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Abstract

A number of experiments are described which were carried out

as part of a program to develop a high power pulsed CO., Laser

2
operating on a single transverse and longitudinal mode.




The work described in this report was prompted by the require-
ments of proposed CO2 laser small angle scattering experiments
using heterodyne detection of the scattered light. For reasons
covered in /1/ it would be desirable to use the high power laser
source as the source of local oscillator radiation. This however
places very severe conditions on the monochromaticity of the

pulsed laser output.

Unfortunately the output of high power pulsed CO2 lasers is
usually far from monochromatic. Firstly the laser can operate
(even simultaneously) on a number of rotational lines. Then, as

a result of pressure broadening the gain width is sufficiently
large that within a given line a number of transverse and longi-
tudinal modes can reach threshold as the laser gain rises during
and after the discharge pulse. Until saturation is reached these
modes can grow independently resulting in laser pulses showing

strong intermode beating (fig. 1).

Bidg. 1

A typical CO,~TEA laser pulse (10Ons/

div) showing beating between longitu-

'M'“Nwhi- dinal (56 MHz) and transverse (18 MHz)
'“MhmA&WN“MMw“ cavity modes. A Tektronix 454 oscillos-

cope was used to display the output of

a Rofin photon drag detector.

That the high frequency modulation is indeed longitudinal mode
beating is demonstrated by its variation with laser length (fig.2).

It is this beating between cavity modes which is of greatest con-
cern here, not only because operation on more than one rotational
line can be prevented by incorporating a dispersive element such
as a prism or grating in the cavity /2/ but also because the spectrum
of light scattered by the plasma would have a width of less than

1 GHz /1/ much less than the separation between rotational lines.
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Fig. 2 Variation of CO2 laser pulse modulation frequency with
cavity length. The solid line is the frequency difference
V_, = c¢/2L between successive longitudinal modes of a

o
cavity of length ¢ .

Cavity Mode Selection

The resonant frequency v of a cavity mode is given by

v o=y {(gr1) s F(menri)cost f-E)(1-E)]

where the fundamental (longitudinal) beat frequency Y, is

_ C
given by vb =37

Here g is the number of modes of the axial standing wave pattern,
m and n are transverse mode numbers (rectangular coordinates)

{ is the length of the laser cavity and R, and R, the radii of

1 2




curvature of the laser mirrors /4/. The longitudinal modes are
usually 50 - 150 MHz apart while the transverse modes are typi-
cally separated by about 15 MHz.

It is possible to suppress unwanted transverse modes by intro-
ducing an aperture into the cavity. This increases the losses
preferentially for higher order modes /3/ leaving the lowest
divergence gaussian TEMOO mode little affected, even though the
total output power is naturally considerably reduced. This
technique works equally well for pulsed and CW lasers.

The suppression of unwanted longitudinal modes is a more diffi-
cult problem because the spatial distributions of the different
modes are not greatly different /4/.

For discharge pressures above about 10 Torr the gainwidth of the
co, laser is determined by pressure broadening at a rate of
between 4 and 5 MHz/Torr /5/ so that even with a discharge pressure
of 200 Torr the gainwidth is already of the order of a gigahertz.
This means that the gain at the longitudinal modes lying adjacent
to one at line centre is only 2 % less than the central gain. Thus,
following the analysis of Sooy /6/ one expects a ratio of the
adjacent to the dominant mode.

_ , -2
R/R = [ TWNEP 2 540

Should the cavity length drift to where the modes are symmetri-
cally placed about line centre the powers in the two modes will
become equal.

Here Gh is the cross section for stimulated emission at the wave-
length of the n th mode, No the inversion when threshold is
reached, and ¢ the length of laser medium. The number of loop
transits p between threshold and saturation is of order 30 /7/
for a 002 laser and <5No is of order 3 %/cm /8/ so that Pz/P1

is typically more than 0.01l. (The resonator length was taken as
2m, and € =1 m).

That this performance must be considerably improved is evident
from the following simplified argument.




