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INTRODUCTION

The pu rpose of the Pulsed RF Waveguide Studies Program , Phase 1,

was to demonstra te  the feas ib i l i ty  of and perform paramet r ic  studies on a
flowing rf pumped CO2 waveguide laser .  Hug hes is pleased to report the
successfu l completion of the Phase 1 e f fo r t  wi thin  the contracted t ime and
fiscal  bud ge ts .

This  report  will  deal with both the theore t ica l  and experimental
aspects  of the program inc lud ing  analys i s  of the data and an out l ine of the
experimental equi pment and procedures  used to obtain the data .  Detailed

derivations of the equations used in the analysis wi ll not be inc luded but
appropriate refe rences will be noted whenever  poss ible  to aid the reader  in

locating supporting background material. fl~~s~ ri ptions of the device  con-
• ta m ed wi th in  this  report  wi l l  be sufficient for a basic unders tanding  of the

physics  without  compromis ing  cer ta in  p ropr ie ta ry  eng ineer ing  des i gn

information obtained on inte rna l  funding.
During the course  of the program , r ’q e  cont rac tua l  b i -monthly

reports on the program progress were issued . A review of those reports

illustrates the large amounts of time and monies spent during Phase I to
eliminate a contamination problem in the laser head which would only allow
for flowing gas ope ration such that laser output would immediately cease
upon seal ing off the laser head . Dur ing  the in te r im period following the
end of Phase 1 and the proposed s tar t  of Phase 2 , the contamination prob-
lem was finally eliminated by chang ing the cleaning procedure  on the laser
parts prior to assembly .

The new cleaning procedure has allowed for a cw sealed-off rf wall

plug efficiency of 12 percent to be obtained for the modified laser head used
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to per form the Phase 1 experiments.  (Note that a typ ica l pulsed rf laser
head may also be run cw by changing the matching network and gas m i x ) .
Unfortunately the contamination problem was not solved du r ing Phas 1
such that  all the data taken was subject  to the inf luenc e of contaminat ion
althoug h th i s  inf luence was minimized by flowing the gas.  The data would
p robab ly be somewhat d i f f e r e n t  had the contaminat ion i s sue  been solved
pr io r  to data tak ing .  Notwi ths tand ing  the r esu l t s  of the pulsed rf device  a re
impress ive  and there  is l i t t le  doubt that  improvements  can be mad e in the
device  for the proposed Phase 2 s tud ies .

It should also be noted that  the commerc ia l  pulse d rf power supp ly
purchased  for the Phase 1 e f fo r t  did not perfo rm to spec i f ica t ion  nor was the

• re l iabi l i ty of the internal  e lec t ronics  acceptable . At the t ime of the f ina l
data taking the supply output  powe r pe r fo rmance  was degrad ing  rap idly such
that  no more than 1. 6 kW average  pulse power could be obtained at the end
of the exper iments .  The supply was specified for 2 .5  kW ori ginally .  Thus
most of the data was taken at low output which were not optimum in te rms of

4 laser  pe r fo rmance .  Power loading tests  per formed earl y in Phase I while

• the power supply was still operatin g proper l y ind icated that average  pulse
power loadings to 3. 0 kW was not a problem althou g h no l ase r  pe r fo rmance
data was taken d u r i n g  th is  t ime. The point to be s t ressed is that  the per-
formance  of the laser  was at the mercy  of the supply as well as the gas
contaminat ion d u r i n g  Phase I but in sp ite of these problems the data pre-

• sen ted here  is impress ive  and subsequent  improvements  in the device should
grea t ly improve p e r f o r m a n c e .
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• DEVIC E DESCRIPTION

The laser used for the Phase 1 exper iments  was a t r a n s v e r se ly
excited rf pumped CO2 waveguid e emp loy ing in ternal  aluminum electrodes
and BeO walls with gas flow into the end s of the bore and out th roug h a
hole at the center  of the ground electrode. Figure 1 is a view of the laser
head ful ly assembled including part of the matching network .

The en t i re  laser outer shel l  and the electrodes were composed of
cast aluminum . AR coated ZnSe window s were epoxied to each end cap thus
al lowing for the capabil ity  to perform gain m easu rem ents as wel l  as powe r
output measurements (by using an external resonator). Low vapor pressure

• epoxy was used in sealing the laser head. AN fittings were used to attach
the gas lines to the laser head and external valves. Figure 2 illustrate s the
gas plumbing layout used during the experiments.

The active pumped reg ion of the laser was 2mm x 2mm x 19 cm.
The AR windows (less than 1 percent loss each) we re located 2. Smm from
the end of each bore opening. The ZnSe windows we re 2.0mm thick. The
resonator optics were located an additional 0. 5mm beyond the windows .
Thus the effective optical path length from the end of the discharge  bo re to
the resonator optic s was about 8.4mm at each end. The mirror sepa ration

• I was adjustable with a micrometer on one end. The reflectivity of the output
coupling mirror was variable by interchanging optical elements. The other
reflector of the resonator was 99. 5 percent reflecting at 10.6 microns. The
resonator was a flat-flat design. The laser head and all other peripheral
optics were mounted on a rigid optical rail which itself was solidly mounted
to a rigid optical table.

3
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POWER ELECTRONICS DESCRIPTION

Fi gu re  3 i l l u s t r a t e s the e l ec t ron ic s  a r r a n g e m e n t  used d ur i n g  the
exper iments  for  loading and m e a s u r i n g  the power de l ivered  to and ref lec ted
from the laser head .

A 50 ohm input  impedance power supp ly was used as the rf source .
The power was de l ive red  to the ma tch ing  network t h r o u g h  a b i - d i r e c t i o n a l
cou pler.  Two at tenuated ports ( - 2 3 . 6  dB)  f rom the coup l er a l lowed f or low

power measurement  of the fo rward  and re f lec ted  power s . These two ports
we re connected  to an rf switch by w h i c h  e i the r  por t  could  be connec ted  to a
second a t tenuator  ( -20  dB) and thus observed on an osc i l loscope via an

• envelope detection c i r c u i t .  The envelope de tec t ion  c i r c u i t  is d i a g r a m m e d  in
F i g u r e  4. The purpose  of t h i s  device is to a l low for rf no ise  r emova l  due to
the source  ( the  pu lse  source operates at 150 M H z )  by rec t i f y i ng and envelope
detec t ing  the rf  pu l se  and then  b a n d - l i m i t i n g  the osc i l l o scope  to 20 MHz . The
e f f ec t  of t h i s  device is demonst ra ted  in Fi g u r e  5. The c i r c u i t  conver t s  the
r f pulse envelope into a rec t i f i ed  step func t ion  with an o f f se t  of 0 .41 volts

L 
(due to the vol tage drop across  the d iode) .  Thus  the fo rward  and ref lec ted
power pu lses  can be moni tored  wh i l e  s i m u l t a n e o u sl y usi ng t h e seco nd tr ace

of a dual  t race scope to moni to r  s ens i t i ve  s i g n a l s  f rom the hi gh speed in f r a red

detector d u r i n g  ga in  and power output  m e a s u r e m e n t s  but wi thout  rf source
noise .  The re f l ec ted  power r e t u r n i n g  towards  the genera tor  f rom the load is
dumped into a 50 ohm load by the use of a tuned 1 50 MHz c i r cu l a to r thus  pro-

• t ec t ing  the power supp ly d u r i n g  mismatched  cond i t ions .  The forward power

• is matched into the laser  head b y a set of tuneable and fixed r eac t ive  elements
‘le.

located in the r n a t ’h i n g  ne twork  and laser head .
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Figure 4. Envelope detection circuit
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Figure 5. Typical oscilloscope traces with and without the Envelope Detection Circuit (see Figure 4.)
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The pulsed power supp ly used as the 50 ohm source  was  a m o d i f i e d

EPSCO model # 5 Z 3 lH B l  variable in power out put (0 to 2. 5 kW ave rage ) ,
pulse width (0. 3 to 10 I .Jsec), and repetition rate (0 . 1 to 20 kHz) .  As

previously mentioned , the power output of the supp ly degraded d u r i n g

Phase 1 such that at the end of the p r imary  exper iments  the best powe r
obtainable f rom the supp ly was 1. 6 kW .

