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1 INTRODUCTION

The CO2 waveguide laser is a potential component for active optical
fuze systems that offer several advantages over present technology.
These advantages include high average power, high degrees of coherence
and polarization, and potentially greatly improved performance in fog
and cloud environments compared to GaAs systems.

Recent experimental studies 1'2 indicate that a pulsed, transverse
electric CO2 waveguide laser developed for fuzing applications is
capable of peak powers in excess of 100 W and pulse widths less than
200 ns. These results were obtained with a compact sealed-off
structure, having a total length of 12.7 cm and rigidly attached
mirrors, and requiring no angular or longitudinal tuning adjustments.
Pulse repetition rates were low, however, being about 10 Hz. It is
known that peak pulse power decreases at high repetition rates and
asymptotically approaches the cw situation where roughly 1 W of output
can be expected.

To be useful in a fuzing application, the laser must be operated at
higher repetition rates and with shorter pulses to meet resolution and
encounter scenario requirements. Goals in this regard are for
repetition rates of tens of kilohertz (although a few kilohertz could be
useful) and for pulse widths of about 20 ns (here, too, somewhat greater
pulse widths could be useful). Operating lifetimes of the laser, as
opposed to shelf life, need not be very great, however. A laser capable
of functioning reliably for as little as 10 s could be useful, although
several minutes of function life would widen its area of applicability .
significantly.

The research reported herein is an experimental and theoretical
investigation of the extent to which the goals outlined above could be
achieved with the laser structure in question. The relative merits of U
sealed-off versus flowing gas systems in meeting the repetition rate and
lifetime goals were investigated in particular, and computer studies and
careful pulse shape measurements were used to determine to what extent
the pulse width goal can be met.

1P. W. Smith, P. J. Maloney, and 0. R. Wood, II, Waveguide TEA Laser,
Appl. Phys. Lett. 23 (1973), 524.

2U. Hochuli, Properties of Small TE CO2 Waveguide Lasers, Dept. of 3

Electrical Engineering, University of Maryland, Technical Research
Report for Contract No. DAAG30-76-C-0117, Contract report for Harry
Diamond Laboratories, HDL-CR-77-117-1 (June 1977).
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2. EXPERIMENTAL DETAILS

2.1 Laser Construction

The basic laser structure consists essentially of a beryllia U
- channel containing 51 copper cathode pin electrodes and a flat copper

plate acting as an anode and heat sink. The square bore measures 1 mm
on a side and is 12.7 cm long, with the cathode pins evenly distributed

*along the central 10 cm of the bore. Such a structure, together with
the fact that it can be made to lase without any mirror tuning, lends

*' itself well to metal-ceramic construction with solder seals.

We initially used a sealed structure of this type and later
found that it was quite difficult to clean the products of sputtering
from its closed bore. These sputtering products greatly increase the
losses of the waveguide, resulting in a pulse delay increase from about
1 Us for a clean bore to about 2 Us for a dirty bore. Pulse delay is

*- here defined as the time interval between onset of electrode discharge
* current and start of laser output. The mentioned increase of the

waveguide losses reduces of course the available laser output as
well. In order to avoid the cleaning problems of a sealed bore, we

-t have designed and used the structure shown in figure 1, which is easily
S-disassembled and lends itself better to experimental changes.

PULSE NETWORK ASSEMBLY
.- TO

TRTHYRATRON ANODE G

-- ,: 51 CATHODE PINS

TO THYRATRON INEOPRENE GASKET

CATHODE
4 - TO VACUUM PUMP

' BYNEOPRENE GASKET

COPPER ANODE

* "WATER COOLING JACKET

Figure 1. Cross section of demountable laser structure.
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2.2 Laser Excitation Circuitry

Standard hydrogen thyratron circuitry as shown in figure 2 was
used to charge and discharge the 51 energy storage capacitors (100 pF F
each) feeding the laser electrodes. The corresponding voltage and
current waveforms are shown in figure 3.

18kV 20K
1.51-1 75mA 15W 30MH 51 ELECTRODES I.-

5C22 _L.F 100pF
0- to 3.6-kVdc 7.5kV
75-mA DRIVER 2

" 50-F~~~%js RISE TIME IuPLE r .

10- to 3000-Hz 1850 0.6 0

- REPETITION RATE

Figure 2. Electrical pulse circuit.

