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Preface

<The purpose of this study was to charvacterize the
performance of an optically pumped molecular laser and
dctermine the effect of pump frequency on output power.
Specifically, the PZ(G) transition in a chemical HF laser
is used to pump 1201802 molecules from the ground state to
the 101 vibrational erergy Tevel. A population inversion
is established between the 101 and 100 energy levels and
Tasing action is achieved at 4.3 microns. The results of
a thecoretical analysis and an experimental study are used
to maximize the systenm's performance, clarify the principles
of operation, and to resolve discrepancies between theory
and prior experimental observations. __

I would iikke to acknowledge the support of the Avionics

Laboratory, AFWAL, WPAFB, OH in conducting this study,
pérticularly Dr. W. Schuebel for sponsoring the project and
J. Brandelik for his advice, instruction, and guidance. The
support of my AFIT thesis advisor, Dr. E.A. Dorko, and thesis
committee members, Hajor J.H. Evkkila and Dr. W.B. Roh was
greatly appreciated, as were the discussions and information
provided by Cept. R.J. Cook, AFIT/ENP, and CapF R. Halters,
AFWL, The technical support provided by C. Shortt, AFIT

Shop superviscr, A.H. Becraft, Avionics lab, R. Wade,
Glassblower-Avionics Lab, S. Derby, Avionics Lab, J.R. Gabriel,
AFIT, and particularly, P, Dunigan and M. Lovingshimer,

TSSI1 contractors-Avionics Lab, 1s gratefully acknowledged.
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Abhstract

Optical pumping of the €00 - (10°1)r transition in ‘3c‘802

by the P2(6) transition of an SFG:H2 electric dischafge HF
chemical laser was used to establish a population inversion
between the (10°l)n. and (10°0), 1levels of ‘ZC]BOZ and
lasing at 4.3 microns.

The HF pump laser was characterized and maximum power

achieved at 79¢% SF6/ 21% | 88 torr total pressure, a 12kV

2
discharge voltage, and 300 pulses/sec. Lasing on the P2(4),
PZ(S)’ and P2(6) transitions was observed with a beam
diveregence of 9 mrad. A pulse-to-pulse variation in output
power of a factor of six and a frequency instability greater
than 200 MHz/msec. was observed. A 156 micro-Joule, 106 nsec
pulse was obscrved multiline.

The P2(6) TEH 00 HF beam at 37.5 micro-Jd was coupled into
a .5 inch diameter pyrex cell with 7 torr ]ZCISOZ with a 25 cm
foc;l length CaF2 lens. A 20 nsec CO2 pulse was observed in
the forward propugating direction. CO2 lasing was erratic,
due to naar threshold pdmping conditions,

A theoreticel model of the kinetics of the SF6 + H2 /
electric discharge was established. Pulse widths predicted
by this theory and those observed experimentally agree well.
The predicted power amplitude is larger than observed, due
to losses not included in the model.

The dependgnce of CO2 output power on HF frequency
was not observed experimentally. The contradiction between
establiished theovy and previous experimental results was
explained, however,

xii




Introduction

Backgyround

Laser sources are needed across a wide portion of the
electromagnetic spectvunt. The infrared region is particularly
important for several laser applications: (1) multi-photon
IR beam photochemistry, (2) lascr isotope seperation, (3)
laser wethods for obtaining pure matéria]s,emd (4) military
applications [1:1317]. Several molecular lasers, including
COZ’ co, NZO, HF and BF, operate in the mid-infrared
regiou, but do not adequately cover this band. Resonant
frequency conversion can be used to increase the number of
sources in the mid-IR by using one of the molecular lasers
to optically pump a second laser wodium. One advantage of
such systems is the high power obtainzble [2:68].

& 002 laser optically pumped by an HF laser was developed
for the Aviorics Laboratory, Air Force Wright Aeronautical
Laberatories, Nright-Pztterson Air Force Dasc, Ohio by
the Raytheon Corporation [3]. HMany characteristics of this
laser are unknown and few studics for optimization of the
systew have been complcted. Several aspects of the laser's
operation are net well understood and previous experimental

tnvestigations appear to contradict established theory.

Problem Definition

This investigation will characterize the perfurmance

of this HF-punped COZ laser system in an attempt to maximize

. . .
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its performance, clarify the priciples of operation, reproduce
the work of rceference [3], and study discrepancies betwegn
theory and prior experimental results. Qutput power, beam
quality, and stability of the HF laser will be examined. The
002 lasing system will be studied to maximize output power.
In particular, optical pumping and the effect of HF laser
frequency on the CO2 output power will be studied and the results
compared with previous investigations and theoretical predictions.
HF and CO2 pover pulse shapes will be experimentally observed
and explained in terms of the kinetics of the Hf reaction and
the optical pumping scheme.

In the Raytheon study, no significant variation in the
CO2 output power was observed with changes in the HF laser
frequency over & 300 MHz range [3:64-65]. A substantial
variation would be expecied on theoretical grounds, however.

The main effort of this thesis will be to explain this discrepancy

between theory and experiment.

Preséntation

Background theory on the operation of the HF pump laser
and on the optically pumped CO2 laser will be presented in
Chapter TI. A kinetic model of the HF laser will be
established. A model of the effect of HF frequency on CO2
power will also be established. Chapter III will describe
the HF and c02 lasers, as well as the cxperimental set-up

for studying the frequency - power relation.




Finally, Chapter IV will present the results of characterizing
the HF pump laser, studying the optically-pumped co, laser,
and of the power-frequency experiment. Conclusions concerning
the taser system and the frequency effect will be drawsn.
Recommendations for improvement of the lasing system and for

future studies are then made.




Background Theory

Three main topics will be presented in this
chapter: (1) spectroscopy of the HF laser, (2) a kinetic
] model of the SF5V+ H2 in the electric discharge, with a
derivation of the population inversion and power pulse shape,
and (3) the theory of the C0y Taser and the optical pumping
scheme, including a derivation of the dependence of co,

output power on HF frequency.

HF Laser Spectroscopy

An HF chenical lascr was first demonstrated by Kompa

and Pinmentel with lasing from the U=2 to U=/ vibrational
energy levels [4]. The first cw HF laser was reported by
i Spencer et al [5]. SF6 was used as a fluorine donor and
lasirg was observed for three different rotational transiticons
within the U=2 to U=/ bend. Electric discharge initiated
HF chemical lasers were also demonstrated early [6,7].
Since then a number of cw and pulsed HF lasers using SF6 and
H2 have been demonstrated [8-17]. Electric ‘“scharge, electron
beams, electric arcs, and NZ'SFG collisions at high temperature
have been used to dissociate SF6 to produce atomic fluorine.
It is an electvric discharge, SF6 type HF laser that {is used
in this study.

The HF chemical lascr produces vibrationally excited

. HF molecules by direct reaction of hydrogen with flygrine.

A chain reaction can be established and thus high efficiencies




are obtainable. The optical gain of HF lasers is high and

can recach 100% per centimeter in pulsed opecration [18].
Large amounts of cnerqgy are released during the chemical
reaction and many vibrational levels can be populated. The
cascading of transitions from upper vibrational levels to
the ground state can yield a large number of lasing lines
in a single system. Forty different lines for HF lasing in
the 2.6 to 3.4 micron range have been summarized in
reference [19:404].

HF lasers operate on transitions between vibrational-
rotational levels of the HF molecule. The vibrational
energy diagram for HF is shown in figure 1. A set of
rotational energy levels is associated with each vibrational
energy level. The notation HJ(J) denotes the transition1J=Lb,
J=J/--/ to U=U—/ ,JZJ/ . The Py(€) transition is shown in
figure 1 and is used to optically pump the isotope 12C180,.
The frequency of the 52(6) transition has been measured by
several authors [6,20-23]. The best experimental value is
lj=353/.3 R CM'—/ .[6]. Buchwald reports a value of
v =3531.175 cM~/ based on the absoption of the P,(6)
transition in ]261802 [23). The wavelength is

:_L'::
A= 5 =2.83/19 L ()

The linewidth of the HF P2(6) line is important, for
it will determine the range over which the HF laser can be

tuned and the amount of HF power absorbed by the C02 gas.
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The three main broadening mechanisms are natural, collisional,
and Doppler

The natural lincwidth (FHHN) is

MW= iy, (2)
where‘TR is the radiative lifetime of the upper laser level
[24:57]. Peterson has measured the natural linewidth for the
PZ(J) transitions as 3 MHz [25]. The PZ(G) transition will be
assumed to have a similar linewidth. Collisional and Doppler
broadening will be shown to be much gqreater than 3 MHz and
natural broadcring will be neglected.

Collisional broadening arises from collisions between the
active molecule (HF) and all other wolecules. Its
magnitude depeunds on the physical properties of the collision

partners and on their partial pressures. The Tinewidth is

.._;.~ ? ) 3
/1 B/B /‘/A MB

% = ”69%%)2 g

is the collisional croséection,l)A and DE? are the

where

molecular diameters of particles of type A (HF) and type B
(HF collision partners),A4A andAﬁB are the masses of the
partic]es,TU3 is the number density of type B particles,
and [ 1is the absolute temperature [34]. The summation is
taken over all collision partners, B, including the self
collisions with other type A particles.

To evaluate this expression for the HF laser, the




following analysis is performed:

- -
[
e

Introduce the idecal gas law and total pressure

%:NBK.T P:XPB (5,6)

and

KT (7)
Substitute equation (7) into equation (3):

ot Yo [
:év;%% rd) o

Let P be in torr, atomic radii in angstroms, and lnass in

kg/kgmole, then, at T=300%:

Ay =( 22 5M//Z)P;<5i>—“<DA ¥ DB>2\/—, e ,g’,B (9)

To evaluate this equation for the HF laser used in

this study, take P=8O0torr and a gas mixture of SFgiHp=4:1.
The partial pressure of HF is set to zero. The atomic

diameters ave

from references [27,28] Then,

AVp = 322 MHZ - (10)

Doppler broadening arises from the distribution of

’ particle veloc1t1es and the linewidth is

2/<r/n2
V=
Arp= )\o (1)




where XO is the linc-center wavelength, 7T 1is absolute
terperature, and M {is the mass of the active molecule.
For the P,(6) transition in HF at 300°K, Z&L’ =294MH/7.
The effects of collisional and Doppler breadening can
be convolved to give a total lineshape with the use of a
Voigt profile. Assuming that collisional broadening is
independent of particle velocity, the total lineshape at
any wavelength is simply the convolution of the Lorentzian
(collisional) and Gaussian (Doppler) lineshapes. The

total lineshape is gi»en by the summation over all frequency:

( e X2
GIN) ;4@ X)2 IX (12)

where G(k) is the total gain lineshape factor as a function

of wavetlength, X . X{ﬁs the line-center wavelength,

= [&14) (13)
(A=A C
=LA TAp 2\n2
A (14)
X (A ;\;\0)%}2 Ine
D (15)

and A ts the variable waveIength of integration [29:128].

This iuntegral is the Voigt integral and has been

Y,
evaluated numerically [30]. For AVC = §23 = 913 ,

the Yinewidth (FWHM) is 506 NMHz, AVT_ 506 MHZ

Several studies of line broadening in HF lasers have
been completed [31-32]. These studies have dealt mainly
with the P](J) transitfons and HF - HF collisions. Broadening
of the U=2 toU=/ transition due to HF - HF collisions is
7.9 MHz/Torr HF [31:1575). Collisional broadening of the

9

. .
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P](S) transition at 50 tovr and 100°C has been measured as

672 NHz [32:1117]). Mo studies of tir Pp(6) transition

with SFc collision partncrs were found. The value [31}7-"'506MHZ
will be vused in this study.

Axial modes in a laser are given by

= e
Q= 2nt (16)

and the free spectral range by

L
A‘2)(’\_277L (17)

where L 1is cavity length, 77 is the index of refraction

of the lasing medium, and C is the speed of 1ight. q s
an integer specifying the axial mode number. For TIL = 56 M
(see the experimental section for a description of the
optical cavity), AVC\: 268MHLZ. Note that é—\\};f: 1.89

and thus, one ovr two axial! modes will exist depending on
the exact value of L . The frequency of the laser can be
changed by varying the cavity length. The rclation between

frequency change and lenoth change is

51/‘_37_7.2 5['_*}\_'& (18)

To vary the laser frequency acrocss 1ts full width of 506 MHz,
the length of the cavity must be varied by 2.6 un.

This length change is casily achieved with a
piezo-electric crystal. The converse piezo-electric effect

states an applied electric field produces a proportional

strain in the crystal

_AL
LT $E (19)

where S 1is strain, é, is the piezo-electric constant, and -

10




- £ is the electric field. The magnitude of E for many

” piczo-eleciric matuvriels is sufficient to provide a 2.6 um
acfltecticn under the application of a 1 LKV voltage. A
BaTi03 crystal was used to vary the HF laser frequency and
is described in the experimental section.

One last parawneter is required to specify the eneraqy
tevels and transitions. The transition rate betveen energy
levels affects the pnpulatihn inversion and output power.

These transiticn rates are given by the Einstein

coefficients. Take the following two leve! system:

£
‘o1 Bp| By —— 1
E, |
Eé is the upper encrgy level and E) is the lower level, [ ;
¢

is the incident photon intensity and AZV\Eﬁg)\Eé/ arc the

Einstein coef{ficienis defined as

Ll
-

42/= the prchability of a molecule spontaneously
decaying from the upper crergy )evel to the
lover lavel per unit time.’T::/,AZé , the
radiative lifetiue from the upper to lower ,
energy ifcvel, i

Eyplfﬁ%ylvzthe probability per unit time of a polecule
- eing stinmulated to transition to the other

energy level by the incident photon intensity, L .

The Cinstein coefficients are related by

_2hC _ 2hC (@)
A2 = N bar = —)_\3—512 ¥

[34:2-18]

"




—_— 3

The Einstcein coefiicient, 02/ , for the P2(6) transition
in HF s 1.372 x 107% ¢1.2/0 scc [19:483). The radiative
Jifetij:s is then .4 scconds.

The spectrouscopy of the HF lusing transition has been
established. The mechandsm for csteblishing the population

inversion will now be exenmined.

Kinetic Model of SEG + H_in the Flectric Diccharge
DL A N

HF chemical lasers establish a population inversicn of

the vibrational-rotational levels of HF throuah chemical reactions

involving H, HZ,F, and 5 . The pumping processes are -
chemicel reactions whose products eve vibraticnally

excited HF molecules. The two mejor reactions are

KCAL
+ o - T . ). — LT
FHtp—HF)+H  AH- 316 [0 (21)
| AL
HFp—=HFIU 4+ F  AH=-980 K82 (52)

[35]

Reaction (21) 1s terwed the cold reaction, due to its

lower [Xff. Poptlation of theU=(0 toU=3levels are possible,

with the U=2 ctate prefevred:

FtHo——-HF©O)+ H + 316 KCALIMOLE
KO=/.2 x/0’3>:/0*"50/7 CM’?MO[..E«SEC (23)
FHy——eHF(1)+ H + 204 KCAL IMOLE

13,5 =350]T
310 2500 ¢\ fivoL -sEC (24)

K/=2.4 x/0

FHHy—eHF(2)% H + 9.6 KCALIMOLE
~ 12 350
Ki=82x10" %10 2l c,x43/M0LE—SEc (25)
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FtHy = HA3) 4 H+ .8 KCALIMOLE
e 103 A 350]T - (26)
K= 05 10x 0790 0 310 micre 1a0)

Reaction (22), the hot veaction, populates the U=0 to
U=/2 states, with the U=5 or 6 statc preferred [19:591].
Note that the set of reactions (21) and (22) form a chain
mechanism. As a result, efficiency based on output power
versus electrical input can be substantially greater than
100%. The length of the average chain has been estimated
as 20 cycles [14]. Systems operating on both reactions
should have larger cutput powers than those utilizing only
one reaction,

To initiate rcaction (21) and/or (22), donors for

F, FZ’H’ and H, must be provided. As noted earlier, SF6

2

and H2 have been used in a number of operating HF lasers

and are used in this Raytheon HF laser.