The t u nea b le  r e a c t i v e  el em e n t s  in the  m at c h i n g  n et w o r k  w er e  p i s t o n-
type c a p ac i t o r s . The p i s tons  wer e  d r iv e n  by m icr o m e ter s  to i mp r o ve  the
tu n i n g accu racy of the  c a p a c i t o r s .

The i n t e r c on n e c t io n s  between the  i n d ep e n d en t  c i r c u i t  e l e men t s  was
obta ined  w i t h  R G 2 1  3 cab le  and N -t y p e  c o n n e c t o r s  (5 0  o h m s ).  T h i s  r e l a t i ve l y
l a r ge  cab le  d i am et er  was  chosen  to m i n i m iz e  power  l o s ses  w i t h i n  t he  cab le
p r i m a ri l y due  to the  sk in  r e s i s t a nc e of the  cen t e r  c o n d uc t o r .

L
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LASER HEAD ELECTRONICS MODEL

Fi gure 6 i l lustrates the lumped equivalent c i rcui t  model of the laser
head . R g represents  the effective res i s tance  of the gas dur ing  the di scharge .
In fac t  R g is not a constant  and d u r i n g  the power pulse  wi l l  change  in va lue
such that the reflected power f rom the l a se r  head w i l l  vary d u r i n g  the p u l s e .

• Pr ior  to the power pu l se  the va lue  of R g can be cons ide r ed nea r ly in f in i t e  at

low pulse  r epe t i t i on  rates  ( less  than 20 kH z )  s ince  the re~~idua 1 plasma dens i ty
of the p rev ious  pulse  is rapidl y quenc hed leaving  a low c o n d u c t i v i t y  c o n d i t i o n .
It was fel t  p r ior  to Phase I that e f f i c i e n t  passive m at c h i n g  of the power supp ly

H to the laser  head in a pulsed  mode would be d i f f i c u l t  due to th i s  temporal
var ia t ion  of R g~ In fact , th i s  problem did not occur s ince  the gas breakdown

• t ime was very rapid ( less  than 250 ns e c)  and af ter  th is  breakdown t i m e  the

• 
gas r e s i s t ance  remained  e s s e n t i a l l y cons tan t  for  the rest of the pulse.

L

— WI, tI ql___

Z C C RJ J___
~ffiCUIT VALUES FOR PUI.SED RF LASER

C STRAV INPUT CAPACITANCE , 2.49F
• 

~~ 
INPUT LEAD RESISTANCE , —0.23fl

L —. INP UT LEAD INOUCTANCE , 82nH
C — DISCHARGE ELECTRODE CAPACITANCE . -44 pP
Ri 01$CHAROE RESISTANCE , 100 TO BOO fl TYPICAL

Figure 6. Lassr heed lv~nped circuit model
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Figure 7 illustrates the actual forward and reflected rf envelope of the power
pulse as measured with the apparatus shown in Figure 3 for a typical pulsed
rf laser discharge. Note the ref lec ted  power sp ike at the s ta r t  of the pulse
which rapidly decays to a relative ly low value for the durat ion  of the pulse.
TypicaLly the reflected power after the in i t i a l  spike can be held to less than
5 percent of the forward power even at powers of up to 3. 0 kW. It is assumed

that further increases in the power would maintain this  low rat io of reflected
to forward power up to the limit that gas overhea t ing  and subsequent  rf a rc ing

I in the discharge occurred . The initial reflected power breakdown spike time

appears to have some dependenc e with pulse power and generally the h igher

.4 pulse powers require sli ghtly less time for the gas to breakdown althoug h this
‘I

effect is not great.

FOR 1W~~~~~~~~~~~U H• _

REFLECTED

• DATA TAKEN W ITH 43.6 dB ATTENUATION
1 .0 VOLT/DIVISION
IOM$ EC/ DIV PS IO N •

Figure 7. Typical forward and reflected voltage waveforms.
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The lumped elements in the circuit of Figure 6 were determined in the

following manner. With the laser head disconnected f rom the matching net-

work , a Hewlett-Packard Vector Voltmeter coupled with a low power tuneable

rf source and bi-directional coupler was connected to the laser head. Without

de lv ing  into the experimental  aspects of thi s equi pment , it is su f f i c i en t  to say

that th i s  equi pment is capable of measur ing  the complex ref lect ion coef f ic ien t ,

p ,  of the laser head versus  rf f requency  (see Reference  1 for  back ground) .

The complex reflection coefficient is defined as the ra t io  of the complex values

of the reflected divided by the forward e lec t r ic  f ie ld  vectors.  The value of

p will in genera l  be a funct ion of f requency which allows for  the determinat ion of

the effective lumped element s of the c i r c u i t  mode l a s s u m i n g  the d i m e n s i o n s  of

the laser head are much smaller  than the rf wavelength.  For cases where the

waveleng th is not muc h longer than the d i scharge  length , s tanding wave e f fec t s

wi l t  occur such that the val idi t y of the lumped model beg ins to fa i l .  The wave-

• length of the rf wi th in  the d i scharge  region  wi l l  a lso decrease by aJ~~
’ (where

E r is the r e l a t ive  permi t t iv i ty  of the ceramic waveguide wa l l s )  whenever  the

paral le l  d ischarge  capaci tance , C , is dominated by the ceramic  wal ls .  For

the par t icu la r  case of the pulsed rf laser used in Phase 1 , BeO was used as

the side wall ma te r i a l  with r = 6. 8 and the BeO was the predominate source

for  the capacitance , C. The d i s c h a r g e  was 19 cm long (L d ) wi th  the rf being •

cen te r  fed thus  effect ively reduc ing  the electr ical  length by a fac tor  of two .
Thus = 9 . 5  cm as compared to = 7 6 . 7  cm at 50 MHz for  the
discharge  wavelength of the rf and thus we a s se r t  that a lumped circuit

approach to the d ischarge  model is valid .

The data obtained by the vector voltmeter  for p is in the form of pola’