Scattered light (power Ps per unit bandwidth, say) and local os-
cillator light PLO
within a certain IF bandwidth B is to be observed.

are incident on a detector. The mixing signal

Firstly assume that the local oscillator is monochromatic but
that the laser source consists of two components of powers P1 and

P In this case there will be two scattered light spectra, each

2°
centred on its source mode frequency, with intensities proportional

to P1 and P2.

the shape of the spectrum is to be determined a ratio P2/Pl = 0.01

Depending on the accuracy and resolution with which

would probably be quite sufficient to avoid confusion - not too
stringent a condition but one already not satisfied by most TEA

-

lasers.

If, however, one hopes to use the high power source laser also as
the source of the local oscillator signal the situation is more
serious. Then the IF signal in the bandwidth B contains not only

the signal generated by the mixing of the local oscillator centre
frequency and part of the spectrum of scattered light but also
beating between components of the LO itself - the so called homodyne
spectrum /9/. For simplicity consider a LO consisting of two laser
long. modes with powers P and P

LO1 LOo2°
B centred on the longitudinal mode beating frequency Yy then to

Congidering now a bandwidth

avoid confusion we desire that the signal generated by the mixing
of the scattering signal with the dominant mode be greater than
that generated by the mixing of the two modes with each other.

Then PLOZ < PS B
Typically P_B -~ 10718 w/uz x 107 Hz = 107 w
and PLOl s 1 mW for HgCdTe detectors for example.
PLo2 -8
Thus we require B £ 10°.
LO1

This degree of purity is required in a laser of multimegawatt
output if scattering from thermal plasma fluctuations is to be
observed /1 /. The difficulty of achieving such a high output




is compounded by the requirement of a very low divergence beam

/ 1 / which practically rules out the use of an unstable re-
sonator / 10/.

Longitudinal Mode Selection Experiments

Unfortunately the simple strategy of making the laser sufficient-
ly short that the long. mode spacing Yy = 5%r is much greater
than the gainwidth /11/ is impractical for pulsed CO2 lasers
operating near atmospheric pressure. On the other hand reducing

the pressure to about 20 Torr to reduce the linewidth is effective
but reduces the power correspondingly. The next most obvious
approach is to introduce a frequency dependent loss into the cavity
to reduce the cavity loop gain at all but one frequency. A grating
does not provide sufficient dispersion to select longitudinal modes
although it can be used to select the laser rotational line.

A number of experiments performed to test several mode selection
techniques will be described below.

Experimental Laser

Most of the experiments to be described were performed with a small
transverse discharge laser of very simple construction which is
shown in fig. 3.

A one metre length of 5 cm ID plexiglass tubing acted as dis-
charge vessel and support for two helical rows each of 117 copper
pins, between which 2.5 cm long discharges occured. 1000 §2 re-
sistors, one for each pair of pins, helped to distribute the
current uniformly.

A mixture of 84 % He, 8 % N, and 8 % CO2 was flowed continuously
along the vessel; the pressure was normally held below 300 Torr
to obtain diffuse discharges. As the pressure was raised further
the interelectrode discharges became more arc-like and no further
increase in output was obtained (fig. 4).




Fig. 3 Laser discharge
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Fig. 4 Laser output energy as function of discharge tube pressure.




The 33 nF capacitor was normally charged to 25 kV.

When discharged a current pulse of 15 A per pin flowed for about
I/JE, the interelectrode voltage drop being about 3 kV. (The carbon
block resistors used, although not subject to destruction by the
current as carbon film resistors were, suffered internal break-

down which lowered their effective resistance during the current
pulse).

The electron collision excitation rates for the upper laser level
and the excited nitrogen level /12/ can be determined from the
results of Nighan and Bennett /13/ and expressed in terms of energy

are 11 kW/cm3 to the nitrogen and 4 kW/cm3 to the carbon dioxide.

The laser resonator normally consisted of a gold coated glass or
copper curved mirror with a radius of curvature in the range

5 - 10 m and a partially transmitting Ge output flat separated by
about 2 m. Usually one mirror sealed one end of the discharge
vessel, the other end of which had a Brewster angle NaCl flat.
The laser output pulse power and energy depend on the resonator
configuration and output mirror reflectivity, but the energy was
typically loo mJ TEM -

Some experiments were carried out with a small solid Rogowski
profile electrode laser which is described later.