H as is readily availabie and can be dissociated to

9 9

provide H atoms. If only H_ were provided with no dissociation,

2
both reaction (21) and (22) could still operate, since

hydrogen is produced in reaction (21).
The complication in the kinetics arises from the SF6

donor for {1 yorine. SF6 is used because it is inert and more
casily handled than fluorine gas. Before examining the

processes for the production of F and F2 from SF6 , the

structure and propertics of SFg should be examined.

Sulfur hexafluoride (SF6) has an octahedral structure

13




with six o-bonds betwecn fluorine atoms and the sulfur atom,
Fluorine has one empty p-orbital (1s22522p5) and sulfur has
six elcctrons in its outer shell (1s225s22p63523p4). The six
fluorine atoms each share one of the outer electrons with
the sulfur atom to form d2sp3 hybrid orbitals [28:997.
The S - F bond energy is slightly less than 78 kcal/mole
(3.3 ev/molecule) and the bond Tength is approximately
1.4 angstroms [37:534-539,38:F202].

SFgis very stable and reacts oﬁ]y under extreme conditions.
This HF laser uscs an electric discharge (12kV, 350 Amps) to
produce the fivorine from SFG' H2 is also dissociated in
the discharge.

The energy of the electrons in the discharge is important
to the nature of ¢ - SF. reactions. An estination of

6
electron energices can be obtained with the model of figure 2.

CATHODE

po >t

= I3

ANODE

¢—-—[\—-c-

Figqurc 2.
ELECTRON DISCHARGE MODEL

The electrons at the cathode have a potential enerqy




of cV , where @ {s the charge of an electron and V is the
voltage applied across the cathode/anode structure. For a
uniform electric ficld, this potential energy vwill vary
lincarly acress the gap to zero at the arode. [rom energy
conservation, the decrease in potential energy of an electron
as it moves to the anode is equal to the increasc in the
elcctron's kinetic energy. The electron fs originally at
rest and the kinetic energy of an electron at distance X

from the cathode is

_ X
E=eVT (27)
The average kinetic energy at collision is then
- o A0 A
<E>~evl_ =ev? (28)

where /\15 the average distance an electron will travel before
coliision with abgas wolecule, or the electren's mean free
path. If it is assumed that ar electron gives all its

energy to the gas molecule upen collision, then the averecge
elecireon energy throuchout the gas, in electron volts,

will be

A
<E>::—[-—-/2K€V (29)

for a 12 kV applied voltage. L is about 1 cm.
A very rough estimate of the mean free path can be

obtained from a hard sphere mcdel of collisions

4
N = 77a2

(30)
where 71 is the rumber density of SFg , o {s the diameter




of SF6 and the cquation is valid for light-heavy particle
interactions, Takingc5:£38ﬂ(twice the S-F bond length) and

using the ideal qas equation for nuwcgr density

1ATM
n=~£ - WK""&%UV e S‘j 1714/ TORF JTORR
KT “(1.38x10=23)0300)00ULE (31)

Then, T = 2.6 x/024 [M° 404 A =6.4um.
This estimate is crude, for it completely neglects
the electric field interaction. A more accurate value for
A is obtained from a measurement of the e~ - SF6 crossection,
This crossection has been measured as G=2.2x/0—/‘9m‘.
Thus,

/

This slightly smaller meun free path will be used for
further calculations.

The average electron eﬁe“g) from equation (29) is

A
E= 12k (5-9—"’0 Vigkev=2.2V (33)

The average electren velooity is about 106 m/sec.

The mean free path is small compared to ithe anode-
cathode separation and fhe e¢lctrons will suffer many
collisions before clearing the discharge volume. The large
rumber of electron collisions and low average cnergy suggests
some sense of equilibrium may be obtained, and the electrons

could be characterized by @ temperature 7 , such that

3
<E>=‘§“KT |  (38)
The temperature at 2.2 eV is then 25,500 °K.
The actual distribution of electron energies is potentially

16




conplex, There exists a large electric field, accelerating
the electrons, There also exists a number of coliision
partners that could sclectively depopulate particular energy
electrons from the distribution. A steady state solution
of the Boltzman equation for a system with an 18 kV/cm
electric field was computed [41] and modified for an SF¢ -H,
mixture [42]. Results indicate a distribution thzt does
not vary from a Maxwe]]ian.distribution by more than a factor
of two over the 0 -~ 50 eV energy range. Thus, a Maxwellian
distribution of electron energies will be assumed , with an
average energy.of 2.2 eV or temperature of 25,500°K.

A number of authors have investigated the kinetics of
SF6'+ e~ [14, 43-45]. Simply from the structure of S% R
it vould be expected that only atomic fluorine would be produced,
To produce !% , two , adjacent S-F bonds would need to be broket
and the F-F bond created. The production of F, is much more

2
1ikely from the process

FaFaM—=F5 + M (35)

and will he discussed later.

The production of atomic fluorine is based on the

NSt cxvce p Dol g o = s 3

mechanism

SF,+ e —=SF7* SF= | '
6 6 6 1
—[_—b—wSF5"+ F (36) ;

The low encrgy, "thermalized" electrons attach to the SFe

molecule to producc an excited state SFG*’ which decays very

6 5

rapidly to either SF_- or SF.~ + F. Since the second reaction

17




rates are so rapid, the final products may be considered the
products of SF6 + e~
Bashkin reports major flourire production from the

reactions

SFg+ e ———*—SF5++ F+2e” (37)

SF-+ ¢ —=SFK e
6 5+ F+ (38)

as well. These reactions have been investigated by Ahearn

[46]) and Assundi [47]. The reaction

SF6+@————¢—SF5 + F~ (39)
is described by Curran [48] and included in a model of
SFg * I, in an electric discharge developed by Lyman [42].
In this article by Lyman, pulse shapes for an SF6 + H2
electric discharge laser with a psec duration have been
theoretically computed.
'After these processes are initiated, further fluorine

production from & reaction proposed by HcGeehan [45] is possible:
SF5 +SFg ——=SE+ F 4+ SFg (40)

This reaction depends greatly on the ratio of electric

field to number density (a weasure of average electron enerqyv)
and is only important if .[5:/772 3x 10715 voL r-cMm? |

The Raytheon laser has a 12 kV voltage applied across a 1 em

gap with 80 torr total pressure, and thus
= -/
§/n-—ZXI0 5V0LT-CM2 (41)

The production of Fo from reaction (40) will be neqlected.

18




Reactions such as

SF6+M ——to S[’-}j-‘r F+ # . (42)

and

SF+ M ——w= GE, + F-
5 1 SF4 F+M (43)

have such high activation enerqgies ( 76 kCal/mole and
6GkCal/mole) that they may be neqglected. SFG may also be

coliisionally dissociated to produce ground stete HF by
SFg+H —=SF; +HF (44)
This rcaction will be discussed later in conjunction

with the pumping rcactions.

Hydrogen gas is also disscciated in the electric

discherge. Collisonal dissociation is again small, due
te the high activation cnergy. Hydroger dissociation is

. given by the reaction

Hot @ s H4H + e~

(45)
Hydrogen may also be icnized by the el cctrons:
- RS -
H2+-€.‘-——an- o + 2e (46)
- .}. -
+ e — +2 &
H H (47)
Charge transfer such as
A+B——=A+B~ A B:ANY SPECIE (48)
can alter the concentrations H_*, H*, F, F-, and other

2
species. The effect of these charge transfer equations

will be addressed after presenting the pumping, recombination,

and depopulating processes.




- The puinpinc reactions have been presented in reactions
(21) and (22). Several additional sources of MF should be

considered. 7The decomposition of SF,. by H to produce HF

6
by reaction (44) was studied by Fcnimorve [49] and lasing with

the reaction

XF6+-H-—-HF+XF5 X =Mo U (49)

important to the production of HF was studied by Dolgave [75].
The rate constant for reaction (44) is about 1020 smailler

than the rates for reactions (21) and (22) and the reaction

may be completely neglected. (Sece Appendix A for rate constants)

The direct production of HF by

H+ F+M——=H F+M

(50)
is a moderately slow recaction, with a rate constant on the
same order as for reaction (35) and may be important to the
production of ground state HF. Reaction (50) will be analyzed
in conjuncticn with the recombination of fluorine, reaction (35).
E‘ . The importance of the hot reaction (22) depends on the
i quantity of diatomic fluopine available for reaction. Many
SFg *+ Hy, , electric discharge cxperiments indicate reaction

(22) is not important [5,8,9,14,16,20). 1In such cases, no

vibrational transitions from levels higher than U=3 are 4
observed and power is relatively low. Bashkin observed an i
increace in power by a factor of 20 when F2 was added to the
SF6 + ”2 mixture under conditions very similar to this

investigation [14]. It might be expected that the production J s

of F2 in this Raytheon laser is also small,

- -
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To establish the rete of production of Fp , reaction (35)
must be examinad, for it is the sole source of Fz,

The rate of formation of products can be charcterized
by the time interval required to reduce the concentration

of reactents to a fixed percentage of the initial

concentration, say .5 or .37. By comparing the magnitudes

of these characteristic times to the gas flow rate, discharge
puise width, and other reactions, the importance of each
reaction can be established. To make these comparisons, the
gas flow rate and discharge duration must be examined.

The most important featuras of the W laser in determining
the flow rvete are the discharge dimensions and the volume
capacity of the gas wecirculating fans. The gas flow veloccty
is about 250 {i{/sec and the discharge structure's width is
166 inch (See experimental section). The time interval

during which the products remain in the cavity is

T= Yy =8548 U=250FT[S L=.66IN. (51)
The effect§ of thermally caused pressure waves as described
in the experimental section increase this time by a factor A
of 2-5, or te about 200 usec. Reactions with characteristic
times greater than 200 uysec may be neglected.
Another important factor of the laser design is the time
width of the electric discharge, because it will determine

the time interval during which atomic fluorine is produced.
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This pulse width is about 100 nsec. The cold reaction is fast
and has acharacteristic time of about 160 nsec (See Appendix A).
Thus, atonirc  fluorine is produeced and consumed on a-time
scale of 100 nsec. Aftcr this time, 1ittle excited HF is
produced. Since the Hi output power pulse is the quantity
of interest, only those reactions with characteristic
times on the order of 100 nsec need be considered.

Hith this information, all the reactions of the SFg and
H2 system can be analyzed. An example calculation of characteristic
times for the cold reaction and recombination of fluorine
will be presented here. The charvacteristic times for the remainder
of the reactions is presented in Appendix A.

The reaction

(35)
jmplies the rate equation
F 2
g[t:]: =~ &{F]" 1] (52)

where[FTand[/ﬂ]are the concentrations of fluorine and the
arbitrary collision partner M .

The cﬁaracteristic time for the reaction will be taken
as the time required for 63% of the reactants to be consumed.
This percentage is uscd to faciiitate the comparisons of
characteristic times to the bimolecular reactions whose
concentrations decay exponentially in time. An expression

for this time is established by considering the concentratigy,

of M constant:

[diF]/[Ff = —K,{M]fdt (53)
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A=l TRy AT
([[] [/_0]) A/[ J (54)
t= 7 forifj :_§57[67] ’UC} is the concentration of F at t=0.
Thus,
e (55)

Likewise, the characteristic time Tor the cold reaction

F+Hp—HF +H (21)
is obtained by considering the rate equaiion

dlifl - . RIS
A =gl

dt (56)

Jier - o

/

dt (57)
—wlH e

[F] =) 7’272 (58)
and
ool
KlHo) (59)
To evaluate these chavacteristic times, the rate
constants presented in the appendix are needed. For the i

cold reaction K2=/()/3 CA43/M'0LE~S[:'C and for the

fluorine recombination K/ =/O/6CM’3/MOLE-SEC . The ¥
initial concentration of W, is (P =/8 TORR) :

= fe =5.6%1 0" = 10 i (60)

Then’7“2_—/OONS, as quoted before. The exact concentration
of F.

0
upper limit fer Fb would certainly be the initial concentration

depends cn the elextron attachment reactions.  An

of SF since only one flourine atom is produced from each

6’
SFe molecule. Then, the characteristic time for flourine

23
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recorbination is 17 usec or greater for a 4:1 SF6 . H2
mixture. Siuce 7)))75 , most of the ctomic flvorine will
be consumced by the co?d reaction and the recombination of
fluorine mey be neglected. Hote that fluerine atoms would
reconbine during the time they remain in the cavity { 200usec)
if they did not react in reaction (21),.

Similar arguments for the vccombination process (50)
indicates it too may be neelected. The characteristic time
is 20 upsec.

A number of proceoss can reduce the concentration of
excited HF by depopulation or vecombinution. These reactions

include:

HeH+M ——Hy% 1M (61)
HE(W)+ H=—~H5+ £ (62)
HE(V)+ M—H + £+ M (63)
HF (Ul + M —=HF(U=1) + M (64)
HE() + HE(] —= HE(U = 1) + HF(Us1) (65)
HF(U) -+ Ha(U) =" HF(U+ 1) 4+ H (U= 1) (66)

The laser is designed to
convect the reaction products away fron the optical cavity
before processes (61-66) uffect the lascr output power.
The same characteristic time analysis for these vrcactions

is compteted in Appendix A. The only significant reactions

leading to excited HF depopulation are:

HF(V) +F —=HFY -~ 1)+ F (67)
HE(U) + H ——-=HF (U)+ H (66)
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ba« The vreaction rates for the charge transfer equations
t
¢
1
)
!
!

are very fust. The fen concerntration is very low, however,

This fon concentration is specified by the discharye current

of 350 Amps:

Ledafy  a=IAt=(350)(100%/0™2) COUL. 49 10

The number cf charges in the gem3 volume 1is then

77 - = > I —// M_Q.[-_,,E.::S
e- =9/e =4.4x%/0 3 (71)

The tetal production of positive ions is of &he sauwe
order as thc electron concentration., If the coticentration
f of any ion is taken as 10-10 mo1es/cm3, the characteristic
| time is

T = “"/— I | / mS

K M- (72)
This tirme interval is four ovders of magnitude greater than
the discherece pulse width e¢f 100 nsec. Thus, charge transfer

depenﬂing o an jon concentraticn may be neglected. The

reaction

FoaM—Fa+ M (73)

may be significant, however. Here

] T = K[M] = 20 nS (74)
which is a very short charactevistic time. This is the only
charge transfer equation that will be considered.