coordinate s such that  p is expressed as a magni tude  
~~~~ 

and and angle 6. This

data can then be conver ted  into a complex impedance , Z R + jX , ei ther

graphical ly by the use of a Smith Chart  or al gebraically by the re la t ions:

/ 2
R Z ( 2 

— ‘

I ( I )
° \i + 

f r i  
- 2 ~e cos (e) /

= z / 2 lel sin (9) (2)

L 

° \1 + I~l~ 
- 2 

~~ 
cos (9) /
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where Z is the source impedance 50 ohms.

• Optimum matching of the rf power source to the laser head occurs when
the impedance of the source as seen looking back throug h the matching  network
from the laser head is equal to the complex conjugate of the laser head inipe-
dance , Z lh * . Thus the purpose of the matchin g network is to t r ans fo rm the
50 ohms source impedance into the complex impedance 71h as seen by the
laser head . For the lumped circuit  model of Figure 6 and makin g the a pr ior i
assumption that this model is an accurate representation of the rf laser hert d ,
the laser head impedance , Z lh, can be expressed in terms of the separate
circuit elements through the equation:

(ac + bd) + j (da - ch )
7 ’lh  - 2 2 (3 )

a + b

where

a = 1 - ~
2

L C  - ~
2

C C R g R 1

b = (~~~~(R
g

+R 1
) - ) L C C Rg + L~ C R g

c = R 1 + R  ~~}L C R g

d ~~L + ~~~ C R 1 R ,

• Z irf

and where the al gebra is left to the reader  for  v e r i f i c a t i o n .

• DETERMINATION OF C, C , AND L

By taking data of p for  the no d ischarge  condi t ion  (R g ~~) and
assuming  the capacitance across  the d ischarge  region , C , does not change
appreciably between the d i scharge  and no d i scha rge  cond i t i ons , an d a L so
assuming  the laser head input lead res is tance , R 1 , is small , then the lumped
values of C . the input lead induc tance , L , and the stray in put capacitanc e ,

can be de te rmined  throug h the r e l a t ion :

si n (0) 1 - 
2 L C

1 - COS ~~ 
— 

w 3 L C C  - w (C + C)  
(4)
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where  the left side of the equation is from Equation (2 )  for 
I~~~~ I 

1 . Thus by
taking at least three values of p at three frequencies the Laser head reactive

lumped c i rcu i t  e lements  can be determined.  Figure  8 i l l u s t r a t e s  the match
of the theoret ical  Lumped c i r cu i t  model impedance to the experimental  irnpe-

dance ve r sus  f r equency  of the laser head used in the experim ents.

700

L
600

C I RCU IT MODEL J~.NO DISCHARGE 
T 

C

500 ’

BESTFIT THEORY: C 2.4 pF
400 • 82.OnH

C 43.$ pF
0w 300
U

DATA
O 200 • THEORY

w 100 -

4-
• • U 4.( 0 • — — —  — — ——  —• ‘U

C

-100 .

-200

—400 I I

• 0 40 80 120 ~6o 200 240 250

RF FREQ UENCY (MHz)

b 

Figure 8. Theoretical vs experimental imped.nce for Isier head, no discharge

DETERMINATION OF R 1

The i nput lead resistance , R1, is a source of unwanted power losses.

Even small  values of R 1 can lead to s ign i f i can t l y lowe red power ef f ic iency,

fir

15

H ~~~~~ 
• • • • .

-

_________  
— 

—.~~~ •.•



where  is def ined as the rat io of the power del ivered  to the gas dis-
charge divided by the total power de l ivered  to the laser head and is g iven by
the equation:

1
2 2  2 (5 )• d R ( 1 4 w C R

1 +  1 
R g 

g

For cases  where  C is large , even small  v a lu e s  of R 1 can lead t o
appreciable losses. For examp le cons ider  a typical  cw rf waveguide l ase r
with R g = 500 ohms , C 45 pF , and f = w ’2~ = 150 MHz and assume
= 0 . 5 ohms.  For t h i s  case = 0 .69 which  is r e la t ively poor especial ly
cons ider ing  that Hughes has bu i l t  rf sources  which conver t  28 volt dc to rf
with a conve r s ion  e f f i c i ency  of near l y 85 percent .  Typ ical  va lues of R 1 for
properly de signed rf l a se rs  would be less than 0.5 ohm . U s i n g  the precced .
ing data with R 1 — 0 . 1 ohm y ields r~1 = 92 percent .  Lowering the value of C
throug h low capacitanc e des ign  wi l l  f u r t h e r inc rease  the e f f i c i e n c y .

R 1 can be de t e rmined  in the fo l lowing  m a n n er .  At the r e sonance  point
of the laser head wi thout  the d i s c h a r g e , t he Q of the laser  head w i l l  be :

Q - - ~~. - - - ~--- 6R ~~~~.

where

— ( ~

and where the bandwidth of the r e sonan t  c i r c u i t , ~~~~~~~~~ is measu red  as the f u l l
wid th  at the 3 d!3 points.  For the pulsed laser used in the exper iments ,
Q = 151 at ~ 4 .6 x 10~ rad/ sec  and L ~i2 nfl so that R 1 = 0.2 5  ohm . In
genera l  the resonance  point of the laser head is not the actua l operat ing fre-
quency of the power source  such that the value of R 1 obtained at resonance
wi l l  d i f fe r  s l i g htl y at the operating f requency due to the skin res i s tanc e ef fec t
which increases as the square root of frequency. •

16
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DETERMINATION OF R

The effect ive  resistance of the gas discharge wi l l  vary with  gas mix ,
power input , gas p ressure , and rf f requency .  The value of R g for a given
set of discharge parameters  can be determined in the fo l lowing manne r . Once
the react ive  elements in the matching network have matched the l ase r  head to
the rf source , the impedance as seen from the laser head looking back at the
source  mus t  be equal to the complex conjugate  of the laser  head impedance .
Z l h .  For measurement  purposes the rf source can be rep laced by an
impedance Z

0 where for convenience Z0 = 50 ohms . It is important to note
that the rf source in real i ty wi l l  not be exactl y 50 ohm s so in fact  the actual
rf source impedanc e d u r i ng  the d i scharge  is not known. If Z lh  = R lh + iX ib
then from Equations ( 1)  and (2) it becomes obvious that the exact value of the

• rf source impedance need not be known in order to de termine  R since the
ratio R Ih /X l h  is independent of Z

0 so that exper imenta l ly: 
g

• 1 2
K — R 1X — 

-(1  
I~~~~i 

) 
‘7)— 1W l h  — 2 1P1 sin (0)

Theoretically the value of K from Equation (3)  is given by:

ac + bd
K = t da cb (8)

• 
and thus by i t e ra t ing  Equation ( 8)  on R us ing  the p rev ious ly de te rmined
values of R 1. C , ~~, and L , the value of R g can be dete rmined . For the puLsed
rf  lase r used in these  exper iments  for  a pulsed rf d i scharge  in a f lowing 8:1:1
mix of He:N 2 :CO 2 at 100 Torr  wi th  an ave rage pulse power of 1 .1 kW ,
K was determined experimentally to be 0.079. Using the lumped circuit
parameters of the laser head listed in Figure 7 and iterat ing Equat ion(8)
yields a value of R g = 165 ohms. The rms voltage across the d i scharge  can
then be calculated using the relation:

~d ~~2h = ~~ rms /R g

~
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v’here 
~~~h is the average  pulse power delivered to the l ase r  head , V

the rms pulse voltage across  the d i scha rge , and 
~d is def ined b y Equation I S ) .

Us in t z  the c i rcu i t  e lements  of F igure  6 at 150 MHz , V - 410 volts as sum-• rrn s
ing~ l~ = 0 . 93 .

DETERMIN ATION OF N e
Once P and V are  de termined , the e lec t ron  n u m b e r d e n s i t y,rms

N , dur in g the pulse can be es t imated  u s i n g  the re la t ion :

ri P~ / V  = I qN v A (1 ( J )
d ~.h  rm s  rmS e ci

where  ‘rms is the rms d i s cha rge  c u r r e n t  densi ty , q is the e lec t ron  charge .
v d is the average  e l ec t ron  d r i f t  ve loci ty , and A is th e d i s c ha r ge area .

The v a lue  of v d w i l l  vary wi th  F/N  and gas mix s ince  on the molec-

u l a r  leve l  it i nvolves  the  e f f e c t  of col l i s ions  of e lec t rons  and molecu le s h a y —

ing  d i f f e r e n t  energ ies and co l l i s ion  c r o s s - s e c t i o n s. The r e l a t i o n s h i p of V
d

to F/N can be ca l cu la t ed  u s i n g  the Boltz rn ann  t r a n s p o r t  equa t ion  in conj un-

t ion  w i t h  the co l l i s i on  c r o s s — s e c t i o n s  fo r  the  v a r i o u s  gas  spec ie S . Fi g u re  9

i l l u s t r a t e s  the  dep endenc e of V
d 

On E/N for  va r ious  gas  m ixes .
U s i n g  the pr ev ious  laser  head data of V r -410 volts and assuming
7 rrn s 2v 10 cm sec and A 0. 2 c m  x l9 cm 3 . 8 c m  W ’  ob ta in  N 4 .1• d 11 ~

x 10 cm . The assumpt ion  is also imp licity made tha t  N ( w i l l  not c hange

a p p re c i a b l y pe r half  cycle  of the r f  power inpu t and it is also a s sumed  that

the gas t e m p e r a t u re  is approximately 350 °K such that  N — 2 .8 x io l8 cm 3 .

