the ability to change the pulse length by more tham~ afactor of 4 will make the laser more versatile in experiments where
the highest stability is not required.
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