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SUMMARY

A Continuously Operating last Flow Electrically Excited
(COFFEE) laser excitation concept was studied to determine the feasibility
of scaling it to high-power levels. The concept uses a multipin-to-plane
electrode configuration with transverse flow to produce a high-pressursz,
self-sustained glow discharge. Simu!taneous approaches involving both
experimental measurements and t.eoretical analyses were employed to
develop discharge scaling criteria and a laser kinetics model. The
results demonstrate that the COFFEs laser is scalable to high-power levels
and, in addition, exhibits many useful and unique features.

Experimental measurements were made of the glow behavior using
an electrode module (10 x 10 x 10 cm). Parametric studies determined the
influences of discharge current, gas velocity, pressure, mixture, electrode
gap, and cathode pin spacing on input power density, specific input energy,
discharge stability, and scale size. Measurements of the small-signal
gain distributions were also made for a number of parameter settings.

In addition the kinetic gas tempera“ure was inferred from measurements

of the small-signal gain taken at various P and R-branch laser wavelengths,
The results included observations of specific input energies up to 140 kJ/1b
with input power densities up to 50 W/cm3 of discharge volume. Maximum
input power was obtained at %300 Torr for a number of different operating
conditions. With an 8 cm gap a typical small-signal gain of 0.25%/cm

was obtained at 30 W/cm3 iuput power and 150 m/sec gas velocity. The
corresponding gas mixture was 1C02:7N2:20He:0.2H2 at 280 Torr. These
results were compared with the theoretical predictions of a glow discharge
model and a laser kinetics model.

The glow discharge was modeled by calculating the steady state

balance between electron generation and loss mechanisms under self-sustained

operating conditions. This model predicted the operating E/N in the




upstream portion of the discharge to within 107 if one assumed that the

electron loss rate is attachment dominated.
The laser kinetics were analyzed using a computer code developed

for a six-temperaturc Boltzmann equilibrium model of C02:N2:He:H20 gas

mixtures. The model is quite general and can be applied to most CO2

flowing gas laser systems of present interest. Gas temperature and E/N

dependencies were included, along with all important sources of gas heating.

Computer predictions of the small-signal gain distribution along the gas
flow direction agree well with the measured values. Laser cavity optics
were also included in the model, and parametric calculations were performed
for various output couplings and operating pressures. An output power of
45 kW at an efficiency of 157 was predicted from an 8 x 11 x 140 cm cavity
operating at 280 Torr.

The main conclusion of these studies is that multikilowatt
COFFEL laser systems can easily be ouilt and a solid technology base now

exists for designing these systems.

ii
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1. INTRODUCTION

The approach in this study program is based on the use of a

Continuously Operating Fast Flow Electrically Excited (COFFEE) laser
concept. The COFFEE laser uses a new high-pressure (0.1 to 1 atm) direct
current self-sus.ained glow discharge excitation scheme which is well
suited for a continuous wave CO2 laser. The continuous glow is produced
with a multipin-to-plane electrode geometry and is stabilized by a gas
flow transverse to the discharge and by a ballast resistor in series
with each cathode pin. The excitation concept is illustrated in Fig. 1:1.
A high-power CO2 laser system using this excitation scheme would be
relatively simple, rugged, compact, and inexpensive.

The objective of the program described herein has been the
development of the high-pressure glow discharge scaling criteria for
the multipin-to-plane electrode system. Particular emphasis has been
placed on understanding the physics of the discharge as they relate
to discharge scalability and laser excitation efficiency. Parallel,
complementary approaches involving both experimental studies and
theoratical modeling were pursued. Specific tasks included glow discharge
experiments using an electrode module (10 x 10 x 10 cm) to measure the
important glow discharge parameters. This module was constructed during
Phase I of this study program as described earlier.l The results for
Phase II, which was a continuation of the studies, are reported in
Section 2 of this report. Small-signal gain measurements are also
described. Section 3 contains the theoretical modeling developed to
gain further understanding of the discharge characteristics and laser A
kinetics. Preparatory work for an envisioned Phase III to build a 25 kW
proof of scalability laser is described in Section 4. Finally, Section 5

1s devoted to suggestions for further work. :
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Fig. 1:1 Artist's conception of COFFEE laser.
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2. GLOW DISCHARGE EXPERIMENTS

2.1 DESCRIPTION OF GLOW DISCHARGE SCHEME

The COFFEE laser concept uses a continuous, self-sustained
glow discharge which is produced with a multipin-to-plane electrode
geometry as shown in Fig. 1:1. The glow is stabilized at high pressures
by a gas flow transverse to the discharge and by a ballast resistor in
series with each cathode pin. Additional row ballast resistors are used
to tailor the input power distribution as a function of downstream distance.

As part of the COFFEE laser study program, an electrode module
(10 x 10 x 10 cm) was tested to determine the glow discharge scalability
as a function of the important parameters. One purpose of the module
experiments was to demonstrate that indeed it is feasible to build a
large-scale laser device. In addition, parametric studies were made to
determine the influence of the main parameters, such as discharge current,
gas velocity, pressure, mixture, electrode gap, and cathode pin spacing.
Small-signal gain measurements were made as a function of these variables
to determine the uniformity and efficiency of the excitation. These
experiments have also provided important information for the theoretical
models of the glow discharge and laser kinetics.

The discharge module formed a two-dimensional flow nozzle (sub-
sonic) which consisted of a planar anode on one side and a sheet of high-
temperature dielectric on the other side. The two electrodes assemblies are shown
in Figs. 2:1 and 2:2. The cathode consisted of a multipin array (110 pins)
protruding approximately 0.6 cm through the insulating sheet with a pin
density of 1 pin/cmz. Looking along the 10 cm optical axis, transverse
to the flow, one saw 11 rows of 10 pins. Each pin in a given row was
connected thiough a separate 50 k! ballast resistor to a common row bus bar.

As the laser gas mixture passes from row to row, the discharge impedance

decreases due to gas heating. This was compensated in the present case by

i
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adding a separate ballast resistor to each row in order to maintain a
nearly constant input power density A diverging flow channel could also
have been used.

The electrode gap was varied from 2 to 10 cm. The distance
between the first and last rows of cathode pins in the gas flow direction
was 10 cm. Alternate rows wi - staggered so that the nearest pin in the
gas flow direction was 2 cm away, minimizing the discharge interactions
at the cathode. Tungsten pins with a 1 mm diameter and a sharp conical
tip were used. The copper anode was 15 cm wide and approximately 30 cm
long. An internally metalized glass tube was fitted around the perimeter
of the anode (not shown) to act as guard ring for minimizing the field
enhancement of the anode edges at large electrode spacings. The internal
metal surface of this tube was connected electrically to the downstream
end of the anode. The electrodes were fitted into a special vacuum-tight
fiberglass test section housing as shown in Fig. 2:3. This test section

was part of a closed~loop wind tunnel capable of operating at any pressure

up to 1 atm with variable flow rates up to 170 m3/min.

2.2 ELECTRODE MODULE (10 x 10 x 10 cm) PARAMETERIZATION

The high-pressure direct current self-sustained glow discharge
has been successfully scaled to a 10 x 10 cm Square aperture. A photograph
of the glow discharge is shown in Fig. 2:4. Visually the glow appeared
fairly uniform, although no direct correlation was found between the
measured small-signal gain and the luminosity. The glow was less visible
under the first two rows because the current to these rows was less than
to the other rows. The upstream rows acted to "condition" or preionize the
gas for the other rows. 1In addition, the glow discharge appeared to be
deflected downstream with respect to the cathode by approximately 15-30
degrees, depending on the flow velocity. (See Section 2.3 on gain
measurements). For spacings up to 10 cm there ws no problem with the glow
blowing out or becoming Positionally unstable for gas velocities up to
150 m/sec. The discharge luminosity was observed to decrease again under
the most downstream rows where the current density was the highest. This

may be due to a slightly lower operating E/N, ratio of electric field




Fig. 2:3 Fiberglass test section housing with anode and
cathode assemblies installed.