ELECTR ICAL SUMMAR Y

The pr eceeding  d i s c u s s i o n  is  suff i c i en t in d e s c r i b i ng th e bas ic

e l e c t r i c a l  c h a r a c t e r i s t i c s  of rf pumped lasers .  The anal y s is  has ig nored

* s tand ing  wave effec ts  which  occur in e l e c t r i c a l L y Long devices  or ve ry  h i g h

f r equency  devices  (greater  than 250 MHz) .  The parametr ic  ga in  and output

• power data presented later in the report will not include corresponding

parametric electrical data such as the variation of R
g 
with discharge condi-

tion as this data was not recorded due to the fact that this data was not

contractual ly requi red  and the tediousness  of the ca lcu la t ions  did not war ran t
the inves tment  of ana lysis  time.

18
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Figure 9. Electron drift velocity vs E/N for various gas mixes
• (from ref.re~ces 3 and 4)
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LASER CHAR ACTERISTICS MODEL

The following d i s cus s ion  will deal with a br ief  overview of CO2 laser
k ine t i cs .  A detailed anal ys is  of the coup led disc harge , gas thermod y namics,
and laser  k inet i c s  has not been attempted due to the extreme complexi ty  of
the problem. Instead a s imp lif ied anal ys i s  of the pulsed laser  pe r fo rmance
wi ll be disc u ssed wi th a mo re de tai led anal ys i s  to be performed dur ing
Phase 2.

LASER KINETICS MODEL

- 
A summary of the more important  CO2 laser  k ine t i c s  data and laser

equations will be d iscussed  at this  t ime . Unless  o therwise  noted , th is  dis-
cus s ion i s  based on Re fe rence  3.

The total stored v ibra t ional  ene rgy  above thermal  equi l ib r ium , F ,
in a m i x t u r e  of CO2 and N

2 is g ive n by:

E 
~ 

N~~co + 
~~N ~~00 l(~~~~~) j ou les/cm 3 

( 11 )
2 2

where

S N = the total number densi ty of all gas species in cm 3

0C0 the molar fraction of CO2 in the gas mix
2

= the molar f rac t ion  of N 2 in the gas mix
2

A = the Boltzmann factoi of the upper laser level

= the characteristic energy  of the upper laser level which
equals 4.66 x 10 Joules

2 1
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The small s igna l  10~iban d  gain for  a CO2 laser  mixture  is given b y:

g N
~ co (l

~~A ) ( 1~~B)( 1~~B ’ 2 ) 2
~~(g001 1A - g 10(J~~~I B ’ )  ( U )

where

B’ - the B oltzrnann factor  for  the  lower l0~ hand l a s e r  level
B = the c h a r a c t e r i s t i c  Bol tzmann factor  of the s y m m e t r i c

s t re tch  mode of the CO2 molecu les B B ’ - 
74 . 8 Tg

)

the opt ica l  c r o s s- s e c t i o n  for the t r a n s it i o n  in cm 2

the populat ion f r ac t i o n  of the v i b r a t i o n a l  lev e l  nim , in
‘1 a pa r t i cu l ar  ro ta t ional  level , 3

J the ro ta t ional  quantum number  of the upper  laser  level
3’ the ro ta t iona l  quantum number  of t he  lower laser  level

• - l 9 2 2 ’T g• and also n o t in g  that  B e

The optical c r o s s - s e c t i o n  for  the 10 . ~~~ t r a n s i t i o n  in a C02, N 7,  and
He m i x t u r e  is g iv e n  b y:

-1 7  i/ z4.08 x 10 (Tg) (13- 
4- 0. 87 

~~N + 0. 64 e

where

P is the total gas p r e s s u r e  in Tor r .
The ro ta t iona l  population f rac t ion , g 1~~,11 K ’ is given  b y:

g 2B 1 (2K + l)e  nim ~
‘ + 1)/kTg ( 14 )nlrn ,K kT g

where

k Bol tzmann ’ s cons tant = 1 .38  x 10 23 j oules/°K
B the c h a r a c t e r i s t i c  rotat ional  e n e r g y  of the  v ib ra t iona ln m i

mode , nlrn

K the rotational quantum number  of a speci f ic  v ib ra t iona l  mode
and also not ing that  B001 = 7 .685 x io 24 Joules  and B 100 7. 746 x
Joules .

22
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For gas p r e s s u r e  in excess of 20 Torr , the l a se r  medium is
p r e d o m i n a t e ly p r e s s u r e  b r o a d e n e d  such  tID t t h e  stead y - s t a t e  s a t u r a t ed  g a i n ,
g ,  is g iven b y the express ion ~

g0g 
1 ± 1/I

S ( 1 5 )

whe re

I = the op t i c a l  i n t e n s i t y  in \ V / cm 2

• the  s a t u r a t i o n  i n t e n s i t y in W/ e m 2

The 10. 6~.t s a t u r a tio n  i n t e n s i t y is de f ined  b y the equa t ion :

= — 
h~ ( 1 6 )

S g 001 1~~~(T T

where
- : h = Planck ’ s constant  = 6 . 626 x ~~~~~ J o u le - s e c

• V = the optical f requency  in H1
T = the charac te r i s t i c  decay t ime of as symmet r i c  s t re tch  mode

in 1isec

The decay t ime , T~ is a function of gas mix, pr e s s u r e , and tempera-

ture  when molecular collision s dominate and is given b y t he equat ion:

- 1
L ! p E _ ~J (17)

i i

where

P = gas p r e s s u r e  in atm.

0. = the molar f rac t ion  of ith specie
-r . = the decay time due to the ith specie in a tm-sec .

Figure  10 gives values of r~ ve r sus  temperature  for CO2, N 2, and He. f - •
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Figure 10. The characteristic decay timeS r.. for various collision partners
• (from reference 3)
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For examp le , calculated values for  these  va r i ous  p a r a m e t e r s  for  an

8:1:1 (H e:N 2 :C0 2 ) mix at 100 Torr and 350°K with A = 0 .2  for the 10. I~~
transi t ion are g iven below:

18 1N - 2 .76 x 10 cm
13

- 2 .8 1  x 10 Hz

0. 10
2

~ ~~0 . l 0

0. 80

F 6 . 4 1  x 10 J,’cni
3

g 19 6. 78 x l0~~~

= 6 . 71 x I0~~

T 79 ~ sec

320 W/ cn i ’

— 1 7  2l . 0 ) x l O  cm

B 4 . 12 x I O~~
B ’ 1. 13 x 10~~~
g 2.8 p e rc en t  ‘cm

POWER OU TPUT EFFICIENCY

• The pulsed rf l a s e r  used  in these  e x p e r i m e n t s  tended to p roduce  a gain
swi tched  output  sp ike fol lowed by a much  lower power and temporal l y lo ng
ta i l . In many respects  the output re sembled that of a Q-sw i t ched  laser  with
the exception that the width of the power spike was m u c h  longer than would be
expected in a Q-switched laser . In CO2 lasers , even in  the absenc e of N 2 or
CO in the mix , the energy in hi gher  l y ing  leve ls  t ends  to decay back to the

tipper laser level  in t imes  comparable  to several  cavi t y l i fe t imes  such that
the pu lsewidth  w i l l  be larger  than p red icted  t heo re t i c a l l y.  The cavity li fe-
t im e is def ined by the equat ion:

21
t (18 )
C c( 1  - R e

$
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where

10c = the speed of l tgh t  2 . 998 ~ 1 0 cm sec

2 the cavi ty  length in cm

R = the product  of the power r e f l e c t i v i t i e s  of the resona tor  m i r r o r s

L the total r o u n d - t r i p i n t en s i t y losses of t he l a ser

The th r e sho ld  g a i n  o f the laser  i s  def ined  by :

=

For cases w h e r e  g ~~~ is l a r g e  ( ‘  SI the theore t i ca l  pu l s e wid th  of the
Q-swi tch  pulse  is on the o rde r  of s eve ra l  c a v i t y  l i f e t i m e s  and n e a r l y a l l  t h e

i n ver s i o n ene rgy  is ex t r ac t ed  in th e  power pu l se . A d t s c u s ~~in n  of the  ~ ha rac-
te r i s t i c s  of Q—s w :tch e d  l a se r s  is g i v e n  in R e f er e n c e  S .

