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ABSTRACT

A 3-netre pulsed TEA/CO2 laser; producing lO 6 um radiation was

constructed and its output characteristics investigated The laser was '
of the helical pin, electrode configuration with nominal 1000 Q resistors

at the cathode, and thus operated in the TEM00 mode The front laser

window was a plane germanium mirror wi 65% eflectivity, while the back .
with

window was a spherical silicon mirror radius of. curvature of 10 m

T and a reflectivity of 99, 4% Input energy was supplied by a (-30. KV power

- supply utilizing a triggered .03 uF capacitor which provided the pulsing
mechanism for the laser. Using a gas mixture of 88% He. 6% Nz, and’ 6% COZ'
the peak power at. 30 KV, was approximately 2 4 Mw and - the output energy more.

than .5 J, effecting an efficiency of ‘almost 4%., An image-converter ‘streak
Lo camera and a giant pulse ruby laser were simultaneously synchronized to the

TEA/CO2 laser. The purpose of this synchronization was to provide a system‘

which could later be used to investigate stimulated ruby - laser light :

' scattering in 0, laser- induced plasmas Synchronization was achieved w?th .

the aid of stréak photographs of the plasmas Plasmas in air were easily

obtained using germanium lenses of focal lengths of ‘up to 18-cm. Preliminary"

measurements were also made on the streak camera photographs which showed

that the CO2 laser- !hduced plasma expanded toward the laser with a velocity

on the order of 406 cm sec - 1.' Also, the size of the plasma was faund to -

increase when ‘the ruby laser was focused on the plasma and fired simul-

. -‘3’0( i

taneously with the TEA/Cp2 laser.
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CHAPTER 1. . |
p lhTRODhCTIOh' T
1 1. Deve‘lopment of Lasers ‘ K y
| As early as 1950, speculat'ion on the possib1e use of stimulated
'\ emission for e'lectromagnetic wave ampricat’l n 1n a narrow frequency
. region arose (1, 2]. Working with th'ls idea, £. H. Townes nd his - ‘ |
_ | associates/lconceived the f1rst successfu] scHeme for microwave ame,Hfica- __,“
= o twn 1n 1954 [3 4], and, appHed it. to the construct1on of .a - 'maser s an .
'./ - acronym for microwave amp'lification by the stimulated emiss*lon of radiat'lon “

' development of the "laser' ¥ as physicists sought to apply the stimu]ated
emission principles to the 1nfrared and Optica'l reg-lons. o
- o | Maiman s invéntion of. the ruby 1aser in 1960 [5] was the f1rst _

| step toward the now vast]y ac‘t'lve f‘le'ld of 'Iaier techno'logy. Several Other 1 :

solid state lasers also appeared in ‘that year, 1nC1ud1ng one of the‘ better '

C

“known utilizing neodynium glass as the faser medium. r ’

The operatmn of the first gas 1aser also occwred in” 1960 [6]0

" The 1aser medium was a mixture of heHum and neo ich was exc1ted by an .

N ‘ A 'electrica1 discharge through the gas., A number of other gas 1asers h]ve

"'appeared since 1960 and some of ‘these wﬂl be given more detaﬂed dis ussion .

_—— RO, [ 4

o in the’ next section Sem1conductor laser's- appeared 1Jn 1962 followed' by

- Hquid and chemical 1asers in 1963 S PP.,;
. ' a- !
1- z Gas lsers S e

Gas lasers fall into three main categor'les according to the gas

media used, the three types being atomic, 1onic, and molecu1ar. The f,irst

13 1 " R . , ) . \ -' . R ) ’:, ‘h,

The. development of the maser then paved the way for the in‘yention and . L -



'atomic laser was the helium-neon laser as discussed before Prior to the '
" successful production’ of a spectral line at A 6328 R in i:he visible ‘

region, by a helium-neon laser operating in a con

Uous wave mode. other N
-noble gases were. tried but all produced inf’ red radfation 'only. o |
Interest mounted with the adv of the first ionic gas- laser.; =
In 1954 W. E Bell announced thew ‘ elopment of a laser producing visi‘.ble
} radia:tion with mercury ions