~6IF

- p

Figure 3. Current and voltage waveforms. Upper traces: 10 A and

200 ns per div. Lower traces: 500 V and 200 ns per div. Right
*| -picture: 30-UH coil shorted.

The circuit works satisfactorily up to the 3-kHz repetition
rate desired for the laser. Repetition rates up to 5 kHz are possible,
but cannot be handled efficiently by the laser structure due to its
longitudinal flow resistance and. to the turbulence problems associated
with the rapid flow required. Polarization losses in the 100-pF ceramic

7
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disc capacitors produce considerable heating at repetition rates as low
as 1 kHz. The capacitors were air-cooled for continuous laser operation
at 1-kHz repetition rates or above.

It should be noted that the 15-W 20-kQ resistor in the 5C22
anode path limits the thyratron current if the thyr~tron stays on. At
the same time, this resistor dampens the charging circuit and allows the
100-pF capacitors to be charged only to the power supply voltage. This
kind of inefficiency can be tolerated in the laboratory, but certainly
not in a portable unit. For field use, a considerable effort would have
to go into the design of an efficient, practical, small, and lightweight
pulse power supply. With this fact in mind we did not try to apply more
than 3.6 kv to the 51 energy storage capacitors.

2.3 Gas Flow Control

In order to maintain the proper gas mixture ratios over a wide
range of flow rates, we were forced to calibrate and monitor the flow
rates of the individual components, He, CO2 and N2, of the gas
mixture. The calibration curves for the Brooks R-2-15-A, -AA, and -AAA
flow tubes with the appropriate floats are shown in figure 4. Once the
proper gas mixture has been established, premixed gas with a single
flow-control valve can be used to feed the laser.

2.4 Measuring Techniques

We used a Laser Precision RK3232 energy meter to measure pulse
energies. Accurate peak power measurements are more difficult to
make. They require either accurate pulse shape information *to convert
the pulse energy to peak power or calibrated peak power detectors with a
fast response time. We used Molectron P5-00 and P3-01 calibrated
pyroelectric detectors to measure the peak power. The rise times of the
P5-00 detector, HP462A preamplifier, and Tektronix 7844 oscilloscope

* used are 0.5, 4, and 0.8 ns, respectively. An antireflection-coated Ge
* lens with a focal length of 25 mm was used to concentrate all the beam

power on the 1-mm 2 sensitive detector area. Piezoelectric ringing
* "around 2.5 MHz did not allow us to make meaningful measurements of the

pulse tail with this type of detector. Instead, we used a Santa Barbara
Research Center Model 9879 Ge:Au detector for these measurements. The

' rise time of this detector is 50 to 100 ns, the fall time 100 to 200
S- ns. Despite the fact that we carefully tried to stay within Molectron's
-. published detector overload characteristics, two P5-00 detectors were

destroyed by crystal cleavage. The P3-00 suffered no such damage.

8
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25- STAINLESS STEEL
FLOAT, 120 mg

* GAS FLOW TUBE~20-

Z GLASS FLOAT,
LU15-

100 mg
cc

IL

5-

00 2 4 6 8 10 12 14
FLOAT LEVEL (cm)

4- He STAINLESS STEEL
R215A fFLOAT,120 mg

0GAS FLOW TUBE N,

CC)2N GLASS FLOAT,

0 40 mg
U-i

o 6 8 10 12 14
FLOAT LEVEL (cm)

2.5

op~C 2-cc STAINLESS STEEL
R. 21JA FLOAT, 120 mg

GAS FLOW TUBE N

12 1.5-z H

3: GLASS FLOAT,
2~40 mg

FLOAT LEVEL (cm) *
Figure 4. Flow rates versus float level
for R215A, AA, and AAA flow tubes.
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3. EXPERIMENTAL RESULTS

3.1 Pulse Power and Energy

Laser mirror alignment for shortest pulse delay corresponds
closely to the He-Ne laser prealignment mirror positions. Such an
alignment usually does not correspond to maximum peak power output.

Careful alignment for maximum peak power allows us to extract about 1.5
times the minimum-delay power. This alignment is quite critical and -
probably represents an optimum match between the optical beam geometry
and the particular spatial discharge configuration at the time of
measurement. The maximum peak power is, in our judgement, an
experimental laboratory value indicating the potential of the device
rather than a practical, easily achievable tuning adjustment. The
curves in figure 5 show the maximum peak power and the minimum-delay
pulse power versus output coupling. The shaded area indicates the range
of minimum-delay pulse power variations for cavity length changes from L
to L + A/2. The maximum power adjustment is even more sensitive to
cavity length tuning. It is not unusual to observe power drops into the
lower range of the shaded area for such tuning.