Mode Selection by Intracavity SF¢ Cell

The first experiments using a frequency dependent cavity loss were
modelled on those of Nurmikko et al. /14/ where SF6 which has a
strong absorption band near lo/um with a very fine detailed structure
was used as a frequency dependent loss. The experimental setup is
shown in fig. 5.

SFg TEA DISCHARGE
OO Y (O (P N IO

| L1
OUTPUT I ] I ] I 1 i I 1 1
MIRROR I]___/ s ’ GRANG

Fig. 5 Single longitudinal mode laser using intracavity SFg cell.




Initial experiments carried out with a normal curved mirror in
the cavity were unsuccessful because introduction of SF6 to the
absorption cell simply shifted operation from the P(20) to other
rotational lines at shorter wavelengths. A curved grating (R=20 m
Photo Technical Rsch SF 302 C 1800 grooves/in) was available and
thus it was possible to obtain SLM (single longitudinal mode)
pulses with 0.05 - 0.1 Torr SF6 in the 8 cm long absorption cell.
It was possible to obtain such pulses on several rotational lines
although the laser power was reduced probably mainly because of
the smaller cavity mode volume and the imperfect reflectivity of
the grating.

A typical pulse is shown in fig. 6.

Fig. 6

Output pulses from laser in fig. 5
( 50 ns/div )

upper: no SF6 in cell

lower: 0.1l Torr SF¢ in cell

With the grating, however, fairly reliable elimination of the
modulation on the pulses was obtained at the expense of a small
reduction in output power on several rotational lines around
10.6/um. Bleaching of the SF6 at high powers leads to some accen-
tuation of the sharp gain switched peak at the beginning of the
laser pulse.

An intracavity Ge etalon (Lumonics Rsch Model 502) was tried -
instead of the grating to hold the laser to a rotational line
within the absorption band cf the SF6
because operation simply shifted into another one of the etalons

but was unsatisfactory

passbands near 9,5/um.




Multimirror Resonators

An elaboration of the simple use of the grating was also tried
whereby a partially reflecting Ge mirror was set in front of the
grating (fig. 7). This increases the peak reflectivity and should

increase the power and selectivity /15/.

DETECTOR TEA DISCHARGE GRATING
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Fig. 7 Single longitudinal mode laser using multimirror resonator

In practice, however, it was difficult to adjust the system to a
state where these advantages were realized. Some improvement in
mode selection was observed using an 80 % reflective Ge mirror

and rather better results using the Ge etalon. The combination

of germanium mirror, which is antireflection coated on one side;
and grating would constitute a Fabry-Perot resonator whose reflec-
tance shows deep narrow absorption resonances. Thus certain modes
might be rejected /16/. The combination of etalon and grating, how-
ever, constitutes a three-mirror system, which under certain con-
ditions /17/ can exhibit reflectance enhancements over narrow
frequency ranges. A mode lying in one of these ranges will ex-
perience smaller losses than the others so that mode selection
would be expected to be better within certain critical ranges of
adjustment. A pulse, typical of the best performance obtained is
shown in fig. 8.

Fig. 8
Output pulse from multimirror
laser of fig. 7. (50 ns/div)
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It was found impossible to maintain the system alignement well

enough to obtain such performance for more than a few minutes at
a time.

Hybrid Laser

An alternative to inserting a frequency dependent loss into the
cavity is to insert a frequency dependent gain. The minimal ob-
tainable CO2 laser gainwidth is limited by Doppler broadening to
about 60 MHz /18/ but this means that a longitudinal mode on line
centre would experience a gain many times that experienced by the
adjacent one. (eg. some 30 times more for a 2.7 m cavity) The
maximum gain occurring in a pulsed CO2 laser discharge is usually
less than 5 times threshold /19/ so that incorporation of a low
pressure (i.e. Doppler broadened) gain tube into the cavity can
lead to a quite significant increase in the total gain for just
one mode (per rotational line). This is the basic principle behind
the hybrid laser /20 - 23/ depicted in fig 9.

~¢ LASER CAVITY ﬁ
| \ / N\ /

LOW PRESSURE DISCHARGE HIGH PRESSURE DISCHARGE
(CW OR PULSED) (PULSED)

Fig. 9 Schematic diagram of hybrid laser

The low pressure discharge section used is depicted in more de-
tail 4n fig. 10.