The system of kinetic equaiions, or mechanism, for the
production of vibraticnally excited HF that results from

this complete presentation is:




Initiation 5F6 . 5[:6“ K/
=Sy + F . (36)
=S Frzer ke (37
-—»S% 4- F + Q'- K4 (38)
' =Skt F Ko (39)
Hotr@ —w H 4+ H+ e Kg  (45)
Ht+ @ —e HY4 e Kg (47)
Ct > Ty f - - 4
arge Transfer  F7 4+ M—XF 4+ K9(M)(73)
M =ALL NUETRAL SPECIES
Cold Reaction F + Ho—HF() + H Kk (21)
Deactivation HE(U) + F —=~HF(U-1) + F ,;/(u‘- (67)
HF(V)+H~=HFU) +H A S 68
/
The system of rate equations modeling the discharge is
‘f“’; = = sy )ne [ (75)
.dqu = - - N
- dt Ke T |1 "Zj’*/o-’ v)[Flirj (76)
H]
. x el - ~ 1 ¢ )
ijt ’ 2R ~Kkgn, ] {J,dw[ﬂ[ﬁg] (77)
’ [] ::.-l- !
j;“[ ] 4 (K2 +Kz +K4>77¢ IQ@:Z@(M‘{F j,':,‘y{} WZ/\)/O/U)[F]HB] (78)
F
S~ =K nc-[gféj »Z;S(M;{MHF—] (79)
1F1)
—&‘é =tk il Al -k (o [HED)[F) (20)

+Ky tOrI [H AU+ ][] —UZ/{ LRI HFVI[H]
U

+ZK 12 M;UJ[H][H Fe )]
VXQY;
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with the initial values

E | [ ]‘ [ ]l - : '/” =0 &J 4’ :4x[b€’!'_:f3{_f{8\)
| 0 0 Ctn3
1 The current fﬁ%?ing function is
I (i1
' =L (tlat
} e < t ° (82)

/
The current pulse is given in Appendix B and is taken from

the observatiou: of the Raytheon study [3:36]7.
The 1imits of integration on the current forcing term
are taken as?? Y= 2ONS. The average electron energy at
collision is, from equation (33), 2.2 eV, and the velocity
corvesponding to this encrgy is 8.8 x 10% m/s. The clectron's
energy increases linearly after cach collision; the average energy is
1 eV and the average velocity is 6.2 x 10% m/s. The electrons
take 16 nsec to traverse the cathode/anode gap. The system

~of rate equations is solved numerically in Appendix B with

a step-by-step integration method. A 20 nsec time interval
is used for this integration as well.

The rate constants/@-—K/O are listed in Appendix A.
Optical processes have not yet been considered.

Spontaneous emission wmay be neglected, duc to the long

radiative lifetime of HF (.4Sec) (See pli2). Stimulated

emission is certainly of prime importance and does affect !
the population of excited HF levels. The stimulated processes |

are

) |
@Y+ HF) HE() + @+ K3 (83) L

O+ HFY ) — HF(V) K3

(84) ]
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where (0 i5 the symbol for photons of enerqy /7V:/‘7C/2.6'/1M
'F. The number density of photons is given by the implied rate

cquation

36 =15 gl (V)] -k [ HE (U=1] (85)

The reactions (83) and (84) would affect the rate

equation (80), adding a tern of

~Kis T plHFtU)] 4 &y 3 Np[HF(U-1)] (86)
The rate constants for reactions (83) and (84)
are calculated in Appendix A and are related to the

Einstein coefficent of page 12 by

3
K 2=K_;2 =C} L ox0—% LM
137 Km13 =N VD2 = 1.2 %1077 SR papyic (87)

The characteristic time for the term (86) is then

T = A
77ka 13 (88)
where
_ENERGY PULSElhy _Ep Jhw "_i_
“BEAM VOLUME  ~iwecep= 610" T3 (o)

and ‘then, 7=/2NSEC,
Rather than include the reactions (83) and (84) in the

system of cquations on page 26, the model will be simplified
by assuming thatstimulated emission is very fast compared to

the pulsc widith / 2NSEC {{JOCNSEC. With this assunption,

all the cxcited HF molecules in the upper laser level, A@; ’
created during the integration interval of 20 nsec will be
stimulated to emit a photon.

Once a photon is created, it leaves the optical cavity

very quickly, due to low mirvor reflectivity. The photon

28




lifetime is given by

/
& Goto+ 4y ) £
where O/, is the distributive loss coefficient, L 1is the
cavity length, and A is the output mirror reflectivity.
Assumingcgfzo and evaluating equation (90) for the Raytheon
laser (L= 56M R:300/o ) Te =3.INSEC-

Therefore, most of thé photons created in the 20 nsec

integration interval will leave the cavity. The output power

is then
P=[nria))v it LAt =20NSEC (1)

where[ﬁﬁT(2)]\/ is the total number of U=2 HF molecules
created in the 20 nsec interval,.

The solution to the system of diffcrential! equations
on page 26 with these assumptions on the optical processes
is detailed in Appendix B. Several of the equations can be
decoupled from the rest of the system and solved directly.

The remaining equations form two sets; one involving H H, F,

2!
and F~, and the secound favelving the vibrational levels of

HF and the output power. These two sets are solved numerically

by a step-by-step integration method. The resultant power
pulse shape is plotted in figure 3. |

The HF pump laser has been discussed in these first
two sections. The final section of this chapter will

analyze the optical pumping and CO2 laser.
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Optical Pumpina and the CO, Laser

Various puwmping techianiques may be used to establish a
population inversion within a lasing mediu. Optical
pumping, using a high encrgy IR laser to puwmp a sccond
laser nedium, can be advantageous. Most of the energy can
be efficiently coupled into the lasing medium. No pumping
of the lower laser level ovccurs, due Lo the narrow enerqy
band of the pump. Optical pumping in this case is uscd to
convert a laser becam to a longer vavelength.

Several types of ontical pumping are possible [51,2]

Figure 4 illustrates five differcni optical pumpina schemes.

P
e -:
el 2ee-
i
R4 '1.:/ Vel S
J - = Ul:"‘
e =
- =L ER
vl v, 0 1 ¥82%
a b
[
o gt
7--- — 7 -
= paw T
V-7 = T
= e ;
- — _— < 3y
>*y'-.— 0 tyergenny Vel
d ¢
Figure 4.

Optical Pumping Schemes [51]
Diagrams a,c, and e i1lustrate pumping and lasing occuring
on the same fundamental band. One example is to pump on an
R transition and lasc on a P transition. Diagram b shows

pumping to a fundamental level and lasing within a difference
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band to a lower level. Finally, diagram d illustrates pumping
to a combined vibrational level of the molecule ( such as 101
in CO, ) and lasing on a hot band.

A number of lasers based on these processes have been
demonstrated [2,52]. Investigations of HF pumped media [2,52]
and optical punping of CO2 [53-56,25] have been performed.
Raythecon searched fc: a laser source at 4.3 - 5 um compatible
with the HF/DF laser design énd found no "priciple" laser
source [3:56]. Isotopic species of €0, [2,23] and Hzo [2,52]
appeared to satisfy the requirements for optical pumping by

the HF laser and were investigated [3:56-57]. No lasing was

achieved with N20, but three isotopes of €0,, including 12(;1802 u
did establisti lasing. One other HF pumped C02 lascr has been ;

reported [23].

The isctope ]2C1802 was used in this experiment and
the HF PZ(G) transition was used to pump the CO, 101
vibrational level. An inversion is created between the 101
and 100 levels and is of the type of optical pumping shown
in figure 4d. The 001 co, Tevel *s nearly resonant with the
lasing transition and some self absorption will occur. The

lovwer laser level decays mainly to the 010 vibrational level,

101 LASING (4.3um) 00/ :
HF |
PUMP 100 ABSORE
(2.8mm) DECAY i__01/0
00 T

Figure 5
Cnergy Level Diagram

COZ




A first ovder calculation of transition frequencies can

be made from the fundauenta) vibrational medes:

(U*O//Z Ut o) Doy, +1fz) Vs (s2)
V) =1330.0 ciy™! SYMMETRIC
Wy 667, scmM~! ANGLE BEND
Vz 23493CM " 1T OANTI~SYMM

| [57]
From equation (92) the transitions are:
000101
AV= 01~ Yooo =¥+ 7=3679.3 cii”™ (03

101-100 _
AV =V ~Ppp =V3 =23493CH (g4
001~-000

P = Topr Tppp Vs =2349.3CH " (85)

Due to the requivement for nearly resonant puwmping, a
much more eract spectroscopic study is required. Rotational
levels wust be considered aiid more precise, experimental
reasurcments of the energy levels ave needed.

A first celculation of rotational levels, shows a large

seperation betwren adjacent J levels:

Ej=QJihe  AJ=%1

(96)
NE=Ep = =20 (J41)hC (97)
The sepcration between lines is
LEL pE=208  [=.387CM7 (16
(98)
and, then |
[E=~NE=774cm™  AV=C(774)=2326H2
(99)
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The exact rotatiorai-vibration transitions are given

in vigure 6

V=9 —_—?\“\\Q =
5 (/Offt::tatéi:lea
i =z f
HF = 6% DI\L
P, (G) s =7
) (010)
J=E=
= 000
Figure 6.

‘2C1802 Energy Level Diagram[22]

It is important te note the degeneracy of the angle bend mode,
aenoctced by the anqgular momenrtum quanivi number superscript,
and the nuclcar spin, denoted by the subscipt, te obtain
the very exact transition frequencies requived,

Many studies of the 0.6 ym band of Co2 are available
&s a result of high enerqgy CO2 laser rescarch (58,593, but
less data is available for the 2.8 - 4.3 ym region, particularly
for cevtair isotopes of CC,. The 2.8 wm band for 1261502 ,
13C]GOZ, and 12¢160180 are known to an azccur zy of .005 cm-!
[60] and for 1261802 to .03 cm-V [61]. Such accuracy is
inadequate te compare . the seperation of the PZ(G) HF line
and the (00°0) - (10°1%Y CO2 transition. Buchwald gives
a seperation between the HF P, (6) line and the CO, absorption
transition of [XZIZ.OCU’CWfﬁ based on direct Yaser pumping
observations [23]. This yields /\V?/\D(C>—‘ 210 MHZ |
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Note that this seperation 1s much less than the 23 GHz between
rotational levels of C02 and thus only one rotational level
need be considered.

Finally, a study of line broadening is required. Collisional
broadening is given by equation (9)

N 2
\M= By I >-\/r'r
Ac(zﬁmupng4@ﬁ% 5 (q)

For pure ]261802 at 7 torr total pressure and 300°K and
using the C-0 bond length of 1.2 angstroms to give a 2.4

angstrom diameter for CO2

AVC=5.6’2MHZ 6100)
38:F202]

,then

Dopplier broadening is given by equation (171)

2KTIn2
) = B~ f2KLIE
AIU AoY M (1)

and at 300°K for 12c1802 at 2.8 um, and 4.3 um,

AVvp=192MHZ AVr =125 MHZ
Z-Q,LUTI 4&17‘77 (101)
The total Tinecwidth, ZSVT » based on the Voiqt Profile

Vi p
as given by equation (12), is for é&ﬂ?:%ﬁ%

AVr= 196 MHZ AV-= 129 MHZ
2.8,m 4.3;1}77 (102)
The CO2 transition for absorption and the HF PZ(G)

transition are shown in figure 7.
As the HF frequency is increased, more of the HF pulse
s absorbed, a greater C02 population inversion is created

and a greater output power should be obtained. 1In this

rough way, 002 porver should depend on HF frequency. Two

calculations of this dependence follow. The first is based
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HF and C02 Line Broadening
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on figqure 7. The sccond is based on a derivation of the C02

gain curve and its deperndince on HP {frequency.

First Celculation

The CO»p absdrption curve is Doppler broadened and the i
lineshape funciion is 2
- L [T (- (v-a)
GOV = I SEXP-4Ine {0
v (A¥y) (103)
A’Tzzoo MHZ [24:167] ,
where
Vo:C/>\ \ )\:2.8/_1]”1) (104)
and let
6 = Y-l 5//\’ {OOMH Z (105)
Then

2
6(6) =(7.6x157'0src)FXP- ((S =l Exe (%)(106)

The absorption coetficient is reolated to this lineshape
function by

bV Bia(n, 37 6(0)
C0) = i 59" (107)

where V=), , n/ and Ny are the nukber densities of molecules
in the lover and upper CO0, laser Tfevels, EﬁZ is the stimulated
Einstein coefficient, and ¢¢ is the absorption coefficient

as in Beer's Law

s .
I=Ice Qs (108)

Since the number of photonsincident is proportional

to the incident intensity, L , then

-z f
o = Np, € (109) '

where A@Q is the number of photons remainina in the HF pump
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B beam as a function of thc propocation distance, Z , and Nu%
is the number of incident photouns.

The number of phoieas absccloed, ﬁ&@"f{o, is identical to
oo

the nunber of C0s molceccules puwped to the 101 eneray level:

Na =Ny Np = Np (1= &7 &%) (110)

The incident photon nuiiber 13 estinated assuning a uniform

number of photons in time:

_PULSEENERGY  1ES 1 J R
Npo="hy = 00y TEerO ()

If a small total absorption is assvwed, ¢hen there

will exist a uniform poupulation inversion within the lenoth

of the €0, gas cc!](Lif33CNOané the population inversion

m4ng o,

gz « A characteristic time can then

be defined as

I —577:/[/?( M) 07

(112)
=hln 18
\ / /)
F 4TF/\ (113)
' (GG e
] ‘> (114)
j' where
(B = 567107 youLEs (1)
BLY o 22 A
(ki) =1.05x10%% ) o p 47 g

and from [62]; .{'3/_«._635',/ and from eq (20), 8/2—33"‘/07
The characteristic time is ther

T=z0x10"""sEC AT »
I 7 TORR )

From cquation (107) and (110), the 101 level population {is




M= N

o

. 2
T S >J
R I:I,F)/‘~ ! /:- o TN A
S EXP Ep () (118)

{

Assuning no Inuces, the pulse energy is

onli 2N - ! .é_-g
j 3 ”J.:—sf%[/ EAP< LEXP~(]'5) >] (119)

or
—_ ., — 2 D e
E../()C/JV\_/[, E/f( < /;Of"’[’\/[ ([ (> (120)
'The abscrption, frow equation (109) is
r é,g
/ (TN Y [ >
i = % M[K 1.5 _R\)E)\F (” >] (121)
} or

.
LIl o po230m P,
R et B on (122)

Hi- power wee assuned not to vary with HF frequency
in this derivation. The lif transition kas a lavge collisional,

or houoconcous, brcadening. For a cw, hamogeneously

broidened laser, the gain is “"pegued” &t the threshold level,
Under such condiiions, VEJfof , and the power is held
relativety constant with changes in freaquency. The time
interval beforce the cain returns fo threshold level is
basically the time requived to reach a steady state solution

of the laser rate equations. This is a relatively fast

process and is hasically determined by the photon lifetime.
Frem equation (90) the pheten lifetime is 3.1 nsec. Since
the pulse time of 100 nscc is much longer than this lifetime,
it may be assumed that HP power does not vary significént]y
with HF frequency.

A plot of €0, absopplion versus COp pressure {ca 122) s given

tn figure 8 and €O, power verg,e NI frequency in fiqure 9.
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Fiqure 8.

€0, Absorption versus €0, Presnure
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Figure 9.

C02 Power versus HF Frequency
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a Several guneral remarks concerning these theoretical
results can be made. First, €O, power s very sensitive to
the effset fPeQUcncy,(ﬁa HF frequency - C02 line-center, and is a
maxinum for zero offset. Pumping directly on the €02 linecenter
is most efficient and efficiency drops off rapidly with offset
frequency, as expected.

Secondly, power increast with increasing CO2 pressure.

This is reasoneble, fTor the number of absorbers is increasinag
; ) and thus output power increases. Note that the increase in
power is not & result of increased linebroadening, because
: the transition is peppler broadened. This seccond effect
would be important above 70 torr, or se. In such cases the
model would require revision to include cellisional
broadening.

The theory does not predict a maximum operating pressure,

but rather, pover increzses continuocusly with pressure. This
is clearly not physical. The model assumed small total

absorption, but as pressure increases so does total absorption.

The small absorption assumption fails at high pressures.

Even at 1 torr, 80% of the HF beam is absorbed.
Finally power increases with increasing T} .

increased Doppler broadcning, as expected. T/ s basically

or

a constant of the transition in question. The actual output

power is rather sensitive to inaccuracy in this number, however.

This calculation of COy power as a function of HF
1 frequency has neglected the effects of coherent pumpina.

Two photon processes can affect the gain spectrum [63,64]

and saturation [65-67) of laser excited lasers. In the
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Raytheon study, the CO2 gain curve was derived including these

effects and evaluated for different HF frequencies [3:63-6617.