RM-58756
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strength to gas density, in this region as described in detail in

Section 3.2. Since the mechanisms which produce luminosity are different
o from those which produce laser gain, one should not expect an exact

£ correlation between them.

i Average input power densities up to 50 W/cm3 of discharge volume
were obtained with specific input energies up to 140 kJ/1b (v150 J/8~atm).
At large gaps, however, somewhat lower values wewve obtained. For example,
with an 8 cm discharge gg® we obtained 30 MvcmB uriformly, except for
the first two cathode rows, at 50 kJ/1b using a lC02:7N2:20He gas mixture
at 286 Torr and 150 m/sec flow velocity. This result is shown in

Fig. 2:5 for row ballast resistor configuration #1. The input power

- distribution can easily be varied over a wide range as demonstrated by

3l the results for row ballast configuration #2. Both examples in Fig. 2:5
corresponded to operating conditions just below the glow-to-arc threshold,
and the total input power turned out to be nearly the same in both cascs.
Therefore, no attempt was made to optimize the row ballast configuration
for each test condition during the discharge parameterization studies.
Rather, a near optimum configuration for uniform input power density at
maximum total input power was chosen and then held constant during each

“ specific test.

- The influence of gas velocity on the maximum average input

! power density is illustrated in Fig. 2:6 for a typical set of operating
conditions. In general, the higher velocities tend to inhibit the
propagation of discharge streamers across the gap and, thereby, prevent
the onset of arcing. The reason for the nearly linear dependence is
poorly understood at this time. As described previously,l the glow-to~
arc transition appears to be due to local thermal instabilities in the
discharge rather than bulk thermal effects. Numerous investigab3r52—4

have studied the phenomena and have concluded that the instability

- threshold appears to be related to many factors, such as gas residence
3 time, input power density, gas turbulence level, and local field

= perturbations. However, the present theories are mainly gqualitative

; and can only predict general trends. Much additional work is needed in

this area. Since the highest performance was desired, most of the other
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Curve 680390-A

70 I I I | 1
1:7:20
Gap=8cm
: 60 — v =150 m/sec -
3 P =286 Torr
50 - i
“e
L Row Ballast Resistor
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> 40 9 —
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s
g w0 d
2
&
20 - Row Ballast -
. Resistor Configuration
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10 - -

0 5
Downstream Distance, cm
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Fig. 2:5 Variation of input power density with downstream
distance in the discharge for two row ballast
resistor configurations.
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parameterizations were done with v150 m/sec flow velocity which was the
maximum achievable with the pressure head capability of our blower.

Figure 2:7 shows the maximum total input power to the discharge

module that was obtained without arcing as a function of discharge gap
for two operating pressures. The solid curves are straight line
approximations of the experimental data. Higher input powers were
obtained with the larger gaps. The scalability is further indicated by
replotting this data in terms of the average input power density as shown
in Fig. 2:8. The input power density was calculated on the basis of
dividing the total input power by the discharge current area of 1 cm2 per
pin times 110 pins (from the cathode pin density) and the discharge gap
(2 to 10 cm). The solid curve is a cross-plot of the straight line from
Fig. 2:7. 1If the maximum input power increased linearly with gap, the
maximum input power density would be independent of the discharge gap,
which is a desirable scaling relationship. At larger gaps (5-10 cm) we
see that the maximum input power density was fairly insensitive to gap.
At small gaps (V2 cm), however, it was possible to achieve almost double
the input power density. The explanation for this behavior is rooted in
the discharge instability phenomena. The discharges between real small
gaps are probably more stable because the component of the electric field
which presumably exists in the gas flow direction is considerably smaller
in this situation. Nevertheless, the results of Fig. 2:7 indicate that
gaps greater than 10 cm would be useful for obtaining even greater power
levels.

The effect: of gas pressure is shown most clearly in Fig. 2:9.
The average input power densities were observed to increase linearly
with discharge current for any given operating pressure as expected,
because the V I characteristic for this glow discharge is nearly flat
(slightly rising). For any given current setting the input power density

is approximately proportional to the total gas pressure if the gas

mixture is held conscant. This occurs because the operating E/N for the

3
1

discharge is to first order governed only by the gas mixture. The

dashed curve in Fig. 2:9 represents the glow-to-arc limit on input power

s S s S Sree
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Curve 680393-A
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Fig. 2:7 Maximum input power with stable discharge versus
discharge gap.
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density for the parameters shown. Although glow discharges have been
operated up to armospheric pressure, the optimumn oressure for achieving
maximum input power appears to be around 300 Torr. This same result was
obtained at the larger gap settings. The optimim pressure was raised to
higher pressures by increasing the relative amount of ”z in tle Jtsrtarge;
however, thi: parameterization was not optimized due to the limited time
available. Any combination of operating parameters that falls below the
dashed curve resulted in a stabl~ discharge. Thus, we see that it is
possible to design multi-kilowatt laser systems using the COFFEE laser
excitation ceuncept. Predicted laser performance capabilities are described
in Section 3.

No systematic study of gas degradation effects was included in
this program. However, it has been observed that there are no problems
if arcing is avoided. As rejorted earlier,l the discharge has been run
for over one hour in a closed-locp flow system withcut any make-up gas,
and no significant changes, such as buildup of CO or NOx and increased
operating voltage, are observed. On the other hand, we found that the
glow voltage does increase with time if the discharge is operated for an
extended period of time just below the current limit for arcing.
Furthermore, the current threshold for arcing gradually lowers. These
results are believed to be caused by "partial arc-overs" which occur
just below the current level which produces a complete glow-to-arc
transition with collapse of the glow voltage. aince many of the tests
described in this section required operation of the discharge near this
condition in order Lo establish the stability limits, it was found
desirable to add up to 2% H2 to the laser gas mixture in order to achieve
long term discharge stability and reproducibility of results for operating
periods over 1 hour. The addition of H2 does decrease the small-signal
gain, however, as described in Section 2.3 and certain tradeoffs must be
made in the design of practical laser systems. We believe the H2 reduces
the 02 which is liberated during dissociation of the CO2 when arcing occurs.
One could also add CO to the gas mixture to purposely drive the reaction

backwards. This latter technique was not used extensively in this study.

16
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The maximum power input to the glow discharge without sparking

was found to be proportional to the cathode pin array area. TFor example,

with an 8 cm gap at 286 Torr of lC02:7N2:20He:0.6H2 mixture and flow
velocity of 150 m/sec, it

was possible to obtain 12.6 kW input using only

the 5 upstream rows of cathode Pins. With all 11 rcws of cathode pins

conneeted, rthe nianimum

Fig. 2:5)., a "

see
quicky" experiment demonstrated that it is possible to

ire-free 1nput power was 42.9 kW (™30 Wiee, s

extend the discharge downstream to more than 20 cm by increasing the

cathode array dimension in the flow direction. The only restriction,

other than arcing, is that one must not overheat the gas to the point

that lasing action stops as described in Section 3.