This system, within a wide range of parameters centred on those
given in table 1, reliably gave pulses of up to 130 mJ free of
longitudinal mode beating as far as could be determined by exami-
nation of oscilloscope photographs, even though the output occurred




-11_

on different rotational lines depending on the cavity length.

lc— Isopropyl alcohol coolant —ﬁ Bellows

mirror
mount
Brewster

window ri W;Fé ]

+ -
gas T l pump

inlet

Not to scale Stainless steel
NN Aluminium

Fig. 10 Low pressure discharge tube used in hybrid laser

Table 1 Operating conditions of hybrid laser using

pin-helix discharge

Resonator Radius of gold coated mirror: 8§ m
Reflectivity of Ge output flat: 80 %
Length 270 cm

High Pressure Section

Pressure 200 Torr

Gas mix CO2 : N2 : He 8 : 8 : 84

Low Pressure Section

Pressure 2 Torr
Gas mix CO2 : N2 : He 8 : 8 : 84
Supply voltage: 4 kV

Current 15 mA




In view of this reliability, as well as the possibility of altering
the pulse shape /22/, further experiments concentrated on the hybrid
laser system. Considering the rather different behaviour of the
system when the LP section is operated above and below threshold
/22/ these two cases are treated separately. Firstly, measurements
of the pulse purity made with the LP section below threshold where

the poorest performance is expected are described.

Detailed Measurements of Pulse Purity of Hybrid Laser System

The apparatus used for first measurements of the pulse monochroma-
ticity is shown in fig. 11.

photon drag

detector
pulse energy
‘ ' meter
piezo mirror

mount ring electrodes l L attenuator
AN

i l

L L/ ™~ 7 J
HgCdTe
high pressure low pressure detector
section section

cw
power meter

spectrum
analyser

Fig. 11 Apparatus used for measuring residual mode beating in

hybrid laser output

Adjustment of the aperture inside the cavity ensured operation

in the lowest order transverse mode whilst fine adjustment of the
cavity length by means of a piezoelectric mirror mount allowed
some degree of rotational line selection so that operation could
be confined to the P(20) rotational line.

The low pressure section was fitted with a set of four ring
electrodes at different spacings allowing the choice between six

different values of gain in the low pressure section.




A system of germanium beamsplitters allowed observation of the

laser output by an Opt. Eng. CO, laser spectrum analyser, a

Rofin photon drag detector, a Gin-Tec pulse energy meter, a Co-
herent Radiation power meter, and a S.A.T. HgCdTe photovoltaic
detector. Care was taken that both fast detectors collected

light from the full beam cross section and that the level at

the HgCdTe detector, which was biassed, was held below 2 mW to
avoid saturation effects. Measurements made during the calibration
of the photon drag detector against the HgCdTe detector showed
good agreement in the pulse shapes and level of intermode beating.
The signal from the photon drag detector was displayed directly
on an oscilloscope while that from the HgCdTe detector was fed
through a narrow band filter tuned to the frequency corresponding
to the cavity longitudinal mode spacing (56 MHz) and a low noise
amplifier and was then displayed on a second oscilloscope.

The laser was first observed in the CW mode of operation with

the full discharge length and the current was adjusted to bring

it just to the threshold of oscillation. Then the discharge length
was reduced, keeping the current constant, using the different
ring electrodes. In this way it was possible to adjust the gain
below threshold in a controlled way, the continuous section gain
being proportional to the discharge length. That the discharge is
uniform along its length was shown by the fact that the interelec-
trode voltage drop varied linearly with the length.