Secand Calculatian

This derivation is based on the work of Feld and Javan,
who studied the line shape of a Doppler broadened transition
in the presence of a laser fiz1d resonating with a secend
doppler broadened transition sharing a common energy level
[64]. The derivation is valid for tuo Doppler broadencd
transitions if one of the fields fully saturates its trarsition
and the second field {s weak. The {ntensc field must be-
detuned from linecenter and the difference between transition
frequencies greater than the natural linewidth of the medium.

The three Tevel $ystem is as shown in figure 4d, and

ir terms of the €0, cnergy levels is as shown in figure 10.

9" weak cos
e FIELD, g
| 100

FIELD E5

000

(0)

(2]

Figure 10.
Three Level 002 Model
The threce level system consists of the strong HF pump field
resonant with the 000 - 101 CO2 transition and the lasing
transition (weak field) is the 101 - 100 transition, with
the shared level being the 101 level.

A single, inhomogeneously broadened gain curve will
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denionstrate hole burning in the presence of & laser field.
That is, molecules with & velocity such that thcir doppler
shifted observed frequency matches the laser freoucnoy,
will be selectively depopulated from the upper laser level.
A second transition sharing onc of these selectively depopulated
energy levels has its own doppler curve altered., The gain

of the first transition is

% =080 (MyM) (123)

and of the second transition is

V=00 5= 05 (M) (124

where Vs the gain coefficient, 0 the absorption crosscction
and AQ the total population of theitf7encrgy level., Thus,
holebu}ing in one gain curve affccts Ab vhich in turno
affects the second transition’s qain.

The gain curve for a sincle, hole-burned doppler
transition is symuetric, but this nced not be the case for
the coupied transition. This assymetry will procduce a directional
depoendance on gain. A beam of radiaticn irom the second
transition will be mere intense when it propogates with the
purip beam than when propogating in the cpposite direction.
This issue will be discussed again in conjunction with the
amplified spontaneous emission nature of the C02 cavity.

There are actually two distinct processes that affect
the shape of the gain curve of the weak field. First, there
is the single quantum affect alrcady discussed in which one
field affects the rate of stimulated emdssion in the second

field. The second precess involves the exchange of a photon
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with each of the fields and is a two photon process. Both |
of these processes can be aaclyzed by e¢stablichiag the

transition rates vith 3 scrnii~classical, perturbational

approach.

This derivation involves ten major Steps:

(1) Express the e¢lectric fields classically with the
appropriate Vrzquencies, 22 for HF and L? for the
4.3 1l COZ transition.

(2) Trensform to a coordinate frame at rest with respect
toe the particies of velocity U . Frequencies nmust
be transforncd gccovding to the doppler effect,
V=Voll +U/C)

(3) Express the Hamiltonian as the sum of the strong
field and ne>” perturbing field potentials,

-/‘/o "‘/—L\ -— +V
where V== u ffis the perturbing potential of the
weak fieid [ fo is the strong field, and U

is the dipoie moment

(4) [xpand the wavefunction, g7ajt), in terms of the
stationary states, /(e :-_-;)Cn(t) L%./(D)

(5) Apply the time-dependent Schrodinger Wave Eauation to
. \l(]-\)U’ H\J/ '_:Lf7 s
ot

(6) Integrate over all space and transform to the Heisenberg
interaction picture m;;qﬁvj

(7) Establish the equatiﬁns of motion in terms of the
tine derivatives of the wavefunciion expansion coeff\ ients
hjn) and add term appropriate for Jpontancous decay, ! ‘Q .

ey biidy & by j= g jEX {«m(r 7‘)]

-

i

-~ e EE H

Qij= f-,<‘| ]J>E)<fk( K ,Jf.l_’ﬂfg) ';3

f }
: (8) Solve the system ef cquations with a perturbational :
| method i
(9) Calcul .

- Total power is P—-T?er» 4770JO, /, where Ne Ais ‘

F the population of Icvoé L and JLJ lS he transition rate.

A5

Laniat E1
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- (10) Take an ensemble average of velocities, directly related
a to the frequency by the doppler effect,

Aoy

Then, gain is

_Y / 7o
[&QX@?@ 2o+2’ctf\°< Ok Hl-¢ ) 2, )1 ‘J

> "2
Aoy 6 L IBEE 7
(5 C V°2>+47?3720 4[{ ,2 _0—

l(/lﬁgf du
iie) -

/
) 16/*‘ ;é(/“ﬁ “"%Z"V/\/ €C )415, Z’de}

[125)
wheré,

Med48AMU. MOLECULAR WEIGHT COF O,

K= BOLTMAN CONSTANT; h =PLANCK CONSTANT
T=ABSOLUTE TEMR C:jxloalﬂg

N,=C0, GROUND STATE NUMBER DENSITY

| Vo) =C0 101 ~100 LINECENTER FREQ. "
| Ve2=C0p CCO-101 LINECENTER FREQ.

4
T = SPONT. DECAY TIME FROM [0 !
1 71 = f " " 100

o= POLA R/Z ATION DEcay 008 10
120" 10/-0 0
T2i= RAMAN COHERENCE DECAY 000 /00
¢x+) (COCOUNTER~ PROPOGATION
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This expression for gain was evailuated numerically

in refercnce [3] uador variou: conditioas. O0Of perticular

intcrest ace the 1osutts for HF power = 100 kW/cm2 ( .7 md

per pulse coupled into a 3wwm diameter tube), COZ pressure =

10 torr, and thrce different HF pump frequencies [3:66].

The results for these conditions ave given in figure 11,

CAM tem')

Figure 11.
COp Gain for 3 HF Pump Frequencies [3:65]

From these curves, C02 cutput power as function of
frequency can be esteblished. First, the nature of the 002
| cavity will be addrcssed. ;
- The CO, laser is simply a pyrex cell with CaF, windows;

no mirrors are used and suff{icient gain is establiished in

et + P

2 single pass to pvoduce lasina. That is, the CO2 lasenr
operates in an amplified spontaneous emission mode (ASE).

Typical ASE operction does not exhibit a prefercnce for forward

B ovsagoriad T ]

or backward propogating beams. The HF pumped CO2 laser
has a forward to backward power ratio of 12, however [3:73].

is partially explained by the previous arquments

The

This ratio

concerning the coupling of the two doppler curves.

a7 §
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optical pumpinag altso est:blishes a population aradient

withis the cell due to the variable futensity of the HF

beam as it piroptgates through the Cﬂ2 qas. The HF beam

also requires a fihite tine to pass through the cell and

the population inversion at one end is established before

it is at the other end. A detailed rate equation

investigation would be required to explain the

details and size of the forwérd to backuard power ratio.
Such a directional nature to gzin is oftcn associated

with supevradicuce [68-70]. It is probable that this system

is not superradiant and simply operates in au ASE mode. The

Raytheon report states the CO0p lacser operates in ASE mode without

explanation [3:707. Superradiant operation usually entails

very short time scales, c¢n the order of picoseconds. In

a superradiany mode, the molecules in a volume whose dimensions

are much lass then the size of a wvavelenath are coupled

and power is proporticncl to the number of excited states
squaved, rather than lincavrly proportional to population
inversicn , as in ASE. Since the sawe energy is available,

but the pulsc is much greater in magnitude, the pulse nust

be narrow in time [71]. The CO2 pulses do not exhibit this
nature, but rather, they follow the HUF pump pulse rather closely

[3:74]. Mo conclusive statement concerning superradiance can

be made from the data obtained in this experimental study,
but the process is probakly not important.
Since the CO

2
determination of axial modes from the usual criterion of

laser opecrates without a “"cavity”, the

waves constructively intcrferring does not apply. Rather,
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there exists a “"natural” cavity lenath, L , determined by
the gain curve. The system will terd to operate at the
madiuum in the gain curve for ASE operation.

Now, returning to the gain curves, the CO2 power as a
function of HF frequency can be obtained from the maximum

gain of each curve in figure 11, as shown in Table I.

Table I.

b
}
|
1
U

C02 Gain versus HF Frequency

6 (loomHz) | Y (cM?) Vi Y($=0)
0 55 I. 0
/ 35 .64
2 ! O 8

LV [ ] o
Power is proportional to gain. If I=f and P=P for 3=0 ,
then Qf;oor'ga can be plotted as a function of HF frequency,
as is shown in fiqure 12. A value for P° will be calculated

after considering gain saturation,

In the Raytheon finvestigation, no var{ation of CO2
power with changes in HF frequency were observed. Saturation
g was suggested as a possible explanation [3:75]. Saturation
in two senses can be considered. First, a total ifnversion
is possible for very high pump energies. If one-half of

the CO0, molecules are raised from the 000 state to the 101

2
state, then absorption goes to zero. More intense HF beams
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co, Gain versus HF Frequency
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will simply be trionsmitted by the CO2 gas. Sccondiy, the
laser fiold created by the pepulation fnvercion decreases
the inversion and thus, decreases gain and puvicer. That s,
gain depends on the field intensity.

Under no circumstance is the CO2 systen completely
inverted. Assuming a Boltzmann distribution of molecules
among the rotationa} states of the ground vibtrvational level,
ocnly 5 T of the total nuuber of CO, molecules populate the
J = 8 level and are accessible for trensition to the 101
vibrational level. Buchwald found the chazracteristic time
for cquilibration of the grouid state rotattonal levels to be
90 ns-atm, or .8 ns at 7 turr [23]. This equilibration time
is iauch shorter then the puusp pulse duration of 100 ns.

Kany of the cround state CO2 molecules wiil fill the J = &

level as the HF puwmp pulse depletes them. Fiva percent of

the total CO, number is a vevy consevrvative value “for considerina
total inversion and will be used.

The number of CO_ molecules available for transition are

e &l BYN o 17

z

for V=37CM°, T=300°K P=7TORR . The incident

nurnber of HF photons is from equation (111) 2;?-/0/5

Even i1f every photon is absorbed and onty 5 % of tge co
/\I

- 2
molecules are available for pumping._b-g‘?/;/Z 55x10 7,

and a total fnversion is impossible. Raytheon used a smaller
cell ( 2.3 c¢md) and a higher pump encrgy (.8 md). For these
conditions, N\p/_()f)'/vz_f,ﬁ and No~N; . A total inversion
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is pussible if all the photous are abserbed and no cquilibration

of rotational levels cccur. Thils is not the case and the

systcm would onty apprecch the criteria for ¢ total inversion.
Saturation from the laser field intensity reduces the

gain of the system according to

Y

. (12%)
L T
L o1 [24:168]
where 279
INA2Y™
o gy, 4 A
IV:: _(,‘:Ef ) (128)
b ]
I 29)
S T GIVIR C//J;/Eﬁ’.g/ON (130)

This qain seturation relationship is strictly valid for
a steady state operatieon. The cavity photon lifetime is
very short for the CO2 Taser since there cve no mirrors
on thg cavity. The arguronts of page 39 can again be used
Yo justify the use of equation (127).

To evaluate 'ES frow equation (129), the lineshape
from equation (106) and an Einstein coefficient of’A2/=2{(¥§
[3:60] is used. Approxfmating the inversion 1ifetime, 7 ,

as the pulece vidth (100 ns),

3
Ie=56 g
The HF pump intensity is
3.4
L,213%107C"
vV /"' * CM S (]32)

A beam spot size of (W=.6CMis uscd in this calculation.

The CO2 field intensity 1s some fraction of the HF intensity
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(118)

(8 and o o . Under these ccnditions the transition
is not saturated.

For the Raytheon studies, [P =0,6mJ and- A-—7T(0/5?Crf
giving Iyp=11*1Q CféL , and the 101 -100
trainsition is certainly saturatcad.

Now that satuyration has been examined, a value of‘Po
for page 49 and figuwvel2 can be calculated. Frow eguations
(131) and (132) , the velation between small signal and
saturated gain is

Ya5.6x0° Yo
(133)

Gain is related to inversicn by

Y=a0 \ SECEQ 18
(134)

and inversion to energy per pulse, assuming no losses,by

EP;;”/AV- (135)

where A s the populizion inversion per volume and G is

the opticel crossecticn related to transition rate by

o= Khm GO
5N {136)
Again using Cllm 75”0“”5 and AZ/“ZOO-S,‘ , then
a4 "
Aw 280" 73 (137)

and cnergy is

Ep*3bud p% JOW
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The theory of the HF pump laser, a kinetic wodel for
the SF6 + l:2 in an electric discharge, and the theory
of optical pumping and the CO2 laser has been presented.

To compare these predictions with the performance of the

actual system, an experiment has been designed and is described

in the next section. i




Experimant

This erperviment vas designed to characterize the pefformancc
of the HF puipoa CO2 laser and study the dependance of 002
pewer on HF frequency. First, the HF Yaser developed by the
Raytiieon Corporation [3] and the modifications made to this
laser will be doescribed. Next, the experiments to characterize
the HF laser's performance are outlined. The HF pumped C02
system 1s then analyzed, including the coupling of the HF
E ! Leam into the o, cell., Finally, the esurimental set-up and

| procodure for the frequency investigation is presented,.

F HF Loser Description

P 3 AW o

The molecular Tascr used to pump the CO, laser is an

SFG ¢ HZ/DZ’ electric discharge, high repetition rvate HF/DF

, laser. Only hydroger will be used in this experiment. The
laser's specifications, as presented in reference [3] are E

Tisted in figuwva 13,

QUTPUT ENERGY: ) | vnJ
MULTILINE

REPETLITLON RATE: TO 10000 PPS
PULLSE WIDTH *+ 100 NS

————

Figure 13.
HF Laser Specifications
A picturc of the laser, without the high-voltaae electrical

conections or exhaust pump, is shown in fiqure 14 [3:29].
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The cathode (8" x 1 3/4" x 3 1/2%) is situated above the
cylindrical body (13 1/4" x ¥4 1/2"dia) dircctly ohove the optical
cavity (gas volume: 17 1/2" x 1 178" dia.). The grating (left)
and output coupler (right) extend the cavity to .5 meters.
The remainder of the cylinder houses the gas recirculating
and cooling systems, and the thyratron.

Details of the laser and its four subsytems will be

discussed in the follouwing sections.

Optical Cavity

The reacting gases are scealed within the cylindrical
lasey housing. The optical path is formed by two CaF windows

(1 378" dia.) at rewstei's angle, 55°, scpevated Ly 17 1/2".

The cavity is establishedby a cepper and a germanium mirpgr,

as shown in figure 15.

- S M -
b N 1 i
; Il
/H Lﬂ{ \ / /
v " A2 9cm Caf v
R=wo PO ———q44.5 Cif ®=4M
P=:100%a 27 %
XYGEN FREE P=Z5eg
HIGH CONDUCT/V/TY Fe=] 32M
COPPER GE RMANIUM

Figure 15.
HF Optical Cavity
A 300 gr/mm grating ( 1 3/4" x 1 3/4" ) can be exchanoed for
the copper mirror. The grating's normal is fixed at 39° to
the optic axis. A 35 % output reflectivity was selected as

the maximum output coupling based on the work with an HF




mini-TEA laser [3:10]. The active volume of the optical cavity
is deterined by the elctrodes and i< described in the next

section.

Electric Discharge ;

The electrical circuit design is dictated by the requirements

for a 350 Amp, 120 ns current pulse to initiate the chemical

rcaction at repetition wrates of up to 10 kHz., The discharge
circuit is shown in figure 16 and consists of three main

‘ components; (1) the voltage supply and doubler, (2) the
trigger and thyratron, and (3) the laser cathode/anode

structure.