For the purposes  of th i s  d i s c u s s i o n , we w i l l  a n a ly z e  the  e f fj c i e n c \

of the pu l sed  rf l a se r  in  t e r m s  of the tota l e n e r gy  ex t rac ted  i n  the  power
sp ike  a nd ta i l  as compared to the inpu t  en e r g y . The total  e n e rgy  st or ed i n

t he upper  l a se r  l e v e l s  is g i v e n  by equa t ion  ( 1 1 )  and by :

T ‘1d ~~Ih  1 20 )

where

= the d i s c h a r g e  pumping  e f f i c i e n c y  to the u p p e r  l a se r  leve ls

~ P = the rf power  de l ive red  to the d i s c h a r g ed ~~ i,

= the power input  pu l sewidth  in ~sec

and where the imp l i c i t  assumpt ion  is made that r <~ I where r is  the
deact ivat ion t ime of the upper level  v ibrat ional  mode def ined  by equat ion  17 .
(Set’ R e f e r en c e s  I and 4 for values of i ve r sus  E,/N for s e ver a l  gas ~~~~~~~~~~~

S

26 H

_ _ _ _ _ _ _ _ _ _ _ _ _ _  t~.
~~~~~~~~~~~~ — T ~~i ~~~~~~~~~~~~~~~~~~~~~ 

— 
- — —~~-- ,.-~,—



• 
• 

~~

__

~~~~~~~ 
____________

The total ex t r ac ’ed ene r gy in the output power spike can be def ined

t - 
by the fo l lowing  equatioe .

1 C 0  1
K = r~ q ‘~ E l  2 ( 2 1 )p q e r 

~[~
+N 2 

+Co2j

w h e r e

the quantum e f f i c i e n c y  of the 10 . 6  ~& t r a n s i t i o n  0.41
the e xt r a c t i o n  e f f i c i e n cy

• ‘1r th e resonat or e ff i c i e n c y

w h e r e

is de f ined  b y the equat ion .

( 2 2 )
- - 

( 1 - R )
— ( 1  — R )  ~ L

The va lue  of ~ is depen ~~’rit on the L i se r  p u l s ew i dt h  and the  r a t io  of g

As p r e v i o u s l y men t ioned , the theore t i ca l  va lue  that r~ can at t a in  is near l y
1. 0  for shor t  pulses w i t h  h ig h v a l u e s  of 

~~~~~~~ For  ou tpu t pul ses  m u c h
longer  t han  ~~ 1e wi l l  app roach  the app rox ima te  va lue :

= 
g~ - g~~ ( 23 )

C g
0

and it is  a s sumed  tha t  t h i s  approximation i s  v a l i d  for the pu l sed  rf l aser .
rhe total r ou n d  t r i p  l oss , L , of the laser  resonator  is  a combinat ion

of lumped and distributed losses. For examp le , bore coup ling losses (see

R e f e r e n c e  (d and d i s t r i b u t e d  w av e g u i d e  losses (see  R e f e r en c e s  7 and 8)
w i l t  occur .  For th ’ p a i t i c u l a r  des ign  used in these studies , the coup l i n g  loss
is abou t 2 pe rcen t  and the wavegu ide  loss is es t imated to be about 2 percent .

27
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The total efficiency of the Laser pulse . q2, is thus given by th e
• express ion :

E I ~CO 1
T~~ ~~1h 

= 

~d 
ri q ~

I p t1r ~e [~~N2 ~cO2j 
(24)

For example , consider an 8:1:1 laser mix wi th  L = 0 . 04 , R = 0.94 , 1 = 20 cm ,
and g — 1.5  p e r c e n t/ c m . One then ca lcu la tes  u s i n g  ‘1(1 ~~~~~ • 0 . 41 . and
a s s u m i n g  r i 0 . ~~

t = l 4 n s ec

= 0 . 2 4  p e r c e n t / c m

11r 
= 0 . 6 0

= 0 . 8 4e

~~~~~~~~~~~~ ~co) = 0 . 5

0 . 0 2 9

i = 0 . I O E
p s

These  n u m ber s  a re  typ ica l for the hi g h loss  ( - x t ( - r n a l  resonato r used  in t h e s e

ex p e r i me n t s . Improved  e u i - s i g n  w i l l  inc rease the expected overal l  e f f i c i ency
es p ec ia l l y by improvemen t  in 1r and ri d .

For m i x t u r e s  c o n t a i n i n g  N2 ,  the power output tai l  w i l l  c o n t a i n  the
• e ne rgy  stored in the  N 2 molecu le w h i l e  the lead ing  spike w i l l  conta in  the

ene rgy  stored in the CO2 upper laser  level mode onl y. The tota l laser
• e f f i c i e n c y ,  q~ , w i l l  be equal to the sum of the energy  in the power spike’ and

in the ta i l  d iv ided  by the total power del ivered to the laser head and is approxi-
mate l y equal  to:

ri = 

~d1q ‘1p ‘1r rie (24)
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The preceeding discussion has looked at the more important aspects

of the laser kinetics and expected per formance  under the assumpt ions  p r e v i o u s l y
out l ined . This d i s cus s ion  is not meant  to be a r igorous  anal y s i s  of the p rob lem.
It is intended as a guide to the genera l  unders tand ing  of the data to be presen ted

• in the next sect ion.

- 

•
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EXPERIMENTAL RESULTS

Small si gna l g a i n  and extracted output power data was obtained for the
pu lsed  rf waveguide  laser .  This data was obtained by pa rametica ll y vary ing
the exper imenta l va r i ab les  suc h as d i scha rge  pu lsewid th , pulse  repet i t ion

• ra te , input  power, gas mix , gas p r e s su r e , and gas f low rate . To m i n i m i z e
• t he- amount  of data , the gas p r e s s u r e  was s e t  to t h a t  va lue  w h i c h  p r o d u c e d  the

l a r g e - s t  ou tpu t  power  spik e  obta ined for the co r r e spond ing  l a ser  ex t r ac t i on
exp e r i men t s .  A l s o  the  gas flow rate  was  se t  to a m a x i m u m  for the g iven gas
p r e s s u r e  as l i m i ted  by the  gas  p lurnb Ln g flow o n s t r i c t i o n s. The power i n p u t

• was e s s e n t i a l ly f ixed  for the  gas  m ix e s  c o n t a i n i n g  N 2 to the  hi g h e s t  power

ou tpu t  d e l i v e r e d  f rom the power supp ly at the 10 kH -z r ep e t i t i o n  ra te  so tha t
t h e  power output  r e s u l t s  at va r ious  repe t i t ion  ra tes  could he compared at con-
stant  in put power .  The power input was inc reased  for the gas mixes  w i t h o u t
N 2 due to the dc-c reased pump ing e f f i c i en c y  for t h e s e -  m i x e s .