Now the high pressure section was pulsed and the laser output

observed. Figure 12 shows typical results. The laser pulse energy

Fig. 12
Typical experimental results in mode

beating measurement (2/us/div)

Upper: photon drag detector signal
Lower: filtered and amplified beat

signal from HgCdTe detector

was 75 mJ and the peak power was 10 kW. From the amplitude of the
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beat signal observed with the HgCdTe detector and the total pulse
power as monitored by the photon drag detector the intensities of
the dominant longitudinal mode (Il) and of the adjacent mode (Iz)
and their ratio were determined. (Of course there are two modes
spaced 56 MHz from the dominant one, but for our present purposes
it is sufficient to speak of one effective mode intensity.) The
signal voltage from a square law detector is described by

e I. +I.+2 (1112)1/2 com (o

1 2 -w)t

1
Since here Il>b 12 the photon drag detector monitors the first term
while the filter ensures that the HgCdTe detector monitors the last
term. The experimentally observed intensity ratios are shown in
fig. 13 where comparison is made with the theory described below.

o
T

LOGio MODE INTENSITY RATIO (I4/12)

1 | 1 1
0.2 0.4 06 08
LOW PRESSURE SECTION GAIN

Fig. 13 Ratio of intensities of mode at line centre and adjacent
longitudinal mode as function of low pressure section
inversion density. The solid line shows calculated values
while the points represent measured values. The low
pressure section population inversion is expressed as
a fraction of the threshold value.




Since the total light intensity at the HgCdTe detector was limited
to avoid saturation to about 2 mW, a minimum measurable voltage

of lo/uV set a limit on the observable mode rejection ratio at

approximately 1077,

A second run, with the discharge current further reduced, so that
the full discharge length no longer corresponded to threshold

gain, allowed several more points to be interpolated (open circles
in fig. 13.) Since the gain per unit length for these points had

been reduced by an unknown factor they were normalized to a straight
line fit to the earlier results.

In spite of shot-to-shot variation a clear and rather strong de-

pendence on the low pressure section gain is observed.

Rate Equation Model

Our model is based on that used by Gilbert et al. /19/ for the

TEA CO2 laser, where the kinetics of the processes taking place

in the C02~N2—He mixture are analysed in terms of four levels

only: upper (a) and lower (b) CO, levels, an excited nitrogen

level (c), and the ground state. Rate equations are written for

the population densities of the three excited states and the

cavity photon density, and the set solved numerically. The so-
lutions give an accurate picture of the operation of a conventional

TEA laser and the analysis can be easily extended in an approxi-
mate way to the hybrid laser /22/.

In the present case we use six equations to describe the mole-
cular level population densities in the two discharges of the
hybrid laser, and two to describe the intensities in two cavity
modes. We use upper case letters to denote quantities pertaining
to the high pressure section and lower case letters for those
pertaining to the low pressure section, and consider two cavity

modes of intensities I, and I Mode 1 is taken to lie at the

] 2°
line centre while for mode 2 the cross sections for emission are
decreased by factors F and f in the two sections. For the adjacent

longitudinal mode F is approximately unity because of the strong
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pressure broadening in the high pressure tube while f is small
because of the narrowness of the Doppler broadened gain profile
of the low pressure section.

Strictly, since the emission line of the low pressure section

is inhomogeneously broadened /24/ three equations are not suffi-
cient to describe its behaviour. However, on the one hand, to
attempt to account for the effects of inhomogeneous broadening,
would be prohibitively complicated, and on the other, the be-
haviour of the hybrid laser system, at least when the LP section
is operated below threshold, is dominated by what happens in the
period between threshold and saturation, during which time the

gain of the low pressure section remains constant.

dN
a — p— p— —
3T = ©Cc (I,+FI,) (N -N_) I"aNa + f"c (N-N_) + W,
dNb
gc = O0c (I +FI,) (N-Np) + [N, - rLNb Wy
dN
dt = r; (Na-Nc) - |-;oNc ® Wc
dIl X'
gt T "V I, v I, 0c (NN +I,0c (n;-ny) + N W, + nw
d12
= = - Xolz + I,dcF (N -N.) + I,0cf(n -n) + N W.F + n w_£f
dna
= = (I,+£fI,) Gc (n,-n,) - YAna + ¥, (nn)) + w,
dnb Y
T = (Il+f12) 0c (na—nb) + ana - anb + wb
dn Y
dt - Xé (na_nc) - conc + wc