/ //‘i/ct’k\/‘/ 5Nf‘
+6 A -Q.L A1 _)-—-—". -
HV w " SRS poa0 THODE _LT 7925 ]
bC TR ANODE_LASER
U T T ‘] HY 300! | |

Figure 16.
HF Laser Discharge Circuit
The 6 kV supply charges the 5 nF capacitor through the diodes
and inductor while the thyratron is open circuited. When the
TH-5 trigger fires the thyratron, 12 kV is placed across the
cathode/anode, a2 large current flows through thé thyratron and

from the anodz to cathode. (Electrons flow from the cathode to

the ancde.)
The DC voltaqge supply is a 10kV, 5kW, Glew Discharqe

Power Supply, Elcctro Powerpacs Corp Model 1102. The high

voltage diodes arc manufactured by Solitron, but no specifications

could be obtained. The saturable inductor is used to eliminate
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the losses associated with resistfve charging and to meet
the 1Cilz repetition rate vrequirvement. The high inductance
required for chareing the 5 nF capacitor would also cause
the thyratroh to "lock-on" during discharge, but the inductor
reduces its value to 20 mH at satyration and the thyratron
operates as desianed.

The 1Y 3001 hydrogen thyratron switches the current
througli the cathocde/anode. The thyratron consists of a
cathode, anode, and high voltage qrid. Electrons are accelerated

from the cathoe to the anode under the high voltage and collide

with ly molecules, producing ions and electrons by the reaction
- y .
Ho + & »——=Hp+ e (139)

The current is incireased by several orders of magnitude.

The plasma nuetralizes and the currcnt pulse is terminated.

'As long as the grid voltage is held at a large negative voltage,

no cuvrent flows. But, as its value is made less negative,
elctrons begin to lecave the cathode and eventually acquire
enough energy to ienize the hydrogen gas. Breakdown occurs
and a sharp pulse is created. A photograph of an oscilloscope
trace of this current pulse as observed by Raytheon is
presented in Appendix B.

The trigger for the thyratron is an EG&G TM-5 trigger
module with a HY 6004 hydrogen thyratron that produces a 25 A/
2.5 kV and 500 nsec output pulse, with a variable repetition
rate to 20 kHz.

The cathode consists of “68 molybdeoum pins, .03 inch in

diameter, sealed to a high density alumina body using 7052
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Corning qlass" [3:40]. A 220 Ohm, 10 Hatt resistor is

connacted to each pin. The pins are arvianged in three rows with
.083 inch scperation between vows and .33 inch seperation
between pins in the seme row., The flat aluminum ano&e s

.4 inch below the cethode. This aneode cathode seperation

was chosen on the basis on tests that Raytheon conducted with
the mini-TEA Taser [3:41]. The total active volume is

7.5" x .166" x .4 " = 5 cubijc inches = 8.16 cubic centimeters.

Gas Flow

This gas laser requivres a flowing system fur two reasons,
(1) products of the chemical reaction wust be removed from
the cycle and fresh reactants supplicd and (2) products of
recatfon and heat of veaction must be convected from the

optical region. The systen is not sealed and gases are

‘recirculated many times before being exhausted.

For maximum opcration, a fresh SF6 + H2 a&s supply
should be provided for cach discharge duratien. This establishes
a requirement for flow velocity [72]. It is inportant that
reaction products be removed from the optical cavity and two
processes accomplish this: (1) recombination processes such

as
SFb+F—'——“SF6 (1@0)

and
H+ H——w H
¢ (61)

and (2) convection of products from the active volume by

high speed flows. Recombination processes are discussed in
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the theory section on kinetics, pages 12-26. In general,
these processes arve slow and convection serves as the primary
means foir removing unwanted products.

If a uniforg, constant gas flow is assumed, then the

flow rate criteria yields

FIOW %S =VOLUME »REP PaATE (141)

The flow will not be lamirar and uniform for three main
reasons; {1) a boundary leyer will form on the electrodes,
(2) the flow will be very turbulent, as a result of the physical
design of the gas recirculating gysten, and (3) sudden
heating of the gases duvring the electric dischzarge will
create pressure waves witkin the gas mixture.

Dzakowicz and Hutzke cstimate the required increase in

flow vate due tc processes (1) and (3) to be a factor of

2 - 5, [72].
The speed of sound in the SF6+H2 mixture may be calculated
theoretically. The heat capacity of SF6 at 300°K is

23.329 cal/mole °K [73]. Then, from an ideal gas approximation,

_C = /
n=zEo Re=2 CALlioiE ok ‘
s (142)
and the speed of sound f{s : :
= [ TAT =36 Y%
o M ° (143) )

This establishes an upper 1imit on repetition rate for a

subsonic, clean flow.

The flow of gases external to the HF laser is diaqgrammed

in figure 17. Gases are stored in 100 1b. cylinders at

20 psig and fed by 3/4" plastic tubing to a control panel
]
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with Matheson 603 (HZ) and 605 (SFG) flow meters to control
tiae flow rate and mixture. Celibration charts for these

flow meters are given iu"fignre 18, from [3:88). Tor the
typical opcrating points of 20mm H2 and 35 mm SF6 » the flow
rates are 1.4 1/min and 5.6 1/min, recspectively. The SF_ + H

j
mixture is introduced into the HF laser across the CaF2 ﬁrewsier
windows. The flow of gases withiin the laser is illustrated
in fiqure 19 and discussed below.

Gases are exhausted through a 1 1/2" Hayward PVC Rall
Valve and an Alcatel ZT 1060C vacumn pump to a chemical

scrubber and exhausted to the atmosphere through a roof fan.

The ball valve cantrols ¢otaj 9as pressure in the laser cavity.

Once gas is in the cylindrical laser housina, it flows
in a civcle past the discharge area, through & sulfur precipitator,
chiemical scrubber and heat exchanger. For low repetition rates,
two Retron Propimax 3B Model 754D fans with a 62.8 1/s cacacity
each, are used to recirculate the gases. The flow velocity
within the cavity is

= 2162 ENEOCHD =649
U (62.8)70C Mg (148)

The speed of sound from equation (143) is 136 m/s and then,
the mach number is

U .
M:"o‘;- 48

(145)
The fresh gas flow rate is 7 1/min oy .12 1/sec and on the
average the gas remains in the laser cylinder for 523 cycles.
With this large number of cycles before exhaust, many
contaminants will build up in the gas flow. The kinetic

model presented in the theory section was based on a single

63




T READNG (m='
~
o

k19
23}
.
ol . L S SN (VP DU I
< 2 4 L1 L] 0 [F4 ) "W

FLOW RATE  (Z/ rp)

Hydrogen at 20 psig. Mutheson
663 tube, ¢lass ball,

23}

READING | mm )
3 8
7 s

yoeg
I
&

Y 24 b~
06— A o i T e e,
: FLOW RATE (27 mu)
N ’ Sulfur hexaflueride at 20 psig.
' Matheson 605 tube, glass ball.
i Fiqure 18.
.
E ' Flow Rate Calibration Charts 3:88]
[
4
g

64

B chaat ]




MO|4 SBY [RU4dIu] 43SRT 3IH

‘6l o4nbLg ) N“

o

¥ X

363NY5S
1YIH &

JOLYVLIdIDIdd
. dN47NS




cyecle and reglected the forwation of S, H,S, ground state MF, !

2
etc, which are forvied donvourvanri of the discharge volume after
pany cycles. In orcery to climinate ihcse unwanted products
from the flow, a sulfur precipitator and chemical scrubber

arve included in the Yaser gas recirculating desiqgn. The

sulfur precipitator is constructed of many, water cooled,

aluminum plates. 1lwo chemical scrubbers containina Linde
5A Molccular Sieves remove other contaminants., Note, as the
laser is run for extcnded periods, pavticulates vill build
up on these collectors and their efficiency will be dearaded.
The odor of “ZS was noticed in the laser exhaust and it is

assumed that the precipitetor and scrubber do not efficiently

remove contaminants firom the flow.

Ccoling System

The eleetrical energy input to the laser is rather hioh:

QU hY =21 W  (AVE DiscHARE roweR )(146)
b z1vs 4 MW (PEAK DISCHARGE poweRr) (147) _\
Prapy 600 W (FAN'S POWER) (148) -

This energy heats the gas, cathode, and other comnponents.

Output power is very sensitive to gas temperature, sece i

figure 20 [3: 13]. To cocl the gas flow a Lytron Model

5120 Heat Exchanger (38%W/°F) is inciuded in the desian.
Extreme tempevatures will also damage the electrical

components. These elements are air, water, and oil cooled.

The gas recirculating fans are cooled by the high speed

gases flowing past them and should not be oncrated with

less than 50 torr total pressure in the cavity. The saturable
66
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inductor and voltace doublina circuit is air caooled by a
snall fan. Gases are cxhausted to atuesphere and convect
heat frow the laser,

The vemaining cooling is complcted by a water and oil
(sflicone, 20 cs viscosity) flow system as devicted in
figure 21. Chilled water cocels the heat exchanger and sulfur
precipitator divrectly. The oil cools the cathode and thyratron
in a closed flow systewm. The oil exchanaes heet with the
chitlled vwater in a Young SSF-302-BY-2P heat exchanaer and

is pumped by a Little Giant liodel 13 pump.

HFf lLaser Modifications

A number of madifications were made to the HF laser
to complete the freguency investigation and to repair damaqed
conponeits.
Opiical Cavity

The power -~ frequency relations developed in the theory
section were based on & sinrgie axial, TEM 00, PZ(G) laser
transition. The experiment also rcquires a controlled

variation of HF frequency across the linewidth of 500 KHz,

The HF laser novmally opecrates multiline and multimode, however.

Two modi{ications to the optical cavity were made to solve
these problems. An aperture was designed and installed to
force the laser to the TEH 00 mode. A piezoelectric crystal
was added to drive the output coupler mivror and control HF
frequency. The P2(6) transition was selected with the aratina
replacing the OFIHC copper mivror. A diagram of the modified

optical cavity is shown i fiocure 22,
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The variable aperture 1is continuously variable fram
.059 " tg .702 ", wuith thirteen calibrated positions
(.059, .086, .128, .159, .193, .22y, .28, .328, .359, .406,
.500, .709 inch). TEM 0O opcratition 1s achieved for
aperture diameters of .221 inches or less, The aperture
is mounted in an aluminum plate and fixed to the arating
mount with a vertic position control and centered
horizontally on the discharée volume,

The HF frequency, , is varied by chanaing the cavity
length, , with a varizble voltage, 0 - 1.3 kV, applied to
the piezoelectric crystal. A Lanrsina 80-214 Lock-in
Stabilizer is used to supply the high voltage to the crystal.
In the slow scan nmode, this supply prevides & linear ramp of
0 to - 1.3 kV in 44 secouds. The crystal returns to its
unperturbed Yength in less than one second. Fiaure 23
shows a plot of the voltage applied to the crystal as a

tunction of time.

15
P20
T.v
- - L1 ) ! i
? (kV) < 7'/44&'40/5!76‘) 60
Figure 23.

PZ Yoltage as a Function of Time
The crystal expands by 2.22 um under a 1.3 kV applied
voltege. This motion was detected with an Ealing Michelson

interferometer as shown in figure 24,
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Figure 24,
Interferometer Test of PZ Crystal Motion
Fringes of 2.5 cm diameter were achieved at the screen and
a shift of seven orders was observed as the voltazge was
was varied fron 0 to -1.3 kV. The length chanae of the crystal
is \
AL = m?f‘~=’22um
(145)

This neerly meets the requirement established by equation (18)
for cﬁvering the 500 Mz linewidth of the HF gain curve.

The cryctal vas mounted on the laser with an adapter
that screwed into the original mirror mount. The mirvor was
held to the adaptior by the same ring screw that oriqinally
held thc mirror to the cavity.

The modificd cavity Tength is 56.5 c¢m and from equation
(17) the free spoctral ranace is 2638 Milz. The free spectral
range is less thenr the linewidth and two axial modes will
exist during extended periocus of the piezoelectric crystal's
sweep., Given the physical dimensions of the cylindrical

housing, Yittle can be done to incrcase the free spectral

range.
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When two axial modes cxist, both will punp the CO2 |

0G0 - 101 transition. The mode on the low frecucncy end of

the gain curve will puup much less ef{iciently, however. |
It has an offset fregquency of 265 MHz areater than the
first mode. Based on the modcl of pages 37-42 and eauation
(121), the ratio of pumping efficiency for the two axial
medes is A ‘ ) L

20 M e (8 60 ~E2H0T
n Npq /NG i (150)

and the lower frequency mode may be neglected.

Frequency stability of any wmode could be enhanced by

tncreasing the number of axial medes. 1f the frec spectral
range were to be decrcased to 170 Mz (3-4 axial modes),
the ratio ac calculeted in cquation (150) would increase

to 10 % and¢ the second mode's intevaction could not be

neglccted. The theory would he significantly corplicated in

this case. Hote also, that dccreasing the free spectral range
Timits the range over which the ¥requency can be cffectively
var{:d. The effect cn CO0o laser power at large offset frcauency,
§, vould not bc measurcab]e. For thesc reasons, ore or f{wo

axial modes is preferable.

The spot size of the HF beam 1s fmportant, hecause the ;
bcar must be coupled into the CO2 celt will sufficient ;
intensity to establish the threshold population inversion. f
The HF beam is large and will be reduced with an optical i
system external to the HF cavity. :

Several other problems were encountered with the optical \

cavity. Beaw quality is rather poor due to aperturing, flow
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turbulence, etc. Beam divergence is large, ubout 9 mrad.
The contrel on optical aliarment, povticulariy for the
grating Vs peor. ¥Finally, the cutput coupler was not truly
flat on the external side, with a wedge anqgle of 7.3 nrad
in the vertical direction and 14.6 wrad in the horizontal

direction.

Electric Discharge

Repairs and modificatioens to the high voltaqe DC supply,
high voltage diodes, and the thyratronr trigger unit were
required.

The OC voltage supply was modified to be included in the
interlock systen. This aystem prevents the Taser from being
run if the chilled vater supply is off or if a five nminute
varm-up tiwme for tite thyrairon is not provided. The DC supply
vas wirved to this interloci systew so that it cculd not be
turned un if the interlock systen vas open circuit, or tripped.
Thic HV DC suppiy requivrc 240 Yolt single phasc powver.

The high voltage diodes of figuie 16 vere unrelichle
and prohably underrated (16-20 kV, rcauired). The Solitron
8040 2A& SLD - 30 dieode failed twice during the jnvestigation.
Vithout Lhis diode, the voltage doubling civcuit does not
function anc the discharge is cpatially nonuniform.

One replacencnt diode was available and was used to replace
the first failure., The I -~ V characteristic for the defective
and repluccrent diodes are shown in fiqure 25,

The second failure ocuvred after repecated arcina in the

voltage doub]iq;circuit and cxtreme heating of the diode.
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Fiqure 25,

I-V Characteristic of HY Dicde (8040)

Threc Yare VC 80 V diodes (8 kV, 2A, ea.) were used in series
to replace the single Solitren diode.

Repsated problems in triggering the HY 3001 thyratron
vere encountered. Two distinct prohlems vere involved.
First, the EG&G T1-5 trigucr unit with HY 6007 thyratron
was ingperative and replaced. Secondly, the inetgrators
and recording eguipment require synchronization with the
discharge pulse.

The EG&CG TH-% unit whould provide a 2.5 kV, 500 nsec
pulse {unloaded). Two cowponents vithin this unit failed,
however. A 2N4401 transistor was defective and replaced.

The HY 6001 thyratron was dofective, probably due to its
mounting design, The thyratron was located on its side and
the grid was likely warped. MNo replacement thyratron was
available and a new trigger system was desiqned.

An CG&G TM-30 trigger was available and used to
trigger the HY 3001 thyratron. To match the output impedence
of the TM-5 unit, a 28 ohm, wire wound resistor was put

in serics with the grid output of the TM-30 unit. The rise
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time of the trigger

to ¢ ps Ly the induct

magunitude of the trigger

to fire the laser thyratron.

pulse was increascd by a factor of two
ance of tiis wivre wound resistor. The

pulne was 2 kV and was sufticient

The final solution employed for the intearator synchronization

problem involved using two pulse gencrators with variable

delay. The circuit is shown in fiqure 26.