)
The pin density was varied from 0.25 to 1.00 pins/cm™ with

negligible affect on the glow stability maximum input power. This variation

was accomplished by disconnecting intermediate rows of Pins. The discharge

was not as uniform in the vicinity of the cathode in these cases. The pin

density was also constrained by the maximum current that can be dr

single pin.

awn from a
For example, at p = 280 Torr with a 1:7:20 gas mixture

flowing at 150 m/sec, 100 mA was about the maximum single pin current

that could be obtained with a 4 ecm gap and upstream discharges. When
only a single row of pins having the same 1 cm transverse spacing was

inserted into this same gas flow field, 35 mA/pin was the maximum attainable

current without arcing. This further indicates that the upstream discharges

tend to favorably "condition" the gas for the downstream discharges,

If one increases the pin density, there is still an upper

limit to the maximum current density, based on the area of the discharge

column, which can be obtained before arcing occurs. Adding more cathode

Pins just lowers the current per pin required to achieve this threshold

current density and makes the cathode more complex to build.
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2.3 SMALL-SIGNAL GAIN MEASUREMENTS

2.3.1 Description of Gain Measurement Technique

The experimental setup is schematically shown in Fig. 2:10.
A tunable 002 probe laser was operated in the TEM fundamental mode to
obtain minimum beam divergence. An adjustable iris attenuated the beam

to intensity levels which avoided saturation of the detector. Germanium

beam splitters, placed along the path of the laser beam, directed samples
of the beam to a power meter, a spectrum analyzer and a UV illuminated
phosphor screen. The laser beam was then chopped with a polished stainlcss
Steel blade so that the beam reflected off the chopper passed through

4 variable attenuator and fell on a pyroelectric detector. The transmitted
beam was directed through the laser discharge by means of a set of bean
Steering mirrors. Any region of the discharge along a path perpendicular
to the gas flow direction and parallel to the electrode surface could be
Probed by moving these mirrors horizontally and vertically. A front
surface mirror was located on the other side of the discharge. 1Its
alignment was adjusted with micrometer screws so that the prabing beam

was reflected almost back on itself. Thus, the returned beam also fell

on the same pyroelectric detector as shown in Fig. 2:10. The output of

the pyroelectiic detector was fed into a lock-in amplifier. The reference
signal for the lock-in amplifier was generated by chopping a light

Source with the same chopper mentioned above. It was detected by a
photodiode. The output of the lock-in amplifier was displayed on a

chart recorder.

The system was initialized by first observing output Vl from
the lock~in amplifier when the beam reflected off the chopper was
temporarily fully attenuated. Care was taken to assure that the
pPyroelectric detector was operated in its linear range. Then the
variable attenuator was readjusted until the lock-in amplifier output

was zero with the main CO2 discharge turned off, Finally, the discharge
was turned on, and the amplification of the probe beam produced an output

V2 from the lock-in amplifier. Thus, the total measured gain was given

18
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Schematic diagram of the system used to measure gain of COZ laser discharge

Fig. 2:10 Schematic diagram of the system used to measure
gain of CO2 laser discharge.
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by V2/Vl- Since the total active path length was 20 cm, the percent
gain per centimeter was
v

1 2
8 = 20 (V—) x 100 (2:1)
1

e TR e o Y S e

In principle, very accurate measurements can be obtained with this method
because extremely small values of V2 can be measured using this nulling
technique and the high sensitivity scales of the lock-in amplifier. The

main limitation is the stability of the reference signal V In the

1
present case the probe laser had an inherent drift which limited the useful
sensitivity enhancement to a factor of ten. This permitted the measurement

of gain as low as 0.01%/cm.

2.3.2 Experimental Results

The integrated small-signal gain over a 20 cm path perpendicular
to both the gas flow direction and the electric field was investigated for
a cathode-to-anode spacing of 8 cm. The variation of the gain in the
gas flow direction (horizontal), midway. between the cathode and the anode
was measured. A vertical scan of the gain was also made between the
electrodes at the position where maximum gain was observed in the horizontal
scan. The dependence of the gaiu at the P22 transition upon gas pressure,
discharge current, and hydrogen partial pressure were studied at the mid- !
Plane. The gain variation with J-values of both the P-branch and the
R-branch were also studied for a fixed gas composition and pressure.
The small-signal laser gain for the P22 trar~ition as a function of down-
stream distance from the first row of cathode pins is shown in Figs. 2:11
and 2:12 for total discharge currents of 1.0 A and 1.5 A, respectively.
The gas mixture was 1002:7N2:20He:0.2H2. The total gas pressure varied
about 207 during the course of the measurements because some gas escaped
out of the blower shaft seal. Hence, the gain was normalized to 280 Torr
using the pressure dependence shown in Fig. 2:14. The gas flow velocity
was 150 m/sec, and the specific electrical energy input to the discharge

at 1.5 A was 50 kJ/1b. The row ballast resistors were adjusted to give I

nearly constant power input per unit volume (see Fig. 3:10). At 1.5 A

s e e
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the discharge yag operating just below the sparking limit. The
variation of power input per unit volume in the flow direction is
further described in Sections 2.2 and 3.2.4. 1In Figs. 2:11 and 2:12,
the dots are the experimental measurements and the solid curves are the
theoretical predictions based on computer calculations with various
assumed values of water vapor content as expliined in Section 3.2.4.
The theoretical curves for the assumed value of 0.25% water content
agrees with both the maximum gain and the shape of the gain curve
within the scatter of the experimental data.

In order to match the position where the experimental and
theoretical curves peaked, the theoretical curve was displaced downstream
by 1.5 cm. This shift is qualitatively consistent with a displacement of
the current distribution arising from the gas flow. The drift velocity
of positive ions in the discharge is given by W= P § E cm/sec where y
is the mobility of positive ions in the mixture and E the electric field
in volts/cm. The positive ion mobility in the C0,:N,:He mixture used is
about 7.1 em /volt ~sec and the E/p under the last row of cathode pins
was 6.1 volts/cm-Torr. This yields a positive ion drift velocity of
3.3 x 10 cm/sec. The gas flow velocity here was 1.6 x lO4 cm/sec. The
current path appears to be deflected downstream with respect to the cathode
Pins, which anchor the discharge, by an angle which is proportional to the
ratio of gas to ion drift velocities. Thus, the expected displacement of
current distribution at the mid-plane (4 cm below the cathode) was
approximately 2 cm, which is in agreement with the displacement required
to match theory with experiment.

Figures 2:11 and 2:12 show that the small-signal gain increased
(by integration) as the laser gas passed through the discharge. Beyond
the discharge region, the gain fell off exponentially with a decay.time
of about 260 usec. This relatively long decay time is due to the
nitrogen acting as an energy reservoir. The shape of the gain profile
in the discharge is governed by both the pumping rate and the deactivation
rate. The details of these processes are discussed in Section 3. However,
it should be rointed out that the shape of the gain profile in the down-
stream direction will be completely different in the presence of stimulated
emission during lasing.
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A vertlcal scan of the small-signal gain tor the P18 line at
1.5 cm downstream from the last row of cathode pins is shown in Fig.

2:13. The gain expressed in percent per centimeter is plotted against
distance measured from the cathode. Several measurements were taken at
1.0 and 1.5 A at each vertical position and were normalized to a total
pressure of 280 Torr using a 1C02:7N2:20He:0.2H2 gas mixturu. Awerasges

of these measurements for 1.0 A are indicated by dots and those for 1.5 A
are indicated by triangles. The error bars correspond to the standard deviation
of the data taken at each position. The results indicate that within

the accuracy of the measurements the gain was quite uniform across the

8 cm interelectrode spacing, except perhaps for a slight fall-off near

the cathode. The pressure dependence of the small-signal gain at the

P22 line, for a discharge current of 1.0 A and for a fixed gas composition
of 1C02:7N2:20He:0.2H2 in the pressure range of 70 to 280 Torr is shown

in Fig. 2:14. The measurements were made midway between the cathode and
the anode and 1 cm downstream from the last row of cathode pins. The

gas flow velocity at the entrance to the discharge region was 150 m/sec.
The log-loy plot of the variation of the gain with pressure P shows that
the gain varies asymptotically as P_'74 for large pressures. A similar
pressure dependence was also observed for a 1.5 A discharge.

Introduction of a small amount of hydrogen into the laser gas
mixture improved the long term discharge stability conditionms. However,
it also resulted in reduced gain. Fig. 2:15 shows the variation of
measured small-signal gain with total discharge current for various amounts
of hydrogen added to a fixed lC02:7N2:20He composition at a total pressure
of 280 Torr. The measurements were made at the midplane 1 cm dovnstream
from the last row of cathode Pins. The solid curves are straight lines
fitted through the data points. The gain varies linearly with current
for a fixed gas composition as expected. The 1.5 A data are replotted in
Fig. 2:16 as a function of hydrogen concentration. In ganeral, the
small-signal gain was reduced approximately 40% with the addition of 1%

H2 to the 1:7:20 gas mixture at 280 Torr. The gain decreased exponentially
with further addition of HZ’ The dashed line represents the theoretical

predictions for various assumed values of water vapor content, Unfortunately,

24

LY

YT




Curve 678082-A

i 5 )
® - ]
£ .}
i 2
© [ ]
o & = =
1 =15 Discharge Current
3l E L] 1 ﬁ
& A <l.5A

= 0 ] | I | ] | |
0 1 2 3 4 5 6 T
Position, cm Below Cathode
i |
qﬁ* & Fig. 2:13 Small-signal gain on P18 line versus position
g below cathode pins 1.5 cm downstream of 1lth

row at a total pressure of 280 Torr.