_17_

¢ is the cross section for stimulated emission, c is the velocity
of light, and the gammas are collision induced transition rates.
wa,b,c and wa' B are pumping rates while ws and wg are the rates
of spotaneous emission into the mode at line centre /19/. Xb is
the inverse of the radiation decay time of the cavity. Using the
same rate constants as in /19/ and pumping rates chosen to corres-
pond to those occurring in the experimental laser the equations
were solved numerically. For the high pressure section the pumping
rates for the upper laser level and the excited nitrogen level
were estimated from measurements of the discharge current and
voltage as described above. The pumping rate for the lower laser
level was set equal to that of the upper /19/. For the low pressure
section the required steady pumping rates were chosen by trial and
error to give solutions with population inversions lying below
threshold when the high pressure section pump terms were set equal
to zero. Using such solutions as starting values the equations were
solved with the pulsed pumping terms, giving results such as shown
in fig. 14 where the intensity in the two modes and the population
inversion densities in the two sections are shown. Here F is 0.96
and £ is 0.063, corresponding to the experimental situation where
the pressure broadened gain width in the high pressure section is
560 MHz (p = 125 Torr) and the Doppler broadened gain width in the
low pressure section is 50 MHz (at half height). The cavity length
was taken as 2 m. The calculated pulse form is qualitatively
correct while the power and pulse energy are within a factor two
of those observed.

The variation of the ratio of the intensities of the two modes

at the pulse peak as a function of the low pressure section in-
version (ie gain) is shown in fig. 13, and is seen to be approxi-
mately exponential, a result of the exponential nature of the

laser pulse development. As the low pressure section gain approaches
threshold, its maximum steady state value, a mode rejection ratio

of better than 109 is indicated.

The good quantitative agreement of the theoretical results with

the experimental observations is probably to some extent fortuitous
but indicates at least that the general picture of the operation
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of the system is correct and supports the extrapolation of the
experimental results to near threshold. It is clear that to achieve
optimum performance in a hybrid laser, the low pressure section
gain should be ashigh as possible. Further experiments were per-
formed with a second hybrid laser system using a double discharge
high pressure section and will be discussed below.

(a) [ 1

(b)

(c)

r20kW

(d)

- 10W
(e) i h

2 ¢ 6 & w0
time (ysec)

Fig. 14 Numerical solutions of hybrid laser rate equations

(a) pumping of high pressure section

(b) population inversion density (Na = Nb) in high
pressure section in units of threshold inversion
density

(c) population inversion density (na - nb) in low
pressure section in units of threshold inversion
density

(d) intensity of mode lying at line centre (Il)

(e) intensity of adjacent longitudinal mode (IZ)
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Double discharge high pressure section

The double discharge high pressure section used is depicted in
fig. 15,

CERAMIC TUBE

~—

|
ik

N
£
i

———— ——— 600

Fig. 15 Double discharge high pressure discharge section

A 25 nF capacitor charged to 50 kV was discharged between two solid
aluminium (60 cm x 10 cm) electrodes separated by 2,5 cm /25/.
Preionization was provided by four trigger wires connected to the
main electrodes through 167 pF capacitors. In initial experiments

a second untriggered spark gap in series with the main electrodes
served to delay the flow of current between the main electrodes to
allow the preionization density to become more uniform. Although
some improvement was gained thereby, the addition of a small amount
of tripropylamine to the gas mixture /26/ proved so effective in
producing uniform arc-free discharges that this complication was

unnecessary.

The discharge was normally operated at about 400 T. At higher

pressures arcing between the trigger wires reduced the tubes per-
formance. In fact, for the purpose for which the system was ori-
ginally constructed a long laser pulse was required /27/ so that
operation at such low pressures was necessary anyway (see below).
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With the low pressure section operated below threshold or
switched off a pulse with a high power gain switched peak was
observed (fig. 16) with a total energy of up to 100 mJ when a

8 % COZ' 19 % NZ' and 73 % He gas mixture of 450 T pressure was
used. The peak power is approximately 150 kW.

Fig. 16

Output pulse from laser using
double discharge high pressure
section (Z/us/div). Low pressure

section not energized.