,ﬁ,_/@Uﬁ . - 1
AT ]» PULSEWITH
"GEN. MON 7411 ™ 30
r__(lv‘OUr _ - [-Z
A FREGTCTR TRIGGER SYNC IN
7-[\»/(-6 - T T 'v VL.

— WREOLR ~—POS. OUT
BOXCAR HP 467 A DATA LJLJE
INTEGERATOR|™ | ppye — /002

fj@/&/? AIAL - PU/FCF GEN {JrcéZAY
< {
S ' it

e r———

Figuye 26.
Trigger Circuit
The first pulse generator is Tiyce-running and its variable
repetiton rate determines the discharge repetition rate,
The positive output of this generator trigqers the boxcar
integrator, whosce gate outpul is used to trigger a second

{ pulse generator with variable delay control. In this way,

I’ the boxcar integrator gate and laser pulse may he synchronized.

Substential space-charge buildup in the TM30 circuit

required qrounding the wire wound resistor temporarily before

laser turn on.

Gas Flow

A VTimited supply of SF; was available for this study,

i v e g~ — < T
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approximately 300 lbs. Gas consumption without recirculation

is 100 1bs/ 1.5 min [3:30]. With gas recirculation of 500
cycles, the 100 1b cylinder should last 12.5 hours. Fven
] at this rate, the supply will only last 37.5 hours.

To decrease the SFg gas usage and increase laser time,
a modification to the flow system was made. In the original!’
design a 1 7/8" inner diameter stainless steel pipe was used
to exhaust aases from the laser throuah the ball valwe and

vacumm pump. This pipe size was used to accomadate the qgas ;

flow requived at 10 kHz repctition rates. Repetition rates
of about 100 Hz were used in this experiemnt to conserve aqas,
provide sufficient signal-to noise averaaing , and maintain

1 cufficient energy/pulse to pump the COp laser. This rate

requires a 100 times smaller flow rate and a smaller exhaust

. pipe may be used.
The average flow velocity (radial averaae) of a flow in
a pipe is
\P ;i._/“>
U=Ssda 151
Az NI %74])
. . . . , dp
where (| is the pipe radvus,ﬁl the oas viscosity, and 3z

the pressure gradient, axially., The volume flow rate is then

O A .
4z ”“(w#) (152)

By reducing the pipe radiusy much lower flow rates can be

it e

achieved. The same effect can be obtained by nearly closing
the ball valve, but this adjustment becomes very sensifive
for such slow rates.
On this basis, the modification of fiqure 27 was made,
A cavity pressure of 1 torr was obtatned with this modificatidn
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and the ball valve closed. Two torr was maintained for several
hours. The ball valve could not be completely closed when
running the laser because a slightly arcater flow rate was
required, The pin vaive was used as fine adjustment for flow

rate.

HF Laser Operation, Safety, and Alianment

Appendix C lists the step-by-step procedure used for
running the HF Taser.

. Several safety factorswere considered. Decadly voltaaes

and lethal energies ave exposed during the operation of the
laser. The trigger circuit, cathode area, and hiagh voltage
DC supply must be handled with extreme care. Hiah voltaqe
areas are clearly marked and shielded.

The interlock system was described on paoe 73.

The thyratron can "lock-on", continuously conductina

current. If this accurs, the high voltage supply must be
turned off within seconds to prevent damage to the power supply.
The gas recirculating fans are gas cooled and must not
be operated with Tess than 50 torr total pressure in the
laser cavity.
Several grounding wives are conveniently located for

possible emergency use.

%' A gas detecter {-ombustible products) was installed

E : in the gas storage closet.

! The safe eye exposure distance (SEED){is larger fhan the
dimensions of the lab room:

a SEED= ;‘?9_,? .

z U6 PEL | - (153)
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Evaluating equation (153) for
EP = | md
694f3'f G ”)‘19f§
PEL~ 10 J/t/ e

iv
yields

SEED=200 M

ED (154)
The required optical density for qoggles is

- EQ-:“44

D“{Of)fp S (155) ;
Goggles with =4 at 2.8 um were available and were %

used when operating the laser.

The HF cavity was aligned with a HeNe laser. The laser
is high gain andlaTignmcnt is not particulerly difficult.
Orce lasing is achieved, the power can be marimized by adjusting
each of the mirrors. To achieve sinale linc operation, the
copper mirrur is removed and replaced by the grating. Once
the grating is in place, lasing can be established by merely

adjusting the greting angle. ‘ ]

HF Lascr Performance Chevecterizetion

The first set of experiments characterized the performance
of the HF laser. Power was measurcd as a function o7 pressure,
Sk /Hp mixture, repetition rate, discharge voltage, aperture
diameter, and time. CLeem quality and divergence were also
investigated. The laser was operated under both multiline
and single Yiue (including the Pz(s) transition) conditions.

tultiline operation was achieved with the OFHC copper

mivrror. A Raytheon Au:Ge Infrared detector was used to

measure the encrgy/pulsc. Pulse shapes were observed on a
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Te ktronix 555 Oscilloscope. A Princeton Applied Research
icdel 160 Boxcar Integrator with a 50 us gate, 100 ms time
base, and .3 ms tiwe oonstant, vas used to averaqe the eﬁerqy/
pulse. The integratcd output was displayed on a Fluke 8100A
digital voltmeter. 1t is this averaged power that was
measured as repetition rate, pressure, voltage, and mixture
were varied.

Beam quality and divergence were investigated using the
sere set-up with the detector on a two dearee of freedom ();)/)
translating meunt. The detector was moved axially (7) along
the HF beam on a 90 cm optical rail. The coordinate axes

are shown in figure 28.

% X
e‘l HF LASER /
//45453 : z

FLOW

-Figure 28.

Experimental Coordinate Axes
An absolute value for average energy/pulse was obatined
with a Scientech Modcl 3604 Laser Power Heter thermal type
cncerqgy detector with a sensitivity of 84,5 mV/W.
Single line operation was established with the 300 or/mm
grating replccing the copper mirror. A Lumonics Spex Mini-Mate
monochromator with a 3 um blaze, 300 ar/mm grating and 2.5 mm

slits was used to choose the HF Pz(ﬁ) transition., The

80




monochvromator was calibrated by obscrving the location of

the zcreeth theouyh

on >\/HCU7

Il Ne

fifth ordevs of HeNe transmission. Based

‘V'”b the ebserved Helle erder separation of
.5775 um, and the observed zero ovder HeNe setting of -.008 um,

the relation between scale reading and actual wavelength is

~ 09! 8 - -
U PO NG py g T 008 1L) (156)
Three HF lines weve observed at AVMJIMi 2.851, 2,8074,
and 2.7702 pm., These lines were identified as the PZ(G), PZ(S)’

and P2(4) transitions bascd on the comparisons of known wavelengths

of the transitions, the scperation between these wavelenqgths,
and the observed transitions in the Raytheon study [3:13,46]7.

This information is summerized in Table IT.

Table IT1.

HF Line Identification

g:] Havelengih This

] Havel
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Optical Puaping

After characterizing the HF laser and choosing the Pz(ﬁ)
transition, the HF becawm was uscd to puwp the CO2 qas.

The results of the beam diverqgence measurements indicate
the need for reducing the HF beam spot size. Oriainally,
a telescope was used to couple the HF beam into the CO2 cell
with 4 nm diameter used by Raytheon in their study. With

the optics available, this method did not reduce the HF bean

size sufficiently.

To sclve this problem. a 1 cm diameter C02ce11 was

designed and constructed as shown in figure 29. The HF beam was

BELIGHE
\ | ' L owsﬂ

v
- I
Col> k Yz Car2
VHNDOWDvﬁﬂ
PRESSURE GAUGE
Figure 29
Redesigned C0y Cell

focused at the center of this cell with 2 one inch diameter

CaFy lens. The tyo requircments of a small spot size and a

¢collimution length of 40 cm led to the selection of a

250 mm focal length. (See Appendix D for the theoretical =
analysis used to make this selection.) This theoretical analysis
predicted the 250 mm focal lenath lens would provide a

spot size of less than 3.5 mn over a length of 40 cm at

a distance of 14 -54 cm from the Yens. Experimentally,

a spot size of less than 6 mm was obscrved over this 40




cm range.

To fill the C02 cells and control pressure of the 12 ‘%2
gas, a pump system was designed (see fiqure 30). The two
pyrex cclls.are connected to 1/4" piping by a flexible
bellows. The 12 ]@b is stored in a 1 liter cylinder that
can be cooled in a liquid nitrogen bath., The cells can
be evacuated to about 1 torr with a DuoSeal Model R1406
vacuym pump. To reduce the pressure to 100 ym, a Varian
Vac Sorb molecular steve is coéled in a liquid nitrogen bath.
An adaptor was designed ard built from a non-rotating mini-flange

flat to connect the 1/4" piping to the molecular sieve.

Power-Frequency Experiment

The optical set-up for the €0, power as a function of
HF frequency experiment is illustrated in figure 3. The

propogation of the HF, C02 and Helle alignment beams are shown,
The main C02 cell is pumped by the HF laser directlv.
The incident HF beam is split and detected by a HdAdTe detector,

D2. The transmitted HF beam is observed at the Raytheon
Au:Ge detector, D4. The monochromator'is used to determine

the HF lasing transition and to filler out the CO0p peom.

The incident HF beam also travels through a second C02 cell.

HF intensity 1s sufficiently low here that no lasina action

is obtained and the absorbed HF beam is detected at a Santa
L Barbhara Au:Ge detector, D1. There is a 2.8 um filter in this

leg of the optical path to remove the CO2

The c02 cell lases and a forward and backward pulse i&s

observed at D3 and D5 (InSb) detectors. A 4.3 um filter
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a is used to climinate the HF beam at D5. The second Lumonics
s _ monochromator is used to measure the CO, wavelength and select
either the R{(&) or P(10) 101 -100 transition. This monochrometer
has a 150 gr/mm, 6 ¥m blaze grating and 1.25 mm slits.

The CaFZ,FiEfSCW@Iens is used to focus the HF beam

into the C0, cell, as described earlier. A CaF,
lens focuses the HF iacident beam on D2.

Finally, a HeNe, Spectra Physics Model 142 laser is
used for alignment. After the absorption cell leg of the
optical path wac aligned, the HeNe laser was located as shown
to align the main C02 cell and the monochrometers.

This set-up provided the necessary data for comparing

the CO, power to HF freugency. The amount of HF absorption

was obtsined by comparing intensities of incident (D2) and

transmitted (D4) HF pulses. C0, forward and backward pulses
“were observed at D3 and D5. Finally, the HF frequency was
N measured by observing the HF absorption through the second
€0, cel1. The absarption should vary with frequency accoding
to a doppler broadened lineshape. From this variation in
absorption, the variation in frequency was measured.
The transmittance for each of the optical elements
was measured with a Wilks Hiran I Variable Fi’ter IR Analyzer
with a Willks Preamplifier. The three CaF, beam splitters

' transmitted 90% at 4.3 microns and 95% at 2.8 microns at ;

46 ° inecidance., The Raytheon 90-90574 2.8 micron filter !
transmitted 8% at 4.3 microns and 90% at 2.8 microns at ;
normal incidence. The 4.3 micron filter is a flat gold ;
and copper Laser Optics 3.6 - 8 micron filter and transmiis i
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less than .5% at 2.8 microns and 95% at 4.3 microns at normal
incidence. During alignment, the Caf, , F=25CM , lens
transmittance was measured as 94% by detecting power.with
the thermal detector before and after the lens.
Each of the detected signals are amplified, displayed
on an oscilloscope, averaged by a boxcar integrator, and recorded
on an XY or strip cheart recorder. The electrical wiring
diagram for the entire experimental set-up is shown in figure 32.
The integrators are Princeton Applied Research CW-1 and
160 boxcar integrators. The gate widths were ~hosen to match
the widths of the detected pulses. The faster PAR 160
integrators were used with the faster detectors (02, D5).
Time constants were chosen to rcduce noise as plotted
on the recorders. The settings for each integrator are listed

in table III.

Table I1I

Boxcar Time Settings

Inteqrator  Hodel Gate HWidth Time Base Time Constant
12 PAR 160 500 ns 20 wus .3 ms
I3 PAR 160 1.6 us 2 us 1 ms
14 CH-1 10 us 50ys .3 ms
I5 CW-1 10 s 1 ms 3 ms

HF absorption was measured as the auxiliary cell was

filled with‘zc]goz at pressures from 0 - 7 torr. Integrated
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pover from detectors Dl and D2 were recorded on the HP
7046 XY recorder. Jmmediately after changing the pressure,

the HF beam was blocked to mark the pressure reading.
12,18
h"“C "0_ .
2
C0, lasing was observed at 7 torr. HF and €0, pulse shapes

The main CO, cell was then slowly filled wit

dectected at DY, D2, D4, and D5 were photographed from
oscilliscope traces. Dectectors D2 and D4 were sufficiently
fast to resolve 20-200 nsec'pulse shapes.

From the oscillescope traces, it was observed that 002

lasing was erratic. A C0, pulse was cbserved for every
3-5 HF pulses. .The HF pulses varied considerably in magnitude
from pulse to pulse and CO, lasing was achieved only on the stronger
Hi" pulses. The pulse-to-pulse variation in HF power was
measured by displaying multiple pulses from detector D2 on
oscilliscops channel T,

HF abscrption was measurcd as the PZ crystal voltage
was swept from 0 to - 1.3 kY in 44 sec. No correlation
between power and PZ crystal voltage was observed, indicating
a frequency instability in the HF laser pulse on a time scale
small compared to the integration period of 1 ms.

The nature of the power and frequency instability was
investigated and its dependence on repetition rate, discharge
voltage, and pressure recorded.

The data and results of these experiments are presented .

. = i e

in the following section. Conclusions and recommendations

will be made after considering these results.
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~- Results and Conclusions

The results of the experiments described in the previous

section are now presented and compared to the thcory established

in the first section and to prior experimental studies.

Conclusions concerning the system and its operation mre drawn.

Finally, a surmary of the investigation, results, and

conclusions is prescnted. The HF laser characterization, the

pulse shape and kinetic model, and the optically pumped

002 laser will be discussed individually.

HF Laser Characterization

The experiments characterizing the HF pump laser studied

the dependence of HF pcwer on the SFG;u2 nixture, total cavity

precsure, discharge voltage, vepetition rate, and zperture
sizc, and enalyzed beam quality and beam divergence, Power
and frequency stability are discussed in the section on the

optically pumped laser.

hd

A s

SFg flow rate, for a fixed H, flow rate of 1.4 1/min. There

{s a slight decrease in power at lower SF6 flow rates,
indicating the reduction in atomic fluorine concentration
and the resultant decrzase in vibrationally excited HF
concentration. Results frow the Raytheon investigation are

also shown in figure 33. These results indicate & reduction

specie in the cold reaction (21). Throughout this investigation,

a 791 SF6 mixture wvas used.