Curve 678080-A

I T T T I
0 A - _
E
o
w3 —
3
ma
o
.2t —
k = o
;. n [
™
E ‘
i v
1 | | | B I T

5 70 100 150 200 300 400
Total Pressure, torr

Fig. 2:14 Small-signal gain as a function of total pressure

for a 1C02:7N2:20He:0.2H2 mixture at 1 A discharge
current.




Curve 678085-8
|

]

—
il

E
i
o~
i
‘™
L]
&
v
™

E
v

| l ]

.50 .15 1.0
Discharge Current, A

2:15 Variation of gain with discharge current in
1(302:71‘12:20He:XH2 mixture at 280 Torr.




=i

Sr:all Signal Galn, %-tm

Curve 6786081-A
% Hp0
A'O -1 2 .3 4 5 6
: T T I ] I I
o
3 - —
.
~—~
— Theory ( H,0 Addition)
.
R4 & ~ —
-
: S—
Experiment —
H? Addition
1 o ! { l ! ! i t [ ! | 1 i
0 1.0 2.0 3.0

ig. 2:16 Small-signal gain as a function of hydrogen
and water vapor concentration at 280 Torr gas
pressure and 1.5 amp discharge current.

28

s Y -

AR e

R P R L S



no measurements were made with H20 added in place of HZ' A linear
extrapolation of the H2 data back to zero HZ concentration gives a
gain equivalent to that predicted by a 0.15% HZO content. One might
reasonably expect a flow system background water vapor concentration
of this magnitude since commercial grade gases were used and the
System was not bakable under vacuum. The reduction in gain caused by
the addition of H, was 1/3 times that predicted for H,0. This large
reduction in the measured gain implied that in the presence of the
discharge, chemical reactions occurred which led to the formatiéh;of
additional water vapor. A more detailed comparison of the two curves

is given in Section 3.2.4.

2.4 GAS TEMPERATURE MEASUREMENTS

The kinetic temperature in molecular gas laser media such as
CO2 can be inferred from measurements of the small-signal gain taken
at various P and R-branch laser wavelengths. This technique has been
applied by Avizonis, Dean ad Gr0tbeck5 using P-branch gain measurements
performed upon CO2 gas dynamic lasers. More recently, the gain formulations
have been modified at Westinghouse and applied to P and R-branch gain
measurements in UV-initiated, pulsed COZ:NZ:He laser discharges.6 These
gain techniques have the advantage that the gas temperature is determined
at the site and time of the laser population inversion, and the method
does not perturb the gain medium. For the COFFEE laser discharges studied
here, P and BR~branch gain measurements were performed in the interelectrode
midplane 1.0 cm downstream from the eleventh row of pi.s for total currents

of 1.0 and 1.5 A.

The small-signal gain relationship at line center can be

7
expressed as

a(IAT) = K B

m_, exp [-J(J & 1)6 , /T ]
1 F(v,J) c vy v r

- KCBv"r'LV” exp ['J(J + 1)ev'|/Tr] (2:2) '
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for a vibrational-rotational transition from the (v',J') level to the
(v",J") level. The lower signs are selected for P-branch gain with the
rotational quantum number J = J" designated by the lower-lying level.

The R-branch gain is obtained by selecting the upper signs with J = J'
designated by the higher-lying level.* The terms o(J), A(J) and F(v,J)
are the measured small-signal gain, the wavelength corresponding to the
particular transition, and the vibrational-rotational interaction factor,
respectively. The quantities Bv and n, are the rotational constant and
the population density, respectively, for the vth vibrational level. The
characteristic rotational temperature 8, is defined in terms of the

rotational constant Bv as

6V= th.V/k, (2:3)

where h, c and k are Planck's constant, the velocity of light and
Boltzmann's constant, respectively.

The equilibrium rotational temperature Tr is assumed to be
identical for both the upper and the lower laser levels, and Tr is
further assumed to be equal to the gas kinetic temperature T. These
assumptions are well-founded for the CO2 lasers considered here, since
rotational thermalization and equilibrium with the gas kinetic reservoir
occur in times on the order of 1 nsec. Thus, a determination of the
rotational temperature Tr from gain measurements provides an excellent
estimate of the gas temperature based upon the assumption that T % Tr'

The collisional constant Kc applies for collisional broadening

of the vibrational-rotational transition, and is given by

3
K, = lém oc Sv‘V"/3kTr v, (2:4)

*Note: This definition of J for the R-branch simplifies the equations
in this section; however, the equations in Appendix E of Section 3.1
are similarly simplified by taking the alternate convention of setting
J = J" for the R-branch.




j

where 0 is the molecular symmetry number (¢ = 2 for C02), and Sy,yyn is

the square of the vibrational transition moment. The collision frequency

Y6 for optical broadening can be expressed as

v = (skT/M)l/ZJ;njoj(l . M/Mj)l/z - (2:5)

where M is the mass of the laser particle and nj, Oj and Mj are the
number density, optical broadening cross section and mass, respectively,
of the gas mixture constituents. The sum is taken over all gas species,
including the laser species. Under the assumption that T = T, the

r
N ! . -3/2
collisional constant Kc is seen to vary as Tr / 0

Inspection of Eq. (2:2) reveals that if the small-signal gain
+ is measured for various transiticns (v',J') - (v",J3"), the only

undetermined quantities are Dyry Oon and Tr' Since 0, and n_n are not

v
known a priori, further approximations to Eq. (2:2) are required in order

to extract Tr from the gain measurements. This can be accomplished by
removing the first term of Eq. (2:2) as a common factor and approximating
the remaining term in exp[i2J6/Tr] by unity with Bv' = Byu = B and

Sv, = Sv" = 6. For typical CO2 values of J = 20 with Tr = 300°K, this
exponential term differs from unity by only about 7%; thus the
approximation does not introduce significant error into the gain
formulation for typical CO2 laser conditions. The resulting gain

equation is considerably simplified, however:

a(J) A(J) "

K B(n y - n_,) exp[-J(J + 1)6/T_] (2:6)
J F(v,J) vt TRy 3

Taking natural logarithms of both sides of this equation yields a

convenient linear relationship:

in[a(I) M) /T F(v,)] = -3 + 1) 2=+ tn[K_B(ny, - 0 )]

r (2:7)
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The left-hand side involves the measurable quantities a(J) and
J, and the first term on the right-hand side involves the measurable
quantity J(J + 1). Thus a plot of &n[a(J) A(JI)/J F(v,J)] as a function
of J(J + 1) will yield the same straight line for both P and R branch
data. The slope of this line is —G/Tr, and the ordinate intercept is
ln[KCB(nv, - nv")]. The gas temperature T = Tr can be evaluated from
the slope, and the population difference (nv, - nv”) can be calrul. ed
from the ordinate intercept value and Tr.

This method of determining the gas temperature has been programmed
for automatic computer treatment of raw experimental gain data. The
computer code GARED calculates the appropriate variables for Eq. (2:7),
and performs a linear least squares fit of these values to a straight
line. Both P-branch and R-branch gain data are considered separately,
since the approximatjon exp[iZJG/Tr] % 1 provides a slightly different
linear relationship for P and R-branches. The approximation causes an
overestimation of 'I‘r from the P-branch data, and an underestimation of
'I‘r from the R-branch data. Thus separate fitting procedures applied to
P and R-branch gain data should bracket the true value of Tr; in practice,
the arithmetic average of these values is taken as the gas kinetic
temperature.