~~ GAI N I)ATA

Exper imenta l  Setup and Discussion

Fi gure  1 1 i l l u s t r a t e s  the expe r imen ta l  a r r a n g e m e n t  for  the smal l  si g~
nal  ga in  e x p e r i m e n t s.  The at tenuated 5 mW beam from a Sy l v a n i a  CO2 sta-
b i l i z ed  laser  was tuned to the line center  of the 10 . ~~ P20 t r a n s i t i o n .  The
beam then ref lected f rom a m i r r o r  and was focused by an f 7 . 5 cm /nSe
lens i nto the waveguide bore. The beam passing out of the waveguide bore

was imaged on the HgCdTe 10 MHz detector by p lac ing  a ZnSe tens  of

~ i . 5 ~m at twice  this distance from the Laser bore and the detector thereby
eliminating steering e fects of the pulsed heated gas . A manually operated
blocking screen was p laced direct l y in f ron t  of pulsed device so that a zero

31 
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1O.6~s STABILIZED LASER

VARI ABLE
ATTENUATOR

f 1 .5 CM 1 O M H 7 P V H 9 C d T 8
ZnS. LENS DETECTOR

STEERING 
5 

~ ~~~~~~~~~~~~~~~~~ 

~M 16

OPTICAL MANUAL
RAIL CHOPPER

Figure 11. Small signal gain experimental appa ratus

level reading could be obtained for  the dc coup l ed de t ec t or by b lock ing  the
probe beam. The detector was connected by a 50 ohm l ine  to a h igh  impedance
dual trace scope in para l le l  to a Si ohm t e rmina t ion .  The other  c h a n n e l  of

• the scope was used to record the at tenuated rec t i f ied  envelope  of the fo rward
voltage s igna l .

Resul ts

Data was obtained on 8:1:1 . 6:2 :2 , and 3:0: 1 (H e : N 2 :CO2 ) gas mi xes .
Onl y sma l l  s igna l ga in  was measu red  and no sa tura ted  data was taken.  The
data will be presen ted  in  tabular  form u s i n g  the fo l lowing  va ri ab les  to descr ibe

• the measurement data :

~~1h = average pulse powe r into the lower head in kW
.r = pulsewidth of the forward power pulse in sec
f = the pulsewidth repetition rate in kHz

g = the peak measured small signal gain in cm~~
= the characteristic decay time of the gain after reachin g g

in Sec 0

This data is presented in Table 1 . Figures 1 2 and 13 iLlustrate the actua l
data take n for various experimental condi t ions .  The small si gnal gain versus

32
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TABLE 1. TABULATED SMALL SIGNAL GAIN DATA

Gas 1’lh T fp p ~d
Mix (kW)  jp. sec) (kHz) ( T o r r )  (mil li rnoles/ sec)  (~~sec) (% cm)

6:2:2 1. 1 3.0 1.0 100 2.4 —80 1 .8

6:2:2 1. 1 6.0 1.0 100 2.4 —70 2.5

6:2:2 1 .1 10.0 1 ,0 100 2.4 60 2. 7

6:2:2 0.6 3.0 10.0 100 2.4 —85 0.9

6:2 :2 0. 6 9. 5 3 .0  100 2 , 4  —80 2 . 5

8:1:1 1. 1 3 .0 1 .0 100 2 . 4 ‘~l60 1 . 5

8:1:1 1. 1 6 .0 1 .0 100 2.4 ‘150 2. 2

8:1:1 1. 1 10. 0 1 .0 100 2 . 4 -130 2 . 3

8:1:1 0 . 6  1 .0 10.0 100 2 . 4 —130 1 . 4

8:1:1 0. 7 9 . 5  3 .0 100 2 . 4 -130 2 . 2

3:0:1 1 .4  3.0 1 .0 180 4 . 5  —40 1 . 1

3:0:1 1 .4  6 .0  1.0 180 4 .5  ‘30 1.6

3:0:1 1.4 10.0 1.0 180 4.5 “30 1.8

3:0:1 1.4 3.0 3 .0  180 4 . 5  ~30 1 .0

3:0:1 0. 6 3 .0  10.0 180 4 .5  — 0 . 7

3:0:1 1 .4  1.0 3 .0 100 2 .4 50 1.2

3:0:1 1.4 10.0 1.0 100 2 .4 -30 2 . 1

p
~
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6:2:2 MIX ~~ 3.O~SEC 1 ,0 kHZ 6:2 :2 MIX ~~~ 10USEC — 1.0 kHz
- Ii KW ‘d 80 ~SEC g

~’ 
0.018/CM 

~Qh - 1.1 KW T
d 

—60 MSEC ~~~~‘ 0.027/CM

P.100 10RR P’ IOO TORR

[1-

8 :1.1 MIX r~- 30~~ EC t~ - 1 0 K H Z  81  I MIX i~~
. 10~ SEC f~~’ 1.0 KHz

P~ - 1.1 11W — 160 i~SEC g
~ 

- 0 015/CM I~ ~W — 130~ SEC g
~ 

0 022/CM

P - IOOT ORR P IOO TORR

Figu re 12. Typical small signal gain data for 6:2:2 and 8:1:1 mixes at 100 torr gas pressure
(No te: All photos lOMsec/div time scale)
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3:0:1 MIX - 3.0k SEC I
~~