EJAj Prx

Figure 5. Maximum power, minimum-delay

power, energy, and time delay versus
mirror transmission. Shaded area
indicates minimum-delay power

2W - variations for cavity length tuning.
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Figure 5 also shows the pulse energy versus output coupling.
Surprisingly, the pulse energy is practically the same for the two
different mirror adjustments. The minimum-delay adjustment results in a
pulse shape with less energy in the leading pulse and more energy in the
pulse tail than results from the maximum power adjustment.

3.2 Pulse Delay

The pulse delay is a good indication of the net gain of the S
laser structure. Typical delay times for clean structures with output
coupling K6 percent are about 1 ps. A dirty waveguide or larger output
coupling leads to delay times up to 2 us. Delay times were measured
from the onset of the discharge current to onset of the leading edge of
the output pulse. Typical delay times versus output coupling are also
shown in figure 5. 3

3.3 Pulse Shape

The half-power pulse width of the leading peak is about 60 to
120 ns. Low output coupling yields a fast rise time and a slower decay
rate, while a large output coupling increases the rise time and shortens S
the decay time. These results agree with Caspersons 3 approximations
and the results of the more sophisticated computer model discussed
later. Typical pulse shapes for minimum pulse delay tuning as observed
with three different detectors are shown in figure 6. Figure 7(a) shows
the pulse shape if the laser is tuned for maximum power output. Figures
7(b) and 7(c) display 1000 consecutive pulses and indicate the pulse S
jitter. 1he major part of this jitter comes from pulse-to-pulse gain
variations in the laser itself and not from the thyratron and gas
breakdown conditions. These gain variations are probably due to spatial
variations of the discharge patterns for the 51 laser electrodes.

Figure 6. Pulse shapes with different
detectors: 500 ns per div., 1000
pps, He:CO2 :N2 4:2:1, 280 Torr, 20
Torr £/s; mirror reflectivity, R
0.94, minimum delay adjustment. •

(a)GeAu (b)P3-01 (c)P5-00 (Note piezoelectric ringing of

pyroelectric P3-01 and P5-00
detectors.) Discharge current
waveform is shown in top traces.

S

3Lee W. Casperson, Analytic Modeling of Gain-Switched Lasers, Laser
Oscillators, J. Appl. Phys. 43 (1976), 4555.
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Figure 7. Pulse shapes and jitter:
(a) maximum power adjustment, same
parameters as for figure 6, Ge:Au
detector. (b) 100 ns per div., P5-00
detector, 1000 pps; 1-s exposure
indicates pulse jitter. (c) 30-PH
coil in pulse circuit shorted out.

() )100 ns per div., P5-00 detector,
(a) (b) (C) 1000 pps; 1-s exposure indicates pulse

jitter. Same discharge current
waveform as shown in figure 3.
Other parameters in (b) and (c) are
same as for figure 6. Ringing
preceding laser pulse in (c) is
due to unwanted coupling from
discharge circuit.

The pulse tail occurs because of gain recovery through laser
ground state decay and continuing . collisional energy transfer from
vibrationally excited N2. Reducing the N2 content of the gas mixture
reduces the pulse tail together with the power output. If our pulse W
height and energy measurements are correct, we have to conclude that the
pulse tail contains considerably more energy than does the leading pulse
for our gas mixture, which was optimized for maximum power output.

3.4 Pulse Spectrum

In order to suppress the 9.6-im laser output, all our output
mirrors were coated for a transmission of at least 10 percent at
9.6 jm. Despite this precaution we have been able to observe the 9.6-m
P(16) and P(20) transitions with output mirrors of 98.5- and 96-percent
reflectivity (R) at 10.6 Vm. The output power in these transitions was
less than 30 W. S

The 10.6-Im output with mirrors of R < 92 percent at 10.6 jm is
mostly due to the P(16), P(18), P(20), and P(22) lines. Tuning the
cavity length from L to L + X/2 usually produces a single transition
output, with short overlap periods of increased jitter where the output
switches from one line to the next. Mirrors with R > 94 percent at S
10.6 to quite often produce 10.6-am pulses where the leading pulse
contains significant output on more than one line.