The numerical constants employed in these computations were
derived from the latest measured values reported in the scientific
literature. Wavelengths for the various CO2 P and Rgbranch transitions
were taken from the measurements of Barker and Adel,” and the
vibrational-rotational interaction factors F(v,J) were deduced from the
formulations given by Arie, Lacome and Rossetti.9 Rotational constants
BOool = 0. 3866 cm_l and B10°O = 0.3897 cm-1 from HerzberglO were used
for the CO2 upper and lower laser levels, respectively. The molecular
symmetry number o = 2 for CO2 was obtained from Herzberg.11 The line
strength Sv'v" for the (00°1) -+ (10°0) laser transition in CO2 was taken
as 1.483 x 10—39 erg cm3 from the recent measurements of Murray, Kruger
and Mitchner,12 and the CO2 optical broadening cross sections for C02,
N2 and He were taken as 131, 114 and 48 22, respectively from this same

reference.
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Gain measurements were performed at a location 1.0 cm downstream

from the eleventh row of pins in the COFFEE electrode array, midway between
the anode and cathode. An 8 cm electrode gap was used. The laser gas
mixture was 1C02:7N2:20He:0.2H2 with a total pressure of 280 Torr. A
rixed entering gas velocity of 150 m/sec was used. Wich a total discharge
current of 1.0 A, small-signal gain measurements were performed at 8
P-branch and 7 R-branch transitions. At the 1.5 A discharge current,
8 P-branch and 10 R-branch gain measurements were made. The particular
transitions probed were carefully chosen to avoid the anomalous CO2
"hot bands" reported by Leonard™> and by Singer.14 Specifically, no
gain measurements were attempted on the P(20), P(28) and R(15) transitions
of the 10.4 um CO2 bands, since these transition wavelengths apparently
overlap those corresponding to other 002 levels which can be highly
populated at typical operating temperatures. Such "hot band" transitions
can lead to anomalously high observed gain at these wavelengths, by as
much as 10% in some cases. Since such anomalies could influence the
rotational temperatures deduced from these measurements, the "hot band"
wavelengths were not included in the data set.

The observed gains for the various P and R-branch 002 transitions
are shown in Figs. 2:17 and 2:18. These values have been normalized to a
constant background pressure of 280 Torr by employing the empirically-

determined relationship

o« p . (2:8)

where o is the observed gain and P is the measured total gas Pressure.
Since changes in background pressure were recorded over the 1 to 4 krur
duration of a typical experimental run, this normalization procedure was
deemed necessary to correct for an observable systematic error. Further-
more, each data point is the average of between 3 and 10 separate
observations. Nonetheless,it can be seen that considerable scatter exists
in the experimental gain data. This is attributed to instabilities in

the output of the probe laser and the rather small signal-to-noise ratio
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obtained in the detection equipment. The computer least-squares fit to
the data is indicated approximately by the solid curve drawn through the
experimental points.

For the 1.0 A case, the P and R branch temperatures determined
from the GARED program were 301°K and 326°K, respectively, to yield an
average of 313°K. For the 1.5 A case, these values were 289°K and 298°K,
respectively, for an average of 293°K. These results are anomalous in
that the higher current case yields a temperature lower than the lower
current case, and the 1.5 A data yields a temperature below the Vv300°K
inlet gas temperature. Consequently, we conclude that the scatter in the
experimental data is sufficient to introduce significant errors into the
temperature determination. Based upon error calculations performed
previously for UV-initiated, pulsed CO2 laser gain measurements, we
estimate that the uncertainty in the derived temperatures is “v20°K
for the 1.0 A data and “40°K for the 1.5 A data. Clearly an improved gain
measurement technique will be required to reduce errors in the gas
temperature determination.

Despite these uncertainties, the gain reduction technique
demonstrated that the gas temperature increased by ~30°K during
traversal through the COFFEE excitation region. Furthermore, this result
agreed with the laser kinetics prediction shown in Fig. 3:1l, With this
temperature rise, it is evident that the CO2 laser kinetics were not
affected seriously by the deleterious effects of elevated gas temperatures
which occur beyond v450°-500°K. Thus excitation regions extended even
further in the downstream dimension should result in increased laser

excitation and power output.
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3. THEORETICAL MODELING

3.1 LASER KINETICS MODEL

3.1.1 Introduction

In the COFFEL CO2 laser kinetics model we have considered five general

mechanisms: (1) the electrical excitation of the gaseous medium, (2) the
collisional relaxation of energy in the gas, (3) the transport of thermal
energy by gas flow, (4) the interaction of coherent radiation with the
CO2 molecules, and (5) the feedback of the coherent radiation by end
mirrors. Considerable work has been done in these areas by many workers,
particularly in conventional low pressure, low energy CO2 devices. The
object of developing the present model was to extend previous treatments
to include continuous operation, the temperature dependence of the
collisional relaxation processes, the electric field dependence of the
electrical excitation, and the effects of water vapor and gas flow. The
basic model is the one which has been successful in simulating pulsed

CO2 lasers}? However, it was modified to include the gas flow properties
and to model che continuous operation of the COFFEE laser. The complete

COFFEE CO2 laser kinetics model is described in the following sections.

3.1.2 General Description of the Model

The basic premise of the COFFEE CO2 laser kinetics model is that
the vibrational modes of the molecules can be considered as completely
separate energy reservoirs which interact by electronic and molecular
collisions and by photon emission or absorption. Each mode is assumed to
be in local Boltzmann equilibrium due to rapid intramode vibrational-
vibrational (VV) relaxation. Thus, the energy content of each vibrational
mode is characterized by its own Boltzmann temperature and is described

by its own rate equation.
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The fraction of the input electrical power which excites the
various vibrational modes and electronic levels has been determined by
Lowke et al.16 from electron energy distribution function computations in
CO2 laser mixtures. These fractions are computed as a function of E/N,
where E is the electric field and N is the total number density of the gas.
In general, the value of E/N in the discharge is a function of position
downstream and its value at any position was determined from the value
of the electric field calculated from the measured glow voltage and from
the total number density calculated from the specific heat rate equation,
assuming that the pressure is constant throughout the laser cavity. The

experimental values of the current density were used to obtain the input

electrical power.

From the theoretical models one is able :to predict the proper
temperature dependence of the vibrational-vibrational (VV) and vibrational-

translational (VT) collisional relaxation rate constants. However, existing

theories yield quite poor values for the magnitude of these rates. Consequently,

the theoretical models were used to provide a three-parameter expression

for the temperature dependence of these rate constants, and this expression

was fitted to measured values at three different temperatures. RXelaxation

rates for which no experimental Measurements are available were estimated

on the basis of physical arguments. Most of the rates involving water

must be estimated in this fashion. Water was included in this model

because its relaxation rates are extremely high and exhibit anomalous

temperature behavior. Thus, even very small amounts of water vapor will

have a significant effect on the results. On the other hand, hydrogen

has not been included because its relaxation rates are at least eight

times slower than those of water vapor and because the concentration of

hydrogen was never allowed to become very large.

As the gas temperature increases in the gas flow direction, the

gas flow velocity increases and the number density decreases. These

changes are directly proportional to the temperature or its inverse and

were included in the model. Although these changes are important, the

collisional rates are also dependent on the gas temperature and in many

cases exhibit large changes for small temperature variations. Thus, it
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is necessary to consider the nonstationary equation of thermal conductivity
to determine the gas temperature as a function of the downstream position
(all gas properties are assumed to be constant within any cross-section
perpendicular to the gas flow direction). The model employs the specific
heats of the gas components at constant pressure and includes the three
major sources of gas heating: energy defect heating from VV collisional
transitions, intermode heating from VI collisional transitions, and gas
heating from the electrical discharge. The loss of electrical input energy
by electronic excitation followed by photon emission was also included.