’ 1 ~ 
3 0 1 M I X  7~~~’ 10 USE C f .  1.0 kh z

P
~~ 

— 14 11W Td —40 MSEC g
~ 

= 0.011/CM P
~~ 

14 CW “30 uSEC 
~~~

= 0018/CM

P-18O TORR P • 18O TORR

3:0 :1 MIX 3.OuSEC - 1 0 1 1 H z  3 0 1  MIX t 0 ’ 1OiISE C 1011Hz

~Qh 1 4 11W Td 5O~ SEC g~,. 0012/CM PQ1~’ 1,4 kW td 30 MSEC 8~,’ 0.021/CM

P • IOO TOAP P • IOOTO RM

Figure 13. Typical small signal gain data for 3:0: 1 mix

- (Note: All photos l0psec/div time scale)
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t ime  is i l l u s t r a t e s  in these f i g u r e s  and is de te rmined  by the Lower three  t races
of each photo. The upper of the three  t races  is the detector s igna l  wi th  input
power pulse  to the pulsed  laser . The next lower l ine  is the detector  s i g n a l
wi thout  power pulse  to the pulsed  laser . The lowest l ine  is the zero level
of the detector. Thus these three  t races  de te rmine  the smal l  s i gna l  ga in  of
the  laser medium v e r s u s  t ime . The uppermost  t race  is the at tenuated recti-
f ied  envelope of the forward voltage pu l se .

There are several interesting aspects to this data. We note that  of the
three  mixe s measured , the 6:2:2 mix had the hi ghest g followed by 8:1:1 and

3:0:1 respec t ive ly. The value  of g0 in near ly all  the cases  peaks af ter  the

power pu l se  as would he expected s ince  at the end of the pu l se  the p u m p i n g  of

t he lower laser  leve l  c e a s e s  thus  i n c r e a s i n g  the i nve r s ion  j u s t  a f t e r  the

pu l s e -  due  to the  rap id decay of t h i s  l e ve l  w h i c h  i n c r e a s e s  the  g a i n . A l so  note

that the 3:0:1 m i x  has the most  rap id deca y of the ga in  as compared to the

other  mixes .  This  is  most l y due to the  h i g h  r e l a t ive  CO2 conte nt as C O2
molecu l e s  a re  more  l i k e l y to deact ivate  excited CO 2 molecu les  in a c o l l i s i o n

than are He and N 2 . The h i g hu s t  smal l  s igna l  ga in  measured  was 2. 7 pe r cent ,

cm for the  6:2:2 m i x  wi th  f~ = 1 . 0 kHz , i-~~= l O . O ~ sec , and 
~ 2h = 1 . 1  kW .  This

does not mean  that the 6:2 :2 mix is the absolu te  best in te rms of smal l  si gnal
ga in  when compared aga in s t  a l l  other H e:N 2 :CO2 mixes .  Th i s  mix  was chosen

as a r e f e r e n c e  to the 8:1:1 mix of wh ich  the re  is  some publ i shed  laser
k i n e t i c s  data . The 6:2 :2 mix has twice the N2 and CO2 co nt ent  of 8: 1 :1 and
thus makes an i n t e r e s t i n g  m i x  for compara t ive  reasons .

POWER OUTPU T DATA

Exper imental  Setu p and Discussion

• Fi g u r e  14 i l l u s t r a t e s  the e x p e r i m e n t a l  a r r an g e m e n t  for the power out-
put m e a s u r e m e n t s .  The pulsed rf laser  was operated wi th  ex te rna l  optics
mounted to a t h e r m a l l y and m e c h a n i c a l l y stable ra i l .  AR windows at 10. 6 ~i.

were mounted  to the ends  of the laser she l l  and formed the gas seals . The
gas was flowed as in the small  si gna l  ga in  expe r imen t s  by f lowing the gas

-
• t h roug h both ends of the bore and out a hole in the center  of the grounded dis-

4 charge  electrode.  The average laser output powe r was measured  with a
Coheren t  Radiat ion model ~2 l0  power meter .  The actual  pulse  shape of the
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50~i CABLE TO
20 MHZ OSCILLOSCOPE

EXTERNAL RESONATOR NgCdTe
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~1~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~E=D

OPTICAL
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Figure 14. Power output experimental apparatus

output was measured  b y observin g the residual scat tered radiat ion f rom the

power meter  detector  head wi th  a 75 M H z  lT g Cd Te de tec tor .  This  detector

has a 10 MHz bandwidth without the bias box (as was used in the small s ignal

gain exper imen t s ) .  The detector  was t e rmina ted  into a dual t race  hi gh

impedance scope in pa ra l l e l  with a SI ohm t e r m i n a t i o n .  The scope was band-

l i m i t e d  to 20 MHz to p r e v e n t  rf n o i s e  si g n a l s  f r o m  be ing  disp layed on the

osci lloscope . The other  c h a n n e l  of the scope was used to record  the r e c t i f i e d

envelope of the forward voltage pulse.  rhe settin g of the oscilloscope to the
20 MHz b a n d - l i m i t  did not s i g n i f i c a n t l y a l te r  the output power t race . The
detector was dc coupled with a slow (10 Hz) response so that both the i n i t i a l

power spike and long ta m in m i x t u r e s  c o n t a i n i n g  N 2 co uld he observed undis-

torted.  By m e a s u r i n g  the t ime averaged output power and o b s e r v i n g  the fast
detector t race , the peak output power was de t e rmined .
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R e s u l t s

Data was obtained on 8:1:1 , 6 :2 :~~, and 3:0 :1 (F le :N ~~:CO 2 ) gas m i x e s .  =

The data will be p re sen ted  in tabular  f o r m  usiri~ the  same n o m e n c l a t u r e  as

Table I with the added m e a s u r e m e n t  v a r i a b l e s :

P = the peak output  power f r o m  the l a s er  in ‘Vat t s

r ave = the av e r ag e  la se r  output power  in W a t t s

Th i s  data is p r e s e n t e d  in Table  2 . Fi g u r e s  1 5 and 16 i l l u s t r a t e  the  a c t u a l

output  data taken  for  v a r i o u s  e xp e r i m e n t a l  c o n d i t i o n s . The lowe r t r a c e  in

each photo is the f a s t  detector  t race of the power output  w h i l e  the upper t r ace

• r e p r e s e n t s  the a t t e n u a t e d  r e c t i f i e d  e n v e l op e  of the f o r w a r d  vo l t age  p u l s e .

There  a r e  some no tewor thy a spec t s  to t h i s  data . The bes t  a v e r a g e

H ou tput  power f r o m  the p u l s e d  l a se r  was o b t a i ned  w i t h  the  6:2:2 m i x  f o l l o w e d

b y 8:1:1 and 3 :0: 1 r e sp e c t i v e l y. The hi gh e s t  peak power ou t p u t  of the  l a s e r

p u l s e  was ob ta ined  w i t h  the  3:0:1 mix  w h i c h  a l so  had the s h o r t e s t  d e c a y  t a i l

H as would be expec te d  d u e  to the  a b s e n ce  of N , in the  m i x . In th e  m i xe s

c o n t a i n i n g  N 2 it is r e a d i ly  o b s e r v ed  t ha t  a l a rg e  f r a c t i o n  of the  ou t p u t  e n e r gy

o c c u r s  i n  the decay  t a i l  ( >  50 p e r c e n t ) . rn g e n e r a l , the m i x e s  c o n t a i n i n g  N 2
had l o n g e r  power sp ike  p u l s e w i d t h s  ( - ~- 200 to 250 n s e c )  as compared  to the

3:0:1 m i x  ( — 1 5 0  to 200 n s e c ) .  Th i s  p u l s e w id t h  was not  r e c o r d e d  fo r  e v e r y  —

p a r a m e t ri c  data  point  bu t  in g t - n 4 -  r a l  the  p u l s e -w i d t h s  j u s t  m e - nt l o ne ( l  wer e

typ ica l  fo r  a l l  t h e -  da ta  l i st ed  in Tab l e -  2 .

The po l a r i za t i on  of the l a se r  output  was  a l so  m e a s u r e d . For  both cw

and pulsed  ope ra t ion, the l a se r  ou tpu t  was  s e l f - p o l a r i z e d  such  t h a t  the elec-

t r i c  f ie ld of the  1-~ scr  o u tp u t  w as  pa ra l lel  to the e l ec t r o d e  s u r f a c e s .  This  is

an impor t an t  resu l t . No B r e w s t e r  w indow s a r e  needed  i n t e r n a l  to the  re~~o-
na to r  and t h u s  opt ica l  losses  a r e  m i n i m i z e d  w h e n  po la r ized  ou tpu t  is d e s i r e d .

Tt i s  a g a i n  i mp o r t a n t  to note t h a t  ~ ie o u t p u t  power  r e s u l t s  w o u l d  have
been si g n i f i c a n t l y i m p r o v e d  hail i n t e rn a l  o p l i e . c been emp loy ed . The e x t e r n a l
r e s o n a t o r  w i t h  i n t e r n a l  A R  win d o w s  i n t r o d t i c - e s  s i g n i f i c a n t  loss  both d u e  to

the w indow losses  and the bore  c o u p l i n g  l o s se s  w h i c h  a re  e n h an c e d  hv the
l a rge  i n d e x  of r e f r a c t io n  of the Z n Se  w i n d o w s . The i n t e n t  f o r  Phase  2 is to
use  an i n t e r n a l  r e s on a t o r  fo r  the  s e a l e d - o f f  e x p e rim e n t s . C o n s i d e r i ng  t ha t
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T A B L E  2 . T A B U L A T E D  POWER OUTPUT DATA

P T f P PGas p p p p ave
Mix (kW ) (~~sec) (k }jz)  Tor r  (rnillirnoles/sec) R ( W a t t s )  ( W a t L s )

6 :2 :2 1 .1  3 .0 1.0 100 2 .4 0. 70 —220 0 .20
6 :2 :2 1 . 1  6 .0  1.0 100 2 .4  0. 70 —200 0 .55

6 :2:2 1. 1 10.0 1.0 100 2 . 4 0. 70 — 220  0. 70

6:2 :2 0 .6  3 .0  10.0 100 2 . 4 0 .70  —80 0 .90

6 :2:2 0.8 9 5  3 .0 100 2 . 4 0. 70 — 1 30 1 .55

6:2 :2 1. 1 3 .0  1.0 100 2 .4 0.80 — 1 3 0  0. 20
6 :2 :2 1 . 1  6 .0 1.0 100 2 . 4  0.80 -280 0 .5 5
6:2:2 1 .1 10.0 1 .0 100 2.4 0.80 —240 0.65

b:2:2 0.6 3.0 10.0 100 2.4 0.80 —80 0.70

6:2:2 0.7 9.5 3.0 100 2.4 0.80 —300 1.45
• 

• 
6:2:2 1.1 3.0 1 .0 100 2.4 0.90 —1 60 0.25

b:2:2 1 .1 6.0 1 .0 100 2.4 0.90 — 210 0.55

6:2:2 1.2 10 .0 1 .0 100 2.4 0.90 — 2 10 0.65

6:2:2 0.6 3.0 10 .0 100 Z.4 0.90 —100 0.95

t,:2:2 0.7 9•~, 3.0 100 2.4 0.90 —130 1 .55

8:1:1 1. 1  3.3 1 .0 100 2.4 0.70 — 120 0.15

8 :1:1 1 .1  b 0 1 .0 100 2 . 4 0. 70 — 130 0 . 35

8: 1:1 1. 1  10 . 0 1. 0 100 2 . 4 0 .70  — 1 4 0  0 . 60

8:1:1 0.6 ~.0 10.0 100 2.4 0.70 —60 0.80

8:1:1 0.7 9.5 3.0 100 2.4 0.70 — 170 1 .30

8:1:1 1 .1 3.0 1 .0 100 2.4 0.80 —140 0.15

8:1:1 1.1 6.0 1 .0 100 2.4 0.80 — 170 0.35

1. 1  10.0 1 .0 100 2.4 0.80 190 0.60

~:1:1 0.6 3.0 10.0 100 2.4 0.80 80 0.85

8:1:1 0.8 9 . 5  3.0 100 2.4 0.80 190 1 1 5
8:1:1 1. 1 3 .0 1 .0 100 2.4 0.90 —140 0.20

8:1:1 1.1 6.0 1 .0 100 2.4 0.90 —130 0.40

8:1:1 1.1 10.0 1.0 100 2.4 0.90 —1 50 0.70

8:1:1 0.7 3.0 10.0 100 2.4 0.90 —80 1 .20

8:1:1 0.7 9.5 3.0 100 2.4 0.90 -130 1 .45

3:0:1 1.7 3.0 1.0 180 4.5 0.95 — 400 0.10

3:0:1 1.7 6.0 1 .0 180 4.5 0.95 —310 0.18

3:0 :1 1.7  3 .0 3 .0 180 4 . 5  0 . 9 5  — 2 8 0  0. 20

3:0:1 1.5  3 .0 3 .0 100 2 . 4  0 .95  — 1 7 0  0. 18
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6 2  2 MIX - 30~ iSEC t~ 1 0 k Hz  6 2 2  MIX ,~,. 1OpSEC I .  10 kHr

• - I I kW 100 l t I I C j ~ P 16(M 12 k w 1’ 100 T OsS 2I~~~
R = 0 9 0  R 090

1 8 1  IM IX  T
0~~ 3Op SEC f~~- 10 k H z 8 1  1 MIX ?