S0

|

Figure 33 illusirates the decpenderce of HF power on the

in HF power above 80% SFg, where hydrogen becomes the limiting

By
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HF Multiline Energy versus SFg/SFg+Hy Mixture

Figure 34 depicts the HF output power - total cavity

prcssﬁre relationship. At 11.2 kV discharge voltage, 97 pulses/

sec repetition rete, and 79% SF no variation in power with

6’ . i
pressure vas obsorved over a 30 torr range. No study of this ‘ H
relationship was undertaken by Raytheon. Throughout this g
study, a total pressure of 70 - 90 torr was maintained. |
Figure 35 illustrates the dependence of HF power on.
discharge voltage as observed in this experimental study at [
100 pulses/sec and in the Raytheon study at 4000 pulses/sec. i
The peak in this cuvrve depends on repetition rate and moves
to higher voltages at lower repetition rates [3:42-43]. The
peak occurs at 12 kV at 4000 pps, but no peak is observed
at 100 pps. The 100 pps curve is very flat from ¥0 - 16 kV
and the peak likely occurs above the 16 kV recommended

]
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- voltage limit. 11 - 12 kV was chosen as the operating point
| for the current experiments.
The input powecr is %/QVP ywhere Vois the discharge
voltage and A is the resistance of the gases between the
cathode and anode. A larger dischargce voltage provides a
greater input power and current to discociate SF6. Larger
powers result, A larger discharge voltage also yields a
greater average electron energy (sec equation (28)). The
reaction rates for electron attachment to SFg decrease as
electron cnergy increcases (sce Appendix A). The associated
reduction in flourine reduces HF output power. These two
effects are competir
At high repetition rites, the discharge circuitry can
beconre power limited. In this case, current will be fixed

and cnly the electron energy effect wili be imporiant. As

repetition rate increases, curreat limiting occurs sooner and

E the peak shifts to lower voltages.
~Therc is a voltage below which no dischargo occurs.
F Since electron attachment increases with decreasing voltage,
E it is not ionization that Timits the discharge, but vather
i the discharge circuit itself. At low voltages, the current
reduction mayt reduce the population inversion below threshold
conditions. A deternination of which effect is dominagg was
not completed.
The energy per pulse and average power versus repetition
rate arc presented in figures 36 and 37. The average energy

per pulse decrcases linearly in the vrange 0 -600 pps, and has

a long shallow tail to 1000 pps. High rcpetition rates
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~= were not studied, due to the modifications for flow rate and
linited gas supply. '
] Discharge voltage drops with increcased repetition rate for
a fixed DC supply because of increased loading. A constant
11.2 kV was maintained throughout this repetition rate study,
hovever.
Average power is related to the energy per pulse by the

repetition rate, ¥ ,

Pave=EpyigeX T (157)
Average power is plotted against repetition rate in fiqure 37.
The results from the Raytheon study of power versus repetition
rate indicate a much wider curve; over a 10,000 pps range with
a peak at 3000 pps. These resulis appear to be obtained by
maximizing povier with respect to discharge voltage, pressure,

mixture, and flow rate at each repetition rate.

Average power increases initially to 300 pps, simply
duc to the increased number of pulses per second. The
average pover falls above 300 pps largely due to increased
contaminants (HZO’ HZS) in the flow. Also, the chemical
scrubber is less efficient at higher repetition rates [3:43].
The increased power input will also increase the gas temperature
and decrease output power. The fixed flow rate will affect
power only if an incomplete exchange of gases in the electrode
volume occurs between pulses. This is not the case at these

low repetition rates.

Three HF vibrational-rotational transitions were observed




to lase; the P2(6), PZ(S), and P2(4) transitions (see page 81
and tablec I1). The results already presented include all of
these transitions. The total multiline energy per pulse
observed was 156 uJ.

The P2(6) transition was studiel by jtself. 88ud was
measured as the average energy per pulse. HWith a .221"
diameter apertuve , the measured average energy per pulse
was 37.5 pJ. TEM 00 operation was achieved with this
.221" aperture. A plot of energy/pulse versus aperture
size in shown in figure 38.

NoiJ:/tolﬁ=O transitions wvere observed. Raytheon observed
no P](J) transitions above 2600 pps, due to the decreased
efficiency of the chemical scrubber [3:43]. It is likely
that the chemical scrubber's perférmance has been degraded
to the point that it will not remove sufficient ground state
HF to establish a population invewrsion between the U=/ and

U=0 levels even at 100 pps.
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Figure 38.

Energy/Pulse vs Aperture Diameter
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The spaticl distribution of power within the HF beam
was investigated for three cases: (1) wmultiline operation,

(2) single PZ(G) line, T[H 00 wode operation, and (3) with
extecrnal focusing optics for the P,(6) TEM 00 case. Mo
similar investigation was reported by Raythecon.

Fiqures 39 - 44 present representative spot shapes for
the three cases. From the full set of spot size measurements
as a function of axial distance, beam divergence was calculated
and the spot sizes versus axial position are shown in figures
45 - 46. A time resolved study of the pulse shapes was not
conducted.

The multiline HF beam profile is cevtainly non-Gaussian.
This iz not merely a result of higher order transverse modes.
Spatial inhomcgeneities in the lasing medium also contribute
to the features of the beam profile. The uniformity of the
dischirge is important as well.

Turbulence within the gas flow and local nonuniformities
in the concentrations of recactants and contaminants will affect
the local gain. Purely random fluctuations will not persist
and thercefore will not be evident in the measured profiles,
however,

Several pevsistent features in the profiles are observed.
The nultiline profiles exhibit a "flat top" across about one-
hali of the FWHM in the vertical direction. This is a result
of apcrturing by the catliode -~ anode structure. In the
horizontal direction, the profiles exhibit a long tail in the
up-flow direction. This is likely a vesult of a nonuniform
electric discharge.
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The single P2(6) transition with the .221" diameter
aperture corresponds very nearly tc a gaussian profile,
indicating the TEM 00 mode.

The focused PZ(G) beaw has several peaks in its spatial
energy distribution. This poor beam quality is probably
due to imperfect lensing.

The full set of beam profiles at various axial locations
were uscd to establish the beam divqrgence. The spot size
vias taken as the half-width at the 1/c power point of each
profile.

The far field conditiocn is

2
Zy) ZI}C\_L_)Q = I3METERG (158)

where (), is the bcam waist, (,=/0Y,.[3:48]. HNone of the
beam protfiles were measurcd in the far field. In the ncar

field, the spot size as & function of axial distance, Z, is

_O.) =wo'\glfab%2 (159)

where(W,is the beawm waist [34]. Then,

-y

-

. S
L: éwf‘“’ozﬂwf (160)
E_ Or,
A ATt

1 A(L)WOA\/’:{?&(&) (161)
E Let
' \/’( 1% . (162)

Then

Aw= Gy, AL

vhere 01/2 is the far field beam divergence.

(163)
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The plots in figures 55 and 56 are based on this new
variacble L* , to find the far field beam divergence from
the near field measurcwents, The resulting beam divergeaces

are sumnarized in table 1V.

Table 1V.
Beam Divergcnce
Caceo (mraﬁ)
Multiline X 28
Y 9.1
Pal6)
‘EH 00 X 9 7

Raytheon gives a value of [.4 mT'(LCL , based on a

. - theoretical calculation and the cavity design [3:49].

Pulse Shapes

- The power pulse shapes for HF and 002 are {1lustrated
in figures 47-42, The data is taken from photographs of
oscilloscope iraces and the calibration from voltage to
power, 60 H/Volt, is based on the total area under the

power curve ,

; E= ]fﬁdt (164)

equal to the average encrgy per pulse of 37.5 uWJ.
For the HF pulse, the full-width at half-maximum is
106 ns, total cnergy, 37.5 pJd, and peak power .46 kW. For
the €0, pulse, the FW!HM is 26 ns. Ho total energy calibration
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- '
for the CO2 curve was possible because the therwal energy
detector vas insufiiciently censitive to measure the lower
pover CO, signal. Iu contrast, Raythecon observed a 30 ns
co, pulse fpr a 100 us, 1.8 md HF pump pulse.

The wreducced CO2 pulse width observed in this study
is a result of reduced intensity of the HF pump pulse.
Threshold lasing concitions for the CO2 gas are reached
only at the peak of the most intense HF pulses. The tine |
interval over which threshold pumpiﬁg is achieved is reduced
to & small interval ccross the top of the HF pulse.

This cenclusien i1s supported by several observations.

The pulse-to-pulse variation in HF power is as large as a
factor of six. C02 lasing was observed for one out of 3-5
HF pulses. The pulse sihapes of figures 47 and 48 suggest
a reasonable value for threshold pumping of SOO.H/cmZ.
Figure 49 compares the pulse shape predicted by
the kinetic theory of figure 3 and the observed HF pulse
normalized to a 1.5 1) total energy. The zero of the time
scale for the actual HF pulse is taken at 140nscc, to align
the peaks of the two pulses. Ko measuvcment of the delay
between electric discharge initiation and pulse initiation
or of delays in the wiring or equipment were made.
The FWiM of the two curves agree very closely. The two
curves diverge slightly at low power. MNo consideration
of losses or threshold pumping was included in the kinetic

model and this probably accounts for thc divergence at

lower puwers.
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The HF wulsc was normalized te 1.5 md total energy
vhich is a factor of forty greater than observed in the
currvent study. The difference in magnitude is a rcsult of
a number of foctors. f[irsi, no losses werc included in the
theoretical model. Aperturing, scattering, and alignment
losses viere not considered. Certainly the aperture installed
in the cavity to force the beam to the TEM 00 mode reduces
the output pover. Without the apevture , @ enecrgy of 88 wd
was measurcd. Secondly, the model neglected the formation
of HpS and other centaminents in the flow. H,s s particulery
efficient at depopulating excited HF molecules. This cause
of rcduced pover may juderd be significant. Reytheoun obtained

an 1.8 md P2(6) pulse ercrqy with clean chemical scrubbers.

Opticel Punping
The absorption of the HF Pz(e) laser transition by the
IZC]SOZ molecules as observed experimentally (4), predicted
thegwretically ( O ), and as obzerve’ “y Raytheon ([2) are
presented in figuere 50. The abscrpiicn coefficient is

retated to incident and transmitted power by

| e [N
Y :-_3"’"' M "‘)‘/‘:"(]A/\j 2 N
K=y /n Fine (165)

The three curves have significanfly different slopes
and illustrate the effect of saturation. The HF intensity
in the Raythéon experimnent was 104 larger than in this
study. The 000 - 101 transition is saturated at this highker
intensity (sce page 53), In the saturated case, a significant
nuriber of CO,

2
the total nuwber of absorbers that the remainder of the HF

molecules are pumped to the 101 level, reducing
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pulse observes. This reduces the total absorption of the HF

—d

hy [

beam. Therefore, the Raytheon curve should Yie below the
results from this study.

The same reascning explains why the theory curve is
substantially above both of the experiuental curves. The
theory assumed no population of the upper level,N:tza .
That is, the result holds for a negligibly intense probe
beam. Note that the slope of the theoretical curve is

sensitive to the value of the Ciustein coefficient for the 100 -

000 transition (eq. 112). The second value for AQ[‘”?é [ 20]

is 22 times larger than the value given by refernce [62] and
used on page 38. There is a substantial uncertainty in the

value of this cocefficient.

Instability

Throughout this investigation, problems with power
f}uctuation were encountered. This was most pronounced in
the QOZ absorption of the HF beam. The instability was also
observed in oscilloscape traces. An example trace is shown

in figure 51.

Yoltage {Vclts)

| N

l L .
6 11 22 33 44 5% 66 77 88 99
I j;p,.g,__(.ms.)__—-—i.

Figure 51.

HF Power Instability




The HF power varies on a pulsc-to-pulse basis by as much as

a factor of six. This variation is partially explained by

a noauniforn SFG/H2 ges flow with contawinants and by varying
electric discharge quality.

There exists an instability in HF frequency as well.
This is most readily noted by obscrving the fluctuation in
Z absorption of the HF beam in the CO2 cell with all
variables held constant. The problems of power instability
are removed by looking at the ratio of transmitted to incident
power. This plot of transmitted to incident power as a
tunction of time is shcwn in fiqure 52. A plot for a siow
sweep of the PZ crystal voltage is also presented. The only
explenation for the variations cobserved in these plots is
a substantial frequency instalility. HNote that no correlation
between frequency and PZ crystal voltage is observable,
indicating that the frequency stability completely obscures
the frequency changes caused by the PZ crystal.

The variation in the magnitude of the power instability
as a function of repetition rate, discharge voltage, and
pressure was studieq and the resultis are presented in figures
53 -55. The best operating point is 20 pps, 14 kV, and 88
torr. Operating at 12 kV and 80 torr is nearly as good, but
a 100pps repetition rate is a little high. Even at the

optimum operating point, the signal to noise ratio is

%’20’"3 (166)

The frequency instability is a severe problem. With no
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control over frequency, the actual frequency must be measured

throughout time anrd correlcted to the CO, power. Even more

importuntly, the HF frequency must be stable during the

period of integretion, otherwise only an average frequency

power is obscrved. The frecquency instability is worse than

1 ms, the period of integration in this study. No study

of CO, output power with HF frequency was possible in this

investigation. Recommendetions concerning this problem are

presented ia the cenclusions scction.
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Figure 53

Power Instability versus Rep Rate

112

e

- ——
———— e e




A YHoan Pover
- 6 } [J Haximum Deviation in Power
% O beviation/Mean Power
=
Q
o A
3 -
'O
"3
&
o
P
(@)
ger
Q)
o
0 i I —d L . 1
50 60 70 80 90 100 110

Pressure (Torr)

Figure 64
Povicr Tustability vs Pressure

A Hean Power
g |- O HMaximum Deviation in Power
b O Deviation/Mean Power
S
>
o 6 |
(=]
Fe)
©
=
G4t
-
(]
[J]
; o
s (3]
. o
.' 2;.
5 . i | I
8 10 12 14 16
. Discharqe Valtage (kV
B Finore gatase (kV)

Power Instability vs Voltage

113




Conclusions and Recommendations

A cernlete study of the HF~pumpod CO2 lascr develapod
Ly the Roytiheon Covporation has been completed. Backaround
thcory feor the desfqn and porfornance of the laser system
has beesn prescented &nd applied. The HUF laser's performance
was experimentally characterized and cutput powver maximized
with respect to repetition rate, discharge voltage, pressure,
gas mixture, and stability. -Opticol pumpinag of the 101 level
of 142]%12by the HF P2(6) transition established lasing
action to the 100 CO2 level. The optical pumping was studied
through an abSOfption experiment. No measurement of C02
output pdwer as a function i HF frequency Qas made, due to
2 Yarce HF fregquency instabiliity. Discugpencies betwecen
thoery and experinent on this frequency dependince was explained
hewever, Pulse shapes were chsevved znd shown to agqree with
the kinetic model developed in this study.

The HF laser vas modificed to conduct these investiaaticns.
The gas {fiow rate was controlled to recduce SF6 consumntion,
The opticel cavity uwas wodified to cccomgdate an aperture
and piezoelectric crystal for control of the cavity lenath.
The trigger and discharge circuitry wore repaived and modified.
Reliability of the laser was addresscd in the main text,
including discussions nf the discharce circuit and qas
recirculation and scrubbing.

In this modified form, the laser's performance was maximized
for power at 797 SFg/21% H2 » 88 torr total pressure,a i2 ky

dischargye voltaqe, and a 300 pps repetition rate. Stability

in HF poweyr was cnhanced by reducing the repetition rate to

20 - 60 pulses/sec. Only 7 V/min flow rates were used. A
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total multiline enercy per pulse of 156 uJ was achieved with

”,ij?

lasing on the P2(4), P2(5), and P2(6) transitions. An 88 u)
Pz(b) single line energy was achieved and TFM 00 operation
of the P2(6) transition achieved with an aperture of .221"
diameter.
| A beam divergence of 5-8 mrad multiline and 9mrad for
: the Pz(ﬁ) transition wvas measured. Beam quality is rather
potr, exhibiting the ¢ffects of aperturing, inhomogeneous
gas flow and a nonuniform electric discharge.

A pulse-to pulse variation in power of a factor of six

was the best power stability achieved. Frequency stability

is vorse than 200 MHz over a millisecond time interval.