The total radiation intensity is the sum of the spontaneous
radiation intensity not collimated by the cavity mirrors and the spontaneous
plus stimulated radiation intensity which is collimated by the cavity
mirrors. The collimated radiation intensity was calculated from the rate
equation which defines the laser gain. Included were the effects of
spon:aneous emission, constant input radiation intensity (in case the
laser is used as an amplifier), mirror and cavity losses. Doppler, natural,
and pressure broadening of the linewidth were also included. The
fractional populations of the rotational levels were considered in computing
the stimulated emission transition rates.

As just described, the computation proceeds as shown in
Fig. 3:1. The experimental values of the electric field, E, and current
density, j, as a function of downstream position, x, were used to determine
the electron excitation rate coefficients and, the input power values.

This information was used in the laser xinetics model to calculate the gas
temperature, T, and many other laser parameters, taking into consideration
the discharge and laser cavity dimensions as well as the optics design,
initial gas flow velocity, temperature, and pressure. The collisional

rate coefficients detemmine the collisional excitation and relaxation. The
environmental changes a molecule experienced as it flowed through the dis-
charge cavity were incorporated in the laser kinetics model. The result was
the determination of the gas flow velocity, gas density, gas temperature,
vibrational temperatures, gain, output power, and output efficiency as a

function of the downstream position. The basic rate equations used in

this model are described in the next section.
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3.1.3 The Rate Equations

TSR SRS TN
Ho

From the basic premise of Separate energy reservoirs for each

vibrational mode, the rate equations can be derived by introducing the
@

: following approximations:

1. Translational and rotational motions are so tightly coupled

that their enerpyy contents are in Boltzmann equilibrium with each other

at the kinetic gas temperature T.

2. Only the bending mode of H20 (WBM) interacts with the
= vibrational levels of CO

2 and N2; the other two HZO vibrational modes,

3 g lying considerably higher in energy, do not exchange significant amounts ;
v . of vibrational energy with CO2 and N, . g
3. The WBM can be represented as a perfect simple harmonic

17
oscillator (SHO) with an infinite number of equally spaced energy levels,

b since only the lowest levels of the H20 bending mode are appreciably

Occupied at the temperatures of interest.
4. The N2 vibrational mode (NVM), the CO2 asymmetric stretch
mode (ASM). the CO2 symmetric stretch mode (SSM), and the doubly

degenerate CO2 bending mode (BM) can be represented as perfect simple

i harmonic oscillators with an infinite number of equally spaced energy

s

S o

. levels,l8 as their lower-lying energy levzls exhibit nearly uniform
spacings.

5. The intramode VV relaxation is so rapid that each
vibrational mode is in local Boltzmann equilibrium and can be characterized
by its own Boltzmann temperature.

€. The anharmonicities in the ASM and SSM are large enough to

shift the wavelengths of transiticns between the Onl and 1n0 energy levels

(n > 1) away from the 0001 to lOUO transition wavelength, and out of the

wavelength region for which there is appreciable overlap of the linewidths.

. This wavelength shift and the small occupancies of the upper energy

S D et s S

( levels permit one to restrict the stimulated emission to the 0001 - lOOO

transition. 3
] 7. The resonator cavity wavelength discrimination is sufficient s
. to suppress stimulated emission at 9.6 um. %

IR
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8. Spontaneous emission and particle diffusion rates are
sufficiently small that these processes can be neglected. (However,
spontaneous emission is included in the gain equation to provide the
initial radiation which is amplified by the laser whenever it is used
as an oscillator.)

9. The gas pressure is constant in time, and molecular
dissociation can be neglected.

The model is considerably simrlified by averaging over all
spatial dependencies transverse to the .irection of flow and by restricting
the laser emiss.on to a single vibraticnal-rotational transition within
the 10.4 um band. The former simplification restricts the resonator
configuration to be plane-parallel. In addition to these approximations,
it is assumed that transitions into or out of the doubly degenerate
bending mode occur only when the energy transfer involves either cne
or the other bending mrode.

It is further assumed that the application of the Landau-

Teller selection rules lgfor vibrational level transitions is valid for
collisional interactions between modes, and that the dependence of
transition probabilities on vibrational quantum numbers in multiple quanta
exchanges may be calculated from the one-dimensional exponential repulsion
model of Schwartz, Slawsky, and Herzfeld.20 For brevity, the latter model
is called the SSH theory.

The specific interactions considered in the model are illustrated
in Fig. 3:2 for the usual COZ:NZ:He:HZO gas composition. Included in
the model are three VT, six VV, one stimulated emission, and five electrical
excitation processes. The model also included all inverse transitions
determined from the principle of detailed balance. These interactions
include all those known to be important. The inclusion of water vapor
(0.25%) introduces interactions whict. have not been included in previous

models. The stated relaxation times are typical for a 1:7:20 mixture at

280 Torr pressure,
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The energy content of each vibrational mode is described by a

temperature: Tn for the NVM, Tw for the WBM, Ta for the ASM, TS for the

SSM, and Tb for the BM. The interactions in Fig. 3:2 generate a flow of

energy between the vibrational modes. The application of the aforementioned

assumptions to these interactions leads to a rate equation for the
Boltzmann factor associated with each of the five vibrational modes.2
The inclusion of a rate equation for the kinetic gas temperature T and
one for the coherent light intensity completes the model. The result
is a harmonic oscillator, six-temperature Boltzmann equilibrium model

described by the following seven simultaneous differential equations:

a Fw-a | R Cb3 - a
(1- a) —n)(l— aw 1 w)(l— ab (1—b)3 (1-a

= (Tez)(Ass)Ab)’ e v, (3:1)
'—EL—-'= R __Ehi_:_i__ + (l—a)(l—s)(l—b)2 '+u (3:2)
1-9% %l a-p)?-s) E

: I 2
2b Cb™ - a Bb - s Gb - w
—£2— = _3p - 28 - . A
(1-b)? 3 1-6)? (1-a) D amr? ooy | | (o) (1t
+ 2R %—}5 + U (3:3)
n - An-a Dw-n i:g .
(1 2 Rna (1-n) (1-a) i Rnw (1-n) (1-w) n (l—n) + Un )
55 _
W - R Fw-a R Dw-n + R (_ Gb-w
(1—w)2 wa (l—w)(l—a)—- wn | (1-n) (1-w) BB L_}—W)(l -b)
w—w
+ Rw Tow + Uw (3:5)
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IYJ (aTJ BYJ)CITJ+ech1YJ+k cI0 (3:7)
where
. da ]
a = dx (3:8)

In the last expression v is the gas flow velocity and 3 is the downstream

distance from the laser cavity entrance. These rate equations agree in

essence with those derived by Lyon, by Granek, c and by Harrach and
Einwohner.24 The individual symbols are explained in Appendix A,

Nomenclature.
The collisional relaxation terms contain a factor R for vv

relaxation of the o mode due to collisions with wmolecules of species B.

Similarly the factor R describes VT relaxation of the o mode. I
Eq.

n

(3:3) the first and third factors of 2 arise from the double degeneracy
of the 002 bending mode. The factor of 3 arises from the exchange of one

ASHM equation for three BM quanta, while the second factor of 2 arises from
the exchange of one SSM quantum for two BM quanta. All other energy

exchanges involve one quantum transitions. Similar reasons explain the
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multiplicative factors of 2 and 3 in Eq. (3:6). Each collisional
relaxation rate constant was given by a three-parameter temperature-
dependent expression which was fitted to the measured values given in

the work of Taylor and Bitterman,25 or estimated on the basis of physical
arguments. The details of this parameterization and temperature plots

of the 24 rate constants used in the laser kinetics model are given in
Appendix B, Collisional Relaxation.

The percentage of the input electrical power which excites the
various vibrational modes and electronic levels was calculated from the
Boltzmann equation as a function of E/N by Lowke et al.16 By separating
the combined vibrational levels according to their degeneracies, the
results given in Fig. 3:3 were obtained for a 1:7:20:0.07 mixture of
C02:N2:He;H20. Excitation of the water vibrational mode at concentrations
below 1% is too low to be considered. The curves indicate that an E/N
value of about 2 x 10“16 V—cm2 is near optimum for the electrical
excitation of the nitrogen. The electrical pumping rates of the various
vibrational modes are denoted by Ua in the rate equations and are easily
derived from Fig. 3:3. The details of the derivation are given in
Appendix C, Electrical Excitation.