~~~
. I0~~SEC 10kHz

I 1 kW P 1 (X) IORA P I4~~~ PQfl I I 1W P • 100 TORR Pp 150W
R~~~~O90 P~~~~090

- - - Figure 15. Typica l laser output data for 6:2:2 and 8:1: 1 gas mixes at 100 torr gas pressure
-

~ 
(Note: All photos 2MIec/div t ime scale)

40

I ~~~~~ ~~~~



- _________

•

3~O1 MIX - 3.O~ SEC F1, 10kHz 30 1 MIX 1p 6 USEC 1.0 kHZ

- 1.7 kW P • 180 IOAR Pp 400W 1.7 kW P . 180 TORR P~ 310W

P - 0 9 6  R - 0 9 5

I

U

3 0  I MIX ~~~ 3OM$E C f e, . 3.0 kHz

kW P - Ioo roRR P1,— T50W

R 096

- - . Figure 16. Typical laser output data for 3:0: 1 mix
(Note: All photos 2 psec/div t ime scale)
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the Pha se I experiments were essentially a feasibility study of pulsed rf
waveguide laser s, the results of the power output experiments are impressive.

SUMMAR Y

The quality of the data obtained for  the Phase I effor t  is exce l l en t .
The power e lec t ronic s , diagnost ic  equi pment , moni to r ing  e l ec t ron i c s , and
detector e lec t ronic s used in taking the data per formed well wi th  the exception
of the pulsed rf supp ly and the con tamina t ion  problem of the laser head . The
latter problem was overcome by flowing the gas at a rap id rate and thus
paramet r i c  va r i a t ion  of the gas flow was not performed since dec reasing  the
f low rate f rom the max imum rate s used in t ak ing  the data would have led to
per formance  degradation due to the increased effects of the contaminat ion
problem. Aga in  it should be noted that the contaminat ion problem has been
solved s ince the completion of Phase I and thus no problem is seen in pro-
ceed ing with the sealed-off experiments  of Phase 2. The power supply prob-
lem is also now understood , and Hug hes is making modif icat ions  to the supp ly

• which  will prevent  the power degradat ion of the supp l y from o c c u r r i ng  in the
future.

. H
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CONCLUSIONS AND OBSERVATIONS

Hughes has successful ly demonstrated the operation of a pulsed rf
1 

waveguide CO
2 laser. There were several major results and accomp li sh-

ments durin g this e f for t :

I . The e f f i c i en t  passive matching of the rf power supp ly to the
laser head was demons t ra ted .  Inpu t powers of up to 3 kW
average  were achieved. Active matchin g networks  are thus
unnec e ssar y in these devices.

2. Gain swItched pulsed laser  output was obtained.  Peak powers
of up to 400 W with  150 nsec  pulsewidth s were  obtained with

• - an external  resonato r . Repeti t ion rates of up to 20 kl-l z
I were  demonstrated.  Hi gher rep rates are  possible .  Hig her

output powers will probabl y be obtained with an in te rna l
resonator.

3. Small signa l  gain measurements  were  made for  the f lowing
gas condi t ion.  Peak small si gnal  ga ins of up to 2. 7 percent/cm

k 
were  achieved in 6:2~2 (He:N 2 :CO2 ) f lowing  gas mix .  The
tempora l  decay rate of the gain was also observed and was
de pen den t on gas m ix , gas p r e sou re , and in put power .

• 4. The laser  output was observed to be self- polarized both in
• pulsed and cw operation.  The polar izat ion of the optical  f ield

was observed to be parallel to the electrode surfaces. Thus
no Brewster  window or d i f f rac t ion  gra t ing  is needed to obtain
polarized laser output .

• 
I 

5. The pulsed laser was observed to run preferentiall y on a
lowest order mode. Changes in  cavity length caused higher
mode operation. The pulsed spike peak power was observed
to be a m axim um when the frequency of the lowest order cavity
mode was situated near a gain maximum of the medium. Thus
a thermally stable optical bench is necessary for these devices.

• 6. The pulsed laser was also run cw and thus mixed mode (both
simultaneous pulsed and cw) operation is feasible .

-p.
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Since the conclusion of Phase 1, sealed off operat ion has been obtained
and the contaminat ion problems encountered during Phase 1 have been resolved.
The power supp ly, which had not performed properl y dur ing  Phase 1 , has

now been fixed and thus hi gher input power studies can be performed . The next

major  effort  in the development of the pulsed rf devices will  be in the bui ld ing
of min ia tu r i zed , t rans i s to r ized  power supplies. Currentl y the  laser  head
makes up onl y a small part  of the total wei ght and size of the power supp ly-
laser  head in tegrated system.

Hug hes is pleased to make this report  on the successful comp letion
of the Phase 1 effor t .  The resu1ts of Phase 1 indicate that the Phase 2 effo rt
wil l  have a hi g h probab ilit y of success .
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