The axial mode spacing for a 12.7-cm cavity is about 1170
MHz. The pressure broadening at 300 Torr yields a laser gain profile
width of about 1500 MHz. This situation allows the possibility that two S

* axial cavity modes could oscillate simultaneously. The spectrograph
used could not resolve two axial modes, and no attempt was made to use a
high resolution etalon or to observe the beat frequency spectrum.

12
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3.5 Pulse Jitter

The main contribution to the pulse jitter occurs from
variations in the laser delay time from pulse to pulse. Figure 7(b)
shows the overlap of 1000 consecutive pulses and indicates jitter about
a pulse width under this condition. Shorting out the 30-VH coil in the
pulse circuit reduces the jitter as shown in figure 7(c). This result
is caused by a faster gain rise at the threshold level and perhaps a
spatially more uniform discharge distribution as a result of harder
plasma excitation.

3.6 Repetition Rate

Pulse power increases with gas flow rate until the whole bore

volume is refilled with fresh gas for each pulse. Figure 8 shows that,
up to 1-kHz repetition rates, no decrease in output power occurs if the
gas flow rate is adjusted accordingly. At higher repetition rates, the
gas flow rates become excessive for longitudinal flow. Turbulence
effects increase the jitter, the pressure drops across the laser, and
power input and electrode erosion all become excessive. At 3 kHz, half
the power drop at the fastest flow rate is due to a lower voltage
buildup across the energy storage capacitors.

o
P60

(i.) i

1.0

0.6 •

I I

0.4

l 0.2-..

10 100 1000 ppe

* Figure 8. Output power versus repetition rate (1 Torr-X/s = S

40 bore volumes/s).
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3.7 Warmup Transient

Other than length detuning due to heating, we have not observed
any power output fluctuations. If the laser cavity is kept tuned during
warmup, no power output change takes place. Lack of such tuning leads,
of course, to the same power output variations as the ones caused by
cavity length changes from L to L + X/2. This observation holds for our
structure with a 20 C water-cooled heat sink, pulse repetition rates
below 3 kHz, and discharge conditions with well "burned-in"
electrodes. It is not known whether an extended shelf storage would
require a new burn-in procedure to reach stable discharge conditions.

3.8 Beam Profile and Polarization

The vertical and horizontal beam profiles, measured 1.4 m from
the laser, are shown in figure 9. These profiles closely agree with
theoretical predictions.

The electric field vector
of the beam is parallel to the

to copper anode, and the power ratio of

1.0 the orthogonally polarized outputs
is about 50 to 1.

3.9 Optimum Gas Mixture

The definition of an
optimum mixture is a difficult

05 one. It is possible .to maximize the
power output, or minimize the
jitter, or perhaps minimize the
sputtering products, by adjusting

11. the composition of the gas
mixture. It can generally be said

0 __ that He-rich mixtures break down -
0 10 20mm somewhat easier and allow the laser

Figure 9. Beam profile 1.4 m from to work at higher pressure with
laser. reduced jitter.

Figure 10 shows that the highest power can be obtained with an
He:C0 2:N2 4:2:1 mixture. The 7:3:1 mixture yields slightly less power
with a smaller variation over a wider pressure range. It also works
with less jitter at high pulse repetition rates.

14
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1.0-

0.8-

-0.6-

0Flow rate: 10 Tort-lIs
0.4 - p = 280 Torr, 1000 ppa

10.6pm P(20
V= 3000V

0.2-

0 1 2 3 4 5 '6 7 PARTS He

Figure 10. Power output for different gas mixtures.

3.10 Laser Life

Typical curves of laser output power versus time at a
repetition rate of I klz are shown in figure 11. These curves indicate
that it takes about 1 hour to burn in the electrodes. Flat electrodes
seem to produce the smallest waveguide losses and the largest power
output. After 8 to 10 hours the power output is reduced to about 70
percent. Inspection of the channel reveals that sputtering products
have accumulated and cathode pin erosion is visible. Cleaning the laser
and life testing again show that the original curve is repeated but the
maximum power output reached after about 2 hours is lower. This is
probably due to higher waveguide losses from eroded cathode pins.