Further Pulse Purity Measurements

Measurements of the residual longitudinal mode beating in the
pulses of the hybrid laser (below threshold) using the double
discharge high pressure section were made following a procedure
similar to that described above, with the difference that both
pulse shape and mode beating signals were taken from the same
HgCdTe detector. This time measurements were made for two different
low pressure discharge pressures. When the low pressure section
was operated at 1 Torr the laser output pulse appeared on a number
of different rotational lines or even mixtures depending on the
resonator length. In this case the Doppler broadened gain width

of roughly 60 MHz is comparable to the spacing between successive
longitudinal modes of the same rotational line, but between these
lie modes of other rotational lines. This is demonstrated in

fig 17, where the variation in output of the system operated as

a CW laser with resonator length is shown. Thus with a low
pressure section pressure of 1 Torr the resonator length had to

be continually adjusted to maintain operation on the P (20) ro-
tational line. On the other hand, this adjustment has the effect
of bringing one cavity longitudinal mode to the centre of the

gain profile, under which condition the hybrid laser gives best

suppression of unwanted modes. The results obtained are shown
in fig. 18.
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Fig. 17

Variation in output of

CW laser as resonator length
is varied. An Opt.Eng. CO2
laser spectrum analyser was
used to determine which ro-

tational lines were oscillating.

Fig. 18

Variation of hybrid laser
output pulse purity with low
pressure section gain for two
different LP section gain
pressures. The logarithm of the
ratio of intensities of the
main and adjacent modes is
plotted against the LP section
gain expressed as a fraction
of the threshold value.

Not such good performance was observed as with the helix laser,
which is probably attributable to the higher gain of the double
discharge section. Naturally, the larger the gain in the LP

section is compared to the total, the stronger the effect on
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unwanted modes will be.

Even poorer performance was observed when the LP section pressure
was increased to 10 Torr (fig. 18). Several effects are probably
responsible. Firstly the gain width within the LP section is con-
siderably increased by pressure broadening which at this pressure
is as important as Doppler. This reduces the difference between the
gains experienced in the low pressure section by two modes. Se-
condly the gain at line centre is reduced although this is counter-
acted by the effect of the homogeneous pressure broadening allowing
the radiation to interact with more of the excited molecules.

Thirdly, and most importantly, the LP section gain width at this
pressure is sufficiently larger that the laser pulses always appear
on the P(20) line, whether the cavity mode is centred on the LP
section gain profile or not. This leads to a very large scatter in
the observed amount of residual beating, with the average being
considerably worse than that obtained for P(20) pulses obtained
with a 1 Torr discharge pressure, but only slightly worse than the
average obtained at 1 Torr if the cavity length is allowed to
wander arbitrarily (not shown on fig. 18). It seems fair to con-
clude that operation of the LP section at very low pressures is to
be preferred, although, since shortening the laser cavity in-
creases the spacing between longitudinal modes, a much shorter LP
section, operated at the higher pressure might perform well if the
cavity length could be better stabilized. Of course here the LP
section was far longer than it needs to be for operation below
threshold. At optimum current with 10 Torr pressure 15 W CW

output could be obtained.

Operation above threshold-generation of long pulses

Laser pulses were required to perform an experiment where
scattering from 4,5 MHz plasma waves was to be observed /27/.
This required, in order to see a significant number of oscilla-
tions in the detector IF signal after it had passed through a




_23_

350 kHz bandwidth filter, a pulse several microseconds long. Further,
since the signal was very small, the Fourier components of the

pulse lying within the filter bandwidth had to be minimized. This
means that the pulse had to rise and fall as smoothly as possible.

A very high degree of longitudinal mode purity was not essentially.
The conditions were satisfied using a relatively low pressure

(500 T), nitrogen rich (21 %) and carbon dioxide poor (5 %) gas
mixture in the HP section and operating the LP section above thres-
hold. Reducing the gain by reducing the proportion of co, in the

mix led to a decrease in output energy to about 50 mJ. The pulse

power was typically 7,5 kW. Two typical pulses are shown in fig.19.

Fig. 19

Typical long pulses from

hybrid laser (2/us/div)

(a) pure P (20)

(b) mainly P(18) with some P (20)

The upper trace in each case is the HgCdTe detector signal
showing the pulse shape while the lower is the amplified (60 dB)
Fourier component of the pulse lying between within the filter
bandwidth. The first pulse (a) is a pure P(20) pulse while the
second (b) is a mixture of P(18) and P(20). Such pulses occur
when the hybrid laser is operating CW on a rotational line other
than P(20), and the high pressure section pressure is sufficient-
ly low that competition between different rotational lines is

not strong ie below about 500 T. The gain at P(20) in pulsed
lasers seems to be anomalously high /28/ so that normally opera-
tion is observed there. In the hybrid laser a standard "above thres-




hold" hybrid laser pulse on a line other than P(20) can have,
superimposed on it, a bump, which observation with a mono-
chromator shows to be a P(20) pulse (fig. 20).