The gas temperature was determined from the nonstationary
equation of thermal conductivity, Eq. (3:6). The bracketed term on the
left-hand side of the equation contains the specific heats of the gas
eomponents at constant pressure weighted by their respective mol.r
densities. The first three lines on the right-hard side contain the
energy defect heating terms from VV transitions, while the fourth line
contains the VT heating terms. The first term of tle last line arises
from gas heating by the discharge. This term is modified by a factor
Fe which accounts for the portion of electronic excitation which directly
heats the gas rather than relaxing through phcton emission. 'fhe following
set of terms in parentheses subtracts that portion of the electrical
discharge energy which goes directly into vibrational excitation. A
detailed explanation of this equation is given in Appendix D, Gas

Heating.
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The equations and terms described thus far are sufficient to
accurately describe the small-signal gain. However, if there is
significant stimulated emission present, the stimulated emission rate
' in Eqs. (5:1) and (3:2) and the gain Eq. (3:7) must also be considered.

The latter equation describes the radiation intensity I: collimated by

J
the resonator mirrors where the subscript specifies the{particular
vibrational-rotational transition being considered. This radiation is the
result of stimulated emission and is the final output of the laser. The
first term on the right-hand side arises from the net gain of the medium

where a is the total gain and BY is the averaged loss per unit length.

J J
The avezaged loss includes all mirror losses, including mirror transmissivities,
and scattering losses within the gas medium. This loss term is frequently
called the cavity gain26 and is the gain at which a steady state laser will
operate. The second term on the right-hand side ac¢ounts for the spontaneous
emission which initiates the laser process, and the last term represents
irradiation of the laser medium by an external source of intensity Io,
in the event that the gain medium is employed as an amplifier driven by
an external laser oscillator. The stimulated emission rate is fully
explained in Appendix E, Stiwulated Emission, and the calculation of the
radiation intensity jis described in Appendix F, Radiation Intensity.

The harmonic oscillator, six-temperature Boltzmann equilibrium
laser kinetics model is described fully by :these seven simultaneous
differential equations. This system of equations was integrated numerically
in constant integration steps by the Euler method27 to obtain the behavior
of the laser quantities as a function of their downstream location. A
typical computer calculation took 40 minutes on the U-1106 computer for a
laver cavity 20 cm wide. The laser cavity was considered to have a
rectangular cross-section and to be at least as large as the discharge
region (see Fig. 3:4). The mirrors were assumed to be plane-parallel
rectangular mirrors along the sides of the discharge region and large

enough to assure that the entire discharge region was part of the resonant

cavity. These assumptions simplify the model but are not fundamental 3
limitations. The solution of these equations yielded considerable

information about the operation of the CO, COFFEE laser, including &
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the small-signal gain and laser output power. Examples of the information
obtained from these calculations and how this information has enhanced
our understanding of the COFFEE laser operation are given in the next

section.

3.1.4 Results

A good method for testing a laser kinetics model and computer
code is to compare the theoretical calculations with the measured values
for typical causes. However, care must be taken Lo include significant
amounts of all the gas components and to include all significant
collisional relaxation processes. The case must alsc be in a regime
where the experiment can be monitored accurately and reliably. The
conditions chosen were a 280 Torr, 1:7:20 laser mixture of COzzNZ:He
with 2 Torr of H2 in a laser cavity 11 cm along the gas flow direction,
10 cm long (in the direction between the mirrors), and having an 8 cm
gap between the electrodes (i.e., a laser cavity volume, V, of about 12).
The small-signal gain was measured for these conditions for a total
electrode current of 1.0A and 1.5A with entering flow velocities of
149 and 148 m/sec, respectively.

The steady-state clectric field and current density
distributions measured for total currents of 1.0A and 1.5A are shown in
Figs. 3:5 and 3:6. The interelectrode current density associated with
each cathode pin was determined by measuring the current toc each pin
and assuming that the current spreads uniformly to occupy a l cm2 area
which corresponds to half of the distance to the next pin in each
direction (pin density = 1 pin/cmz). The current density and electric
field are arbitrarily taken to be zero 0.5 cm before and after the
discharge region as defined by the cathode. This cutoff procedure may
be slightly too abrupt, but it shouldn't affect the general results.

The pin currents were experimentally adjusted to increase with downstream
distance, as the clectric field decreased, in an attempt to keep a constant

input power density into the gas.
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The current density and electric field distributions shown in
Figs. 3:5 and 3:6 are for the midplane between the cathode pins and the
* anode plate where the small-signal gain was measured. These distribution
. plots were purposely shifted 1.5 cm downstream from the x origin
; (x 2 0 at 0.5 cm upstream from the first row of pins) in order to match
the location of the calculated peak gain with that of the measured peak
gain (see Figs. 3:7 and 3:8). The relative locations of the rows of pins
are shown in the figures. The shift at the midplane in the distributions
can be explained by a vector combination of the ion drift velocity and
the gas flow velocity. A simple calculation predicts a 2 cm displacement
in the flow direction of the glow discharge at the midplane which agrees
reasonably well witii the 1.5 cm shift required to match the calculated
: and measured gain distributions. (Sce Section 2.3.)
The measured current density and electric field distributions
1 allow two cases to be calculated: the small-signal case when mirrors
are not present and the large-signal case when mirrors are present. In
] the former case detsiled experimental measurements of small-signal gain
were taken at 1.0A and l.5A for comparison purposes. However, in the
latter case experimental measurements with laser output were not made
because the discharge module was only 10 cm long. Nevertheless, it was
informative to predict the laser performance using the current density
‘e and electric field distributions measured at 1.5A. For these lasing
- calculations the assumed cavity length was 140 cm and the cavity width
and electrode gap were kept at 11 cm and 8 cm, respectively, giving a
cavity volume of about 12 ¢ and total currents of 14A and 21A corresponding
to the 1.0A and 1.5A currents of the smaller cavity. The mirrors were
assumed to be plane-parallel sheet mirrors which formed the two ends of
the cavity (sides of flow channel), with one mirror having a transmissivity
: of 0% and the other 15%. The absorption and scattering losses were taken

i to be 1.57% at each mirror and 0.017 cm_l within the gaseous discharge.
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The swall-signal gain resulte for the F(22) transition are shown
in Figs. 3:7 and 3:8. The calculated small-signal gains are obviously
too high if no water vapor is included in the gas mixture, whereas they
agree very well with the experimental values when the gas mixture s
assumed to contain 0.25% water vapor, i.e., a 1:7:20:0.07 gas mixture
of C02:N2:He:H20. The theoretical and experimental values agree
particularly well in the region of peak gain where the experimental values
are most accurate. We will therefore use 0.25% water vapor in the
theoretical calculations.

In Fig. 3:7 the bump in the gain curve for x between 3 and 4
cm is a result of the dip in the current density distribution shown in
Fig. 3:5. This slight dip for the 1A case resulted from using the row
ballast resistance values which were optimized for 1.5A operation.
Typical collisional decay times for the 1.5A test are given in Fig. 3:2
and were considerably shorter than those exhibited in Figs. 3:7 and 3:8.
The apparent difference between these results is easily explained by an
examination of the basic rate Eqs. (3:1-3:5). The decay times in
Fig. 3:2 are the reciprocals of the collisional transition rates Ra and
Ra Bwhereas the decay times exhibited in Figs. 3:7 and 3:8 are the result
of the entire terms in the rate equations, i.e., they include the effects
of back rates and reduced transition probabilities due to elevated
vibrational temperatures which increase the populations of the upper
energy levels. However, the decay times given in Fig. 3:2 effectively
show that water vapor decreases the small-signal gain by depopulating
the excited nitrogen more effectively, relative to other depopulation
mechanisms, than it does the CO2 bending mode.