We have tried to avoid cathode edge erosion by drilling 0.3-mm
holes in the centers of the 1-mm cathode pins. This process also
results in higher waveguide losses and a lower output power as shown by
the corresponding curve.

Flat but 0.2-mm recessed cathode pins show the highest
waveguide losses. The life of such a laser seems to be longer because
electrode deposits around the recessed electrodes are not as visible to
the waveguide. The power dip that occurs after between 2 and 5 hours .

may be caused by the time-dependent spatial burn-in pattern of the
electrodes.

15
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- . - -"-

Pmax

a -

0

0.6 -

1000 pps; 20 Torr- tis
He:CO,:N,, 4:2:1; 280 Torr.

0.4 2

JA S

0 I

0 1 2 3 4 5 6 HOURS4i

Figure 11. Power output and pulse delay versus laser life:
A, flat electrodes, Pmax = 155 W, R = 0.96,
0, 0.3-mm holes in electrodes, Pmax = 125 W, R = 0.96,
0, 0.2-mm recessed electrodes, Pmax = 100 W, R = 0.96, and
o, flat electrodes, 30 pH shorted, Pmax = 220 W, R = 0.94.

Omission of the 30-VH coil in the discharge path doubles the "
discharge current peak and leads to faster cathode erosion and shorter
life, as shown by the last curve.

3.11 Output Power at 9.6 pm

Power output in the 9.6-im band is roughly similar to the S
l0.6-pm output. If a Ge:Au detector is used for these measurements we
have to consider the frequency response of this type of detector.
Typical sensitivities are 4 to 5 times higher at 9.6 jim than at
10.6 jim. Lack of a set of mirrors with the proper reflectivities
prevented us from making detailed measurements.

16
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4. COMPUTER SIMULATION

4.1 Computer Model

The excitation mechanism of the CO2 laser consists of electrons
transferring their energy to the vibrational states of the CO2 and N2
molecules. These vibrational modes in turn relax through molecular
collisions and one of the intravibrational transitions generates the
10.6-m laser oscillation.

There are three vibrational modes for the CO2 molecule: the
asymmetric stretching mode (ASM), the symmetric stretching mode (SSM),
and the bending mode (BM); the diatomic N2 molecule has only one
vibrational mode (NVM).. The energy-level diagram is shown in figure 12.

The time evolution of the energy stored in these vibrational
modes, the translational temperature,4 - 6 and the laser cavity intensity
are described by a set of six nonlinear coupled differential equations,
equation 1 (a to f). These equations are based on the following
assumptions.

5'6

(a) All vibrational modes are purely harmonic and each is in
local Boltzmann equilibrium due to rapid intramode
vibrational-vibrational energy transfer; they are each
described by their vibration temperature, Ti, and mode
energy, Ei .

(b) Translation and rotation are tightly coupled and their

distribution in energy space can be described by the
kinetic temperature, T.

(c) Throughout this whole discussion, single-frequency
resonance is assumed.

S
(d) Transverse beam intensity variations are neglected.

4W. J. Witteman, On Vibrational Relaxations in Carbon Dioxide, Philips
5K. R. Manes and H. J. Seguin, Analysis of the CO2 TEA Laser, J. Appl.

Phys. 43 (1972), 5073.
6D. L.- Lyon, Comparison of Theory and Experiment for a Transversely

Excited High-Pressure CO2 Laser, IEEE J. Quantum Electron. QE-9 (1973),
139.
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Figure 12. CO2-N2 molecular energy diagram.

Equation 1 (a to f) follows.

dE, E-e E1 -e (T V E3  (T- T
- F 1(t) - - 2)--v (T 2 )

dt T10 (T) T1 2 (T2 ) V3  T3 (T, T1,T 2 )

(1a)W
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U-

dE2 = F2 lt) + - 2 E3  2 (1b) ,,.