Fig. 20
Hybrid laser pulse (l/us/div)
Upper: total pulse
(most of energy on P(18))
Lower: pulse observed using CO2
laser spectrum analyser as

a filter to pass only P (20)

(made with pin discharge laser)

Amplification of the Laser Pulse

A Lumonics 601 amplifier module was available for preliminary ex-
periments in amplification of the hybrid laser pulse. Attention

was focussed on increasing the power of the long "above threshold"
pulse rather than simply achieving maximum peak powers. The_out-

put beam of the hybrid laser was passed twice through the ampli-
fier with an input diameter of about 8 mm. After 120 cm of ampli-
fication the beam had diverged to a diameter of 15 mm so that the
volume of the module was by no means fully utilised. The discharge
triggering was arranged so that all or only part of the hybrid laser
pulse could be amplified. Because the amplifier can only be operated
at atmospheric pressure, the energy stored in the upper laser level
and the excited nitrogen molecules are dissipated by collisions
within a few tens of microseconds so that amplification occurs

only within this time. Some typical pulses are shown in fig. 21.

o 15 ¢ N,

Tne input pulse had an energy of 35 mJ and maximum power of 7 kW.

The amplifier used a 7 % CO and 78 % He gas mixture.
The output pulse had an energy of up to 350 mJ and a peak power
of 70 kW. Since saturation of CO2 amplifiers seems to normally
occur at about 0.4 J/cm2 /29/ the beam would have to be expanded
to amplify higher power oscillator pulses.
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Time (us)

Fig. 21 Amplification of hybrid laser pulses: the beginning of
the oscillator pulse is marked by a small arrow. In

each case the Lumonics amplifier is fired at t = 5,6/usec.

Further Improvements to be made

In order to obtain high power monochromatic pulses for experiments
where scattering from fluctuations in the 100 MHz range is to be

observed a system basically as shown in fig. 22 is proposed.
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Fig. 22 Possible Laser for Scattering Experiments

1. Low pressure section

2. High pressure section

3. Transverse mode selection aperture
4. Curved Ge output mirror

5. Grating

6. Piezoelectric mount

7. Flip-up mirror synchronized to reduction of current in (1)
8. Monochromator

9. Detector eg pyroelectric

10. Stabilizer unit
11. Amplifier

The experiments described above show that there is a trade-off

in the hybrid laser between mode,purity and high pressure section
gain and output power. Therefo;e an oscillator-amplifier system

is envisaged with an oscillatc; output of order 50 kW. The high
pressure section would be run with a mixture weak in CO2 and N2

to keep its gain low and to reduce the nitrogen aftertail although
this reduction would not be absolutely necessary. Such an output
could be obtained from a laser of the size presently used - indeed
such powers have been commonly exceeded. The low pressure section
would be operated at about 1 Torr and would be somewhat shortened
from its present one meter length, allowing the cavity to be
shortened, which should improve the performance somewhat.
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The greatest problem would be to stabilize the laser length

to ensure that one cavity mode lies at the centre of the low
pressure section gain profile. Perhaps the simplest way to do
this would be to run the LP section discharge above threshold,
stabilizing the cavity length using standard techniques to the
centre of a P(20) mode, then reducing the gain of the LP section
below threshold some milliseconds before firing the HP section.
The stabilization would be simplified if a grating were used to
restrict operation to the P(20) rotational line. An alternative
might be to stabilise the CW laser output to the centre of the

5 cell.

A curved output mirror would be used to obtain a large diameter
expanding output beam which would be amplified by the Lumonics
module about thirty times to a peak power of 1,5 MW. It may even
be possible to use the one Lumonics module as not only the ampli-
fier but also the high pressure section of the oscillator. The
convenience of this arrangement has to be weighed against the
flexibility of two separately triggered discharges.

absorption line of a passive CO
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