Optical pumping of 7261802 by the HF P2(6) transition
produced €0, lasing from the (10°1)n- Tevel to the (10°0)
Tevel. Pumping was near threshold conditions, and as a result,
CG2 l2sing was erratic, low intensity, and exhibited a
shortered pulse width of 26 ns. No investiqation of the
efiect of HF frequency on C02 power was possible, due to
the large HF frequency instability.

The optical pumping was studied thvough an absorption

experiment. The absorption coefficient was shown to vary

linearly with pressuve over the 0 -7 tory pressure ranae,
as predicted by the presented thcory. The maaonitude of the
absorption is less than predicted due to saturation.

HF and CO, pulsec shapes were observed with FUHM of

2
106 ns and 26 ns, respectively, The HF pulse width aarees

vell with the kinetic model presented. This model was

based on the HF cold reaction and electron attachment to
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&j‘ SF 6to produce atomic flourine,

Throughout this study, results were compared with the
experimental data obtained by Raytheon, using the same HF
laser and basic set-up. The issue of CO, pover dependina ’
on HF frequency was addressed and the apparent contradiction
between theory and prior experimental results explained.

Raytheon observed no significant variation in CO2

power with changes in HF frequency over a 300 MHz range.

A nugber of factors explain this observation. First, ard

foremost, the HIF lascr's frequency is unstable and the random
fluctuation in freguency completely obscurs the effect of

a piczoclectric crystal. The frequency varies areatly during
the pericd of observatior and no meaninaful power observations
are possible without actively stabilizing the HF cavity.
Secondly, under tnc conditions of the Pavtheon study, the

COZ tiransition is saturated as sugqested by the authors of

the Raytheon report. Calculaticns presented in the theory

section support this claim of saturation. Finally, the an

cell was not pumped uniformly in the Raytheon study , the
beam was not Gaussian, and sevcral axial modes were present

in the HF pump beam.

Several recommendations may be made based on these 3
results and conclusions. 4

The HF laser's pervformance could be enhanced by reducina [
contaminants in the SF6/H2 cas flow. A desian modification
to aliow frequent clcaning of the chemical scrubbers would
be a great advantage. Reducing the concentration of

contaminants, particularly H,S would enhance power and power




stability.

To fnvestigate the dependence of CGZ pover on {f’
frequency, an active ncthod of stabilizing the HF cavitQ
is preposed. In this way tHe frequency instabhility ﬁrob1om
could be overcome and the HF frequency easily controlled.

A dircct investiagation of the low signal gain of the

optically punmped CO, system should be undertaken to validate
the optical pumping theory presented on pages 43-47,

Studying the ratioc of forward to backward CO, pouvers mav also

provide insight inte the nature of the opticgl purmping.
Conclusion

An- optically pumped molecular laser was opcrated and
characterized. The HF pump laser's performance was documented
and the kiuetics ¢f the eletric discharge analvad. The
optical pumping scheme was studied by absorption measurcments,
The apparcnt contradiction betuveen thegry and experiment
on the dependgnce of C02 poweyr on HF freguency vas resclved,
but - the freaquency-power depondence was not expcrimentally

established.
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B A

Rate Constants for the
SFe+lia/Electric NDischarae Laser
{ Table V lists the reaction rate constants and characteristic
times for the major reactions in tae SF6 + H?, electric
discharge laser of this investioation. The characteristic

time for bimolecular reactions is given by

/
T’KM] - (167)
and for three-body recombination as,
= 34
(168)
[ké};«g

These are the same charactcristic times develaped for the
HF cold vrcaction (bimolecular) and the flucorine rccombiaation
(trimolecuiar) reaction in cquations (59) and (55), respectively,

A1 rates and charactoyistic tires will be evaluated at:

T =300
lo= 25500 °K oL

[Ho]= 1 %10° MOLESTin?

A1l energics are in kCal/mole, temperature in °K, concontrations
in moles/cubic cm, and rate conﬁtants in units of cubic cm/

mole sec, unless otherwise noted., The first rate coefficieht
listed for cach reaction is the one used in the kinetic

model and the calculation of HF power pulse shape, as qgiven

in Appendix B.
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:. Rppendix B ' !
Humerical Soluting c¢f
the. Hf Lasey Hinctic Medocl fquations
The set of differential cquations modeling the SFg + Hy in

the electric discharac are as presented on page 26:

S5

\»ﬁ = —~(»/u2 Kk ) */ L/u (75)

[>,0If}‘ (76)

A = 2pin - gl o
]

glﬂ = -(;ou\: eruwa >, xﬂ/,J y,db)[ L/Jr (78)

8 ) T o
\ I

bt (80)

b 0 =gl Ei kg one ) F

+z\,,mrﬂf/f(u 0[] >,\, AGUIF U] 4 L K [t [ F )]

<IJ U<U
A with the initial conditions
E [H)=[A=[F)=li=0 [sgl=alm)=ax10® €5 (o)
L The current forcing function is
F L (e
: N. =~ i Lft)dt (82)

/

Equation (82) is approximated Ly

Me = L-(Li Ny Nt=20ne (162)

The current, L(t), is obtainced from the pulse shape for
current as observed by Raytheon and shown in fiqure 56.
The results of applying equation (169) to the pulse shape

of fiqure 56 are prescented in Table VI
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—J] (100A/ Division)
—V (2kV/Division)

200 n Sec/DIVISION

Figura 56.

Discharge Current Pulse Shape

Equation (75) can be solved directly,

5
g‘tS% :—( ‘ Ki.>‘n€°tt) dt (75)
SE(t) = SFG(01EXP [-55& [ngde ]
S 14 o3’ (170)

LK, =61>10 i Eg
(171)

From Table VI, Tl ~ /O—/3AéAO,7L5 and [\t =20nS , and the

arqument of the exponent is of the order 1079, Therefore,

SFE(£)=5F (0]
6 6 (172)
is a very good approximation for the times of interest.
Equation (79) can now be solved directly, with the

use of equation (172):

%Kg(M)M—\: Ko (MIIM = K5 (
174)
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T T TR e o we

dF e o
ot VK9 ) &3"F67)Cft)

/ (17%)
; : ) S:= KQ'C .
Using an inteqrating factor of e yields,
-K5t O
Ft)=@ 2 fK35/76(0)77@(t)6’A9tdt (176)
To evaluate this cxpression with a discrete summation
approximation is difficult because the arqunent of the
exponent is very large, Két —~ /04 . Therefore, the
following technique is adopted. let
T (t) =) agt (177)
[@]
with the initial condition, lg®= 0 , gives
oo
D)= ) G £ (178)
/
Then, 0o
. v Kot
- o , 5 Rg
F(-e)zxjsréfoze”atZGJtQ =t
— Ll’f: "
~K3SF6(O}>. (Z(I)L*F)'Kg >J
¥
2 2
L] ’/ ...--—. -— -»«,J- N S
= Kz [iqa ’c;f (9('7)}
f3
#
(179) ;
/ - r
But, :9‘ O even at times of 20 nsec. Then, [h
Fle)= -%—-S@(O)T)@(t) (180) i!

From F\ppendlx A, 12- 'ﬁfg

S fé((?) 4x /0( MOL.

TNkl e A (2ol 3 daa . 7

—

ciM

(181) -

- pee — e




And finally,

Fie)= 30010 ,10) (182)

Equations (76) ~ (78) do not depend on the solution
of equation (80) and may be solved independantly. A step-
by-step numerical integration will be used to evaluate these
functions of time. With this numerical approximation, the
systeiw of equation (76) - (78) become
=g X Neft) YK X X3) At

(183)
. -—(/u,r)/ Nelt) ~Kg X, ndt) R ) 1
=( Ksipietd + K29 10 (184)
. '—"IO’\/XZ}AT" (185)
Hhere
X, -L//} X —.[m Xs=[F]

At 50 ns X/(()J—-/oéwz./w
XZ/(/)——'/\J(O)“O

This system was cvaluated 1in a step by step fashion with
the 20 as time interval on a UP-25 programmable calculator.
The vresults arc presented in table VII.

The remaining equations to be solved are those for
the population of HF vibretional energy levels from

equation (80). For the=2toU=/ transition, it is not

importaut to consider the U=0 level. Again, a step-by-step
intcgration of the equations given by (80) yields the following
system of equation. The system was solved, again using the

a HP-25 calculator with a step interval of 20 nsec. A table

of the concentrations of HF(U ) and of the population inversion
137
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is presented in tahle VIII. These results are then used to
calculate and plot the power pulse shepe given ir the main

text in fiqure 3.
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Table VI
y Electron Number Density
L Time (nsec) Currvent (Amps) ”e(t)éé*98x“jlgéﬁggf)
0 ] 1.25
20 20 3.13
4G 30 4.38
] 40 6.25
80 60 13.75
100 160 28.75
120 300 39.00
140 325 40.00
160 315 36.56
180 270 29.38
200 200 18.75
220 100 10.00
240 60 4.38
260 10 0.63
- 280 0 1.25
300 - 20 3.75
320 40 6.88
340 70 9.38




Table VII

Hydrogen and Florine Concentrations

Time 1 OLE NI N U[ﬂj £
{nsec) [/U OJ T ) !f’ ( Cho ) [ ] < CJ'% )

20

10.0 .62 1.87
40

10.0 2.49 6.15
60

10.0 5.72 11.4
80

10.0 10.8 18.2
100

10.0 20.7 34.8
120

10.0 40.9 70.2
140

©9.99 72.3 113.

160

9.99 112.0 148.
180

9.99 155. 170.
200

9.98 199. 177.
220

9.98 238. 166.
240

9.97 272. 145,
260

9.97 299. 120.
280

9.97 320. 94.
300

9.97 336. 75.
320

95.97 351. 64.
340

9.97 366. 61.
360

9.96 381. 61.
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Table VIII

HF Concentration and Population lnversion

Time HECL) ;fn>) | HEWS) /H‘}vﬂHFY/)
(nsec) | 172 MO A1 201 512 10U/ L 0T oL /o8 10710ty
20
2.80 9.54 4.78 6.74
40
9.19 31.4 15.7 22.2
60
17.0 58.1 29.1 41.1
80
27.2 92.8 46.5 65.6
100
52.0 177. 88.8 125.
120
105. 358. 179. 253.
140
169. 567. 288. 398.
160
221. 754. 377. 533,
180
254, 865. 432. 611.
200
264. 899, 449, 635.
220
. 248. 841, 419, 593,
240
216. 732. 364. 516.
260
179. 604, 299. 425.
280
140. 470. 232. 330.
300
1. 373. 182. 262.
320
94.8 316. 153, 221.
340
90.4 300. 145. 210.
360
90.2 299. 144, 209.




Appendix C

HF Lascr Operating Instructions

This eppendix Tists the HF laser turn-on procedure used
in this study. The procedure differs from that of refernce
f. {3:84-89], duc to the modifications made to the laser. The
starred entries note changes and/or additions to the

operating procedure dictated by these modifications.

* (1) Turn on the 400 cycle power generator
. * &2) Turn en the red warning 1ight (outside lab door) on
* (3) Turn room exhaust fan on
* (4) Turn roof fan for vacumm pump and the vacumm pump on
(5) Turn the chilled water supply on
* (6) Turn the two pulse generators and their power amp on
* (7) Iurn on Poxcar Integrator #3 and establish trigaerina.
(8§ Turn oa Voltage Doubler Fan and:Fluid Coelifig Pump
* (9 Ground the TM 30 wire wound resistor, momentarily
(1C) Turn resevoir heater on, 75%. WAIT 65 MINUTES.
* (11§ Turn Ti 30 unit on
* (12) Turn gas detector on
* {13) Check the gas pressure in the HF laser, (Approx 1 torr).
* §14 Turn the HV DC 220 Voltage-Single Phase circuit breaker on
15) Open the SFg and H2 gas bottles and main aqas line valves
(16) Let SFg, and thcn H2 gas, into the cavity; select mixture
* (17) Adjust the By-Pass valve for the desired nressure
(18) At 60 torr or better, turn on the aas recivculatinag fans
* {(19) Sct resevoir setting at 85 - 90 %
iZO) Turn the HV DC supply on an raise voltage to desired level.
* (21) Check for discharge, power pulse.

The laser turn off procedure is the reverse of the above

listed procedure.
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Apperdiz: D

¥ Beam Propogation

The theory of gaussian beum propogation will be used
to calculate the beamn spot sizc as a function of axial distance

for two different focusing leuses. The following model is

usecd:

b amemenl l. e et L g

BV p—
s

Gérmanium CO, Cell
Output
Mirror 2 Z

) < 23

At Z( ,"y:V'(/' and /.?'—‘/?( « TFrom the rcsults of the beam

diveregence cxperiments,MG = bun, E?==9S.3c“. The focusing

lens 1is /‘l_=25cu or/‘é—:SOcm.

For a thin lens,

ANV
. & g F (186)
vhexe .
A .
g azy T RZ) TWAZ) (187)
' Then .
LA ...<-/__1._>_ LA
Ry  mw2 T \R F W2 (187)
and cquating the real an imagniary parts of equation ( 138)
Lo _ L
- R> "R F and W= W) - (189)

Translating the beanm through the distancel to 23:

’ 03=02*L




But,
- »1F7TOJ
‘ SRR —
5" Q? )T‘A, T (- #)- LR F (191)
And thus,
/?an/(w/u) CE-iNRE
== X = ! LA L
G5 Ot L = “r (@ oy m LNRE (192)
or,
1 mf(ﬁ~ )-iN
03 7(@*{/‘7F4LF ETF'_}\/ (193)
Equation (193) can be rewriten as
L (F- i }(/?Hlﬁglth%%ﬁy— o) RF
Qs (R FiL.F /?,U2+f> 74»#/— (/?F~1L LE/L/3+_7__-2
NGyrygg)
From equation (186)
Lol
05 Rj 7{[%“ (195)

Define the position, L , by Z specifying the beam waist.
Then,

R3 (196)
Equating thc real parts of cquation (194) and (19%5) yiclds
TOREE (e 5
L‘z*(F‘/?/“?/«“m-'/‘z’w',’) RGN (197)
Cquating the imaginary parts of equations (194) and {194)
yields
A »—LO\'T”“ VRIE, |
T (n),mf P(L)+() r/([ (198)
Or, simplifying equation (19§),
r(RFZFR/)+(>\RF /4
Wo = W {47 / 199
gl /R/U“}- J (e

-9y




- Now, substitute cquation (197) into equation (199).
After simplificatico
<~. [/[(/ff
LL)(‘ = Cl) { ,L“ o —j/ ‘
) / j /L e ,J) Z {
|02 e Y] (200) |
For the initial values of R and W quoted in the first !
paragraph, 5
RE
(\: J-*f) = 58 AND 116
(201)
for F=25C4 and F=50CM respcctive]y.
Since,
WA (( R, -
ez A (202)
o == ) (MRETLE, oA BIE
K~F '/ 7(&)/ Rf-f (203)
and
~7 -5 -3
wO“'4.4x/O Cllﬂ A/‘\v/[) 314 )(/() C/Y{ (204)

for F=25CMand 50 CM , respectively.
Frow cquation (197), the value of L is 339Quor

E 105.2CM for F= 25CMand F=50 Cli Tocal lengths,

i Equation (19%) can be used to obtain the spot size at

< 71+t 20CM

‘ Wy (o, (RIFENE = R :

3 370 (‘“'L‘"""",F"“““) W) (1Ll g ) ) (205)

4

- For F=25CH4 Wa= 3. 5mm and for F35OC.4,UJ3=/./‘nna. at the :

F ends of the COZ cell, if the cell is centered at the beam waist, 3

4 !

3 Z=339CM and IC5.2CM , respectively. "

: b
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- The location, [.=[05.2CM, is rathcer large for the laboratory
and the beam size of Q);)‘;'i_’)’mn,at the onds of the Cﬁz should

be satisfactory. Thus, the F 7 5(CAM focal lenath lens.

will be used to focus the HF bean into the CO2 cavity.
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