1t 21 2) 2 0 (T) V3  T3 (T,,,T2)(

dE3  F3  R3 - P3(T,T1 o I 2 ) +E 4 - Ee4(T 3 ) -h 3 NI ,(c

dt T3 (T, T1 IT (T

dE4 = F4 (t) E - e ((d) 
dt T4 3 (T3 )

S.dkT E- E(T) El - El(T)
NO 2 + ) + j

N 2 2  dt e 2 0 )(T) ( e)

(V3 Vl1V2 3 - 3 TTIT2 )

t 3 (T, T1 T2 )

dI =chvLW (IAN + 10 "N2 .) - 1 (I - I ) , (if)
dt Tc

i
o

C

where

E= mode energy density,

= equilibrium value of Ei,

Ti  = mode equilibrium temperature,

T = translational temperature,

Fi = 5 pumping rate density (excitation function),

NCO and N. = molecular densities,
2 2

AN = population inversion density,

I = cavity field intensity,

Ie  = thermal equilibrium value of I,

10 = spontaneous radiation intensity,

19
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VL = laser frequency,

W = transition rate, and

Tc  = cavity decay time.

4.2 Excitation Functions

Optimum excitation efficiency requires control of the E/N r
ratio. The simple pulse circuit used offers only very limited control
of the excitation pulse shape. We have used the waveforms shown in

* figure 13 to calculate the electric field, power input, and excitation
functions Fi(t) by

E = (Vd - Vc)/electrode distance, and

PI = (Vd - VC)I' where

Vc = cathode fall, roughly 300 V,

Vd = voltage across electrodes,

I = discharge current, and

PI = discharge power input.

Calculations of the power transfer ratios first require a
knowledge of the electron energy distribution function f(u) obtained as
a solution of the simplified Boltzmann equation7

(E/N)2  df 1(u+uk
- ~U = j 6j uf(u) Qjk(u) du

where

E = electric field intensity,

N = total neutral molecule density,-

Qej'Qjk = electron-molecule and molecule-molecule collision crosssection, and

6. - fractional concentration of the j molecule.

7 W. L. Nighan, Electron Energy Distribution and Collision Rates in
Electrically Excited N2, CO, and Co2, Phys. Rev. 2 (1970), 1989.
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Figure 13. Excitation ratios Rivesus E/N.

The distribution function allows the collision fre-
*quencies Aj and the electron drift velocity VD to be calculated. The
*power transfer ratio Ris now given by7

R, eVDIN]l 6 eukv. IN

The excitation function F i is then given by

=i P IR1/discharge volume

Fortunately, Dr. W. L. Nighan of United Aircraft Research
* Laboratories loaned us his computer results for an He:C02 :N2 8:1:1 gas

7W. L. Nighan, Electron Energy Distribution and Collision Rates in

Electrically Excited NCO, and CO2  Phys. Rev. 2 (1970), 1989.
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mixture. With the help of his collision cross sections we were able to
scale his results to our 3:1:1 gas mixture.

The power transfer ratios obtained for the pertinent
vibrational levels are shown in figure 13. Straight-line approximations
of the corresponding power inputs are shown in figure 14.

P1
KW

3 -

00 CO,( 1 0 + 0201

0 02 0.4 0.6 0.8 TIME /is 1.0

Figure 14. Vibrational mode input power versus time. I

4.3 Numerical Computations* p

For numerical solution of the differential equations (la
through f), the various equilibrium densities, relaxation times, etc.,
are obtained as follows. Defining

~Y- 1  N .CO hv,/El = exp(hvl/kT) -1
1. 2

22I p
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CO= exphv2 /kT2) - ,

YlI NCO hv 3/E3 exp(hv /kT3)-

y4 N hv4/E 4 = exp(hv4 T 4) -1

we have,1'2

El (T) Nco hvl [exp(1920T- 1 ) - 1
02

Eel(T 2) = vco [1  + -) 12--
2

Ee(T) = NCo 2hv 2 [exp(960T
-1) - 1]-I

2

8E3(T,TIT 2) NCO hV3 [(I + y: I )( 1 + y- 1 ) exp(500T- ) - I]

4T 3) = NN2v 3y3

and3

, 1 2 (T 2) = 1.27 x 10 - 3 (2y 2 + 1 )-i .

T2 0 (T) =180 exp(lo.6 -16.35T1/3)

[1 - exp(-1920T )jexp(500T-1)l;T"3(T,T1,T2) = 120 ab r12Kab[ - exp(-960T- )I][(I + yi)(1 + Y2)exp(500T-)-yY 2]

1P. W. Smith, P. J. Maloney, and 0. R. Wood, II, Waveguide TEA Laser, "
AppI. Phys. Lett. 23 (1973), 524.