The large-signal gain results in Figs. 3:7 and 3:8 follow the
small-signal gain until the onset of lasing @t 6.5 cm for the 14A case
and at 4.5 cm for the 21A case). At that location the gain falls to a
cavity gain value of 0.074% cm—l as determined by the assumed cavity
losses. Finally, at x = 12.0 cm the gas leaves the discharge region;
lasing ceases, and the remaining gain decreases exponentially due to

collisional deactivation. The large-signal gain calculation thus predicts !
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laser output extending from x = 6.5 cm to 12.0 cm for the 14A case and
from x = 4.5 cm to 12.0 cm for the 21A case. The shorter lasing interwval
for the 14A case is expected from the lower electrical pumping rate; that
is, it takes longer and, therefore, more distance to achieve the same
amount of pumping as for a current of 21A. However, the shutoff of the
lasing radiation generally occurs at the same location because the gain
is at the cavity threshold value (gain = losses) irrespective of the
current value. Any small decrease below this threshold gain, in this
instance due to rapid fall-off of discharge current, means that the gas
becomes primarily on absorptive medium for the lasing radiation, thereby
quickly dissipating the laser radiation. These predicted performance
features appear to be quite reasonable and provide a good basis for
guiding future lasing experiments.

Although the theoretical and experimental small-signal gain
values agree well, a discrepancy is apparent when the two gas mixes are
compared. The total pressure was 280 Torr in both cases; however, the
theoretical model assumed that the gas mixture contained 0.7 Torr HZO
and no H,, whereas in the experiments 2.0 Torr H

2 2
to the initial gas mixture. This discrepancy may be better understood

and no HZO were added

by comparing the peak gains calculated as a function of HZO concentration
with the peak gains measured as a function of H2 concentration as shown
in Fig. 3:9. (For brevity only the 1.5A or 21A case, unless stated
otherwise, will be considered in the remainder of this section.) The
experimental value at 0% H2 has not been included in the straight line
fit to the experimental data because it was measured with fresh gas

(the gas had not yet been recycled many times) in a cool system whereas
the other measurements were made with old gas (the gas had been recycled
many times) in a warm system. The gain of fresh gas was always higher

than that of old gas. The extrapolated peak gain at 0% H as shown by

2’
the dotted lines, corresponds to 0.15% HZO. This suggests that the

experimental gas mixtures always contained a background impurity HZO

concentration of 1.5%, a value which is not unreasonable. However, the

calculated and measured small-signal gain values agreed best when 0.25%
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H20 was included in the theoretical model. The need for assuming a
larger H20 concentration can be explained either by assuming that the
collisional relaxation rates of H20 and H2 are simply scalable, or by
assuming that a chemical reaction occurs whereby some of the H2 is
converted to HZO' If the background H20 concentration is 0.15%7, Fig. 3:9
shows that 3.2 times as much H2 is needed to produce the same effect

as a given amount of H20. On the other hand, a comparison of the
measured relaxation rates25 shows that H20 is 8.0 times more effective
than H2 in relaxing the CO2 asymmetric stretch mode to the CO2 bending
mode, which, compared to competing mechanisms, is the most important
Process for the small-signal gain. Although the numbers are admittedly
approximate, they seem to indicate that the results in Figs., 3:7 and
3:8 cannot be achieved hy a simple scaling of the H2 and H20 relaxation
rates.

The other possible explanation is that part of the H. was

2
chemically converted to H20. By assuming a background of 0.15% H_0,

this requires that an additional 0.1% H20 was produced by chemicai
coaversion. This implies that 14% of the H2 concentration in the
experimental gas underwent chemical conversion to HZO’ and that the
remaining HZ’ because of its lower collisional relaxation rates, had
no significant effect on the laser kinetics. A 14% conversion factor
is reasonable and gives strong support to the hypothesis that important
chemical reactions occur in the gas flowing through the discharge.

To be efficient . laser must have good pumping properties.
One such desirable property is to have a uniform electrical power density
deposited into the gas (due to g1in spikes and gas temperature effects
downstream, a constant input power density may not be the optimum design,
but it is still a good design). The measured power density distribution
with no mirrors is shown in Fig. 3:10 for the 1.5A case in which the row
ballast resistors were chosen to produce a uniform input power density.
The resulting j.E distribution was very uniform in the downstream

direction through the optical cavity. This illustrates one of the

unique features of the COFFEE laser electrical excitation concept.
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Another important pumping property is to operate at the value
of E/N for which maximum power is deposited in the proper molecular
excitations. Reference to Fig. 3:3 shows that for a 1:7:20 gas mixture,

2

the optimum E/N value for the N, excitation is 2.0 x lO_l6 V-cm . By

using the experimental values oi electric field (see Fig. 3:6) and
calculating the value of N as the gas flows downstream and its temperature
increases, the E/N values can be determined as a function of x as shown in
Fig. 3:10. The COFFEE laser clearly operates very near the optimum value
with 75 to 83% of the electrical power being deposited in the N2
vibrational mode. This operating condition is better than that of non-
flowing C02:N2:He:H20 self-sustained electrical discharges where the
predicted E/N value must be a constant 3.0 x lO.16 v cm2 with 68% of the

electrical power being deposited in the N, vibrational mode.

The combination of uniform powei density deposition and excellen:
E/N operating values means that the COFFEE laser operates at near optimum
pumping efficiencies throughout the optical cavity. Although the currents
and electric fields were measured during the small-signal gain experiments,
the addition of mirrors should have a minor effect, and the basic
conclusion of near optimum pumping efficiencies should remain valid.

The gas temperature is important because the collisional
relaxation processes are strongly dependent upon it. The temperature
distributions with and without mirrors are shown in Fig. 3:11 where a
typical starting temperature of 300°K is assumed. (The gas flow velocity
is proportional to the gas temperature and therefore Fig. 3:11 is also a
plot of the flow velocity when 300°K is replaced by 148 m/sec and 340°K
is replaced by 170 m/sec). The presence of mirrors markedly increases the
gas temperature in the region of electrical excitation between x = 1.5
and 12.0 cm and decreases the temperature farther downstream. These
features are easily understood by examinimg the interactions diagiammed
in Fig. 3:2. In the small-signal case there are no significant 10.6 um
lasing transitions, and the relaxation of the CO, asymmetric mode to the

2
€O, bending mode is by slcw VV interactions. However, in the large signal

&~

casc there are significant lasing transitions to the CO2 symmetric mode

which is closely coupled to the CO2 bending mode. Thus in the electrical
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excitation region, gas heating by VT relaxation of the CO2 bending mode is
low in the small-signal case and high in the large-signal case. 1In other
words, the increased gas temperature is caused by the increased VT

relaxation of the CO2 bending mode. Eventually, however, the gas temperature
in the small-signal case must exceed that in the large-signal case since

the laser radiation energy in the latter case is not available to heat the
gas.

The three sources of gas heating are VT and VV relaxation and
direct heating by the electrical discharge. The first two sources occur
by molecule-molecule collisions, whereas the latter source occurs by
electron-molecule collisions. The contributions to the gas heating from
these three sources are shown in Figs. 3:12 and 3:13. 1In both casc ' the
VV heating is small but understandably larger in the small-signal case,
where VV relaxation is the only interaction between the asymmetric and
bending modes of C02. The electrical discharge contribution is a function
of only the current and voltage distributions, and is, therefore, the
same for both cases. The VI relaxation collisions give the largest
contribution, which is the same for the two cases until the laser output
is initiated at x = 4.5 cm. As explained in the previous paragraph, the
laser radiation effectively increases the CO2 bending mode VT relaxation,
thereby heating the gas. This effect is clearly seen in these two figures.

The vibrational mode Boltzmann temperatures for the small and
large-signal cases are plotted in Figs. 3:14 and 3:15. As expected, the
CO2 asymmetric mode and N2 vibrational mode are in close equilibration as

are the HZO bending mode and the CO? syrmetric stretch and bending modes.

In fact, the latter three modes are in such close equilibration that
their temperatures cannot be separated in the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>