2U. Hochuli, Properties of Small TE CO2 Waveguide Lasers, Dept. of
Electrical Engineering, University of Maryland, Technical Research
Report for Contract No. DAAG30-76-C-0117, Contract report for Harry
Diamond Laboratories, HDL-CR-77-117-1 (June 1977). W

3Lee W. Casperson, Analytic Modeling of Gain-Switched Lasers, Laser
Oscillators, J. Appl. Phys. 43 (1976), 4555.
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• exp(6.21 - 2.684T-1/3) 300 to 385 K

K ab
exp(15.62 70.84T - /3) 385 to 1000 K

T10= 4.5T2 0

T 1 = (L - lnR)c/2d = 1.2 x 109 (2d - lnR)
C

W FX2/41r2 hvLTSpAVL = 1.1 x 10-3FTI /2 m2 j - 1

AN 47Nc0 2 y 3 ( 1 + Y3)-l exp(-241T-')- y1 (1 + yl)-' exp(-265T- 1 )
ti= T (1 + yl)(1 + y 2 ) 2 (1 + Y3 )

"N2 " 47NcoT-(1 + Yl)-(I + y2 ) 2 1 + Y3 )-2Y3 exp(-241T-I)

I 0 = hvLc/vol = 5 x 10 - 5 W m- 2

Ie = 10 [exp(1355T-l) - 1]1

L = 2cI fractional round-trip waveguide loss,

d =0.127-m cavity length,

F = filling factor E gain volume/cavity volume,

J = rotational quantum number, e.g., J - 20 for the P(20) line,

R = mirror reflectivity, and

= 1.9 x 1018 cm 3 , total particle density corresponding to a
total pressure of 270 Torr He:CO2 :N2 3:1:1 mixture.

These values were used to solve the set of differential
equations in equation 1 (a through f) with the help of a standard Runge-
Kutta program available on the University of Maryland UNIVAC 1108 and
1100/43 computers.

The following four parameters were used to fit the experimental
data:

0d = the fractional waveguide loss,
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R = the mirror reflectivity,

F = the filling factor, and

A = the excitation parameter.

The actual excitation functions used were defined as

1 AFi  - A 2 F. with•

i 12

FN
AN2 2 = 0.3 x 106 s - 1A.2

A close fit, disregarding absolute power values, to the
experimental curves of power output and delay time versus mirror

transmission was obtained with

d= 0.14, F =0.8, and A =0.18 x 10 6 s -  .

These results, shown in figure 15, indicate maximum 'ower
output for R = 0.93. Computed pulse shapes obtained with those
parameters and different mirror reflectivities . show!, n figure 16.
Instantaneous calculated level population deni.L.ies for P = 0.94 are
shown in figure 17. Figure 17 also shows the .nstntaneous calculated

* gas temperature.

4.4 Comparision between Computer and Experimental Results

As shown in figure 15, it is possible to get close agreement
between the shape of the computed and measured curves by adjusting the

* parameters od, A, and F. We have not, however, been able to get the
correct magnitude of power output with our computer model and the
available parameters. The agreement between calculated and measured

* .~ rise and fall times, as well as the width of the leading pulse and the
total energy content per pulse, is relatively close; the energy
distribution is not. The energy content of the experimental pulse tail

* is always larger than the computer model predicts. As a consequence,
the leading, measured pulse peak is always smaller than the computer
model result. One of the weaknesses of the computer model that may be
responsible for this discrepancy is the single frequency output
assumption.

-
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150 0

100

0

He:C0 2 :N2, 3:1:1, 300 Torr,

50 3kV, 20 pps. 2 ps

1.5

0110 I a I p

0 2 4 6 8 10% T

Figure 15. Power output and delay
time versus mirror reflectivity:
o = measured, + = computer model....

(Multiply P0 by 3.3.)

4 The measurements used for comparison in figure 15 were taken
with a closed bore structure with a dirty bore that could not be cleaned
very well. Even under these circumstances the 14-percent waveguide loss
required for the computer model fit seems to be large.

Figure 17 shows that the computed, translational temperature

increases less than 10 C in the time interval from the onset of the -

discharge current to the end of the leading laser pulse.
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RESONANT UNE F A R WG LOSS TEMPERATURE VARIED RESONANT LINE F A R WG LOSS TEMPERATURE VARIED
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Figure 16. Output power versus time, with a mirror reflectivity
as parameter.
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Figure 17. Level population density and translational temperature
versus time.

5. CONCLUSIONS

The short, transversely excited, CO2 gas flow waveguide laser has

- the potential to yield peak pulse output of 1 kW. This may require a

somewhat larger bore and a better understanding of the pulse energy to

peak power relationship. So far, 200-W pulses can routinely be produced

and 500-W pulses can be observed under laboratory conditions. This

favorable aspect of the laser can be fully exploited only if there is

much more concentration on understanding and controlling the discharge

conditions and the output spectrum. The present laser, delivering 1000
pulses per second, reaches its highest output 1 to 2 hours after initial
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turnon. Three to six hours later, the sputtering products have in-
creased the waveguide losses to such an extent that the power output has
decreased to about 70 percent of its maximum value. Cleaning of the
laser will only partially restore its original condition. The remaining
electrode erosion has increased the waveguide losses, and this condition
can be corrected only by replacing the electrodes as well.

We also have to mention that the instantaneous spatial distribution
of the discharge conditions for the 51 electrode pairs affects the gain
and can influence the mode pattern and perhaps even produce slight

*changes in the beam direction.

No pulse shapes have been studied far away from the laser. Since
the leading pulse can contain frequency components from more than one
transition, a certain amount of pulse distortion has to be expected
after transmission through a dispersive medium.

Elimination of the mentioned defects will transform this type of
laser into a useful and reliable device.

A far more useful type of laser for fuzing applications would be the
sealed-off version, if its life could be sufficiently extended. Typical
lifetime characteristics are shown in appendix A. A considerable
research effort would be needed to solve the life problems associated
with the sealed-off CO2 waveguide laser to make it sufficiently reliable
for fuzing applications.

p

rp
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APPENDIX A

Fuzing applications require only a relatively short operating life r
combined with an extremely reliable and extensive shelf life. A sealed-

* off metal-ceramic laser structure would satisfy these requirements if
*the necessary operating life could be obtained. By considering the peak

cathode current densities of about 40 A/cm 2, it becomes obvious that the
present cathode technology, which can barely handle the 0.4 A/cm2

required for cw operation, has to be considerably improved. Only actual
experimental results can yield the life of a given laser structure under
the required pulsed conditions. Besides severe electrode sputtering, we
also have to expect CO2 dissociation problems in the bore itself.
Diffusion times are too long for longitudinal access to a fresh supply
of gas from a reservoir outside the bore. In this respect, a structure
with transverse access to an external reservoir would be far superior.

Experimental lifetimes were obtained for sealed-off operation of
laser structures similar to the ones shown in figure 1 (body of
report). Figure A-i shows that a 3:1:1 He:C02:N2 mixture yields a half
power life of only 20 s for a pulse repetition rate of 30 pps.
Increasing the pulse repetition rate to 200 pps reduces the life to
2 s. Figure A-2 indicates that He-rich mixtures are even more
detrimental. 02, CO, and H2 were added to the gas mixture in an attempt
to speed up the recombination of dissociated CO2. The results, shown in
figures A-3 to A-5, indicate an increased laser life. Figure A-5 shows
the most favorable situation, where the addition of 6-percent H2
increases the power output by 20 percent and the half power life to
120 s at 30 pps. 1

These results clearly show that the presently used, sealed-off laser
structure has a very marginal life at low pulse repetition rates and a
totally inadequate one at higher repetition rates. For this reason, and
for the changing demand to faster pulse repetition rates, we have
devoted our attention to the flow system described before.

i33

44

* "

-1
S33 2



APPENDIX A

PIP,

0.8

0.4-

00 10 20 30 40 sec

4 Figure A-i. C02 TE waveguide laser, 9.6-jim output power versus

time--He:C02:N2, 3:1:1; 200 Torr; 3 cc, sealed-off, 3.5 kV, 20 C.

PIP,

0.8

0.6-

0.2-

010 20 30 40 sec

Figure A-2. CO2 TE vaveguide laser, 9.6-urn output power versus

time--300 Torr, 3 cc, sealed-off, 20 C, 4 kV, 30 pps.
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APPENDIX A
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Figure A-4. CO2 TE vaveguide laser, sealed-off lifetime and 9.6-

jim power output versus CO concentration--He:C02 :N , 3:1:1; .
300 Torr; 3 cc, 30 pps, 4 kV, 20 C, t(P/Pi 0.1) XC 3t(P/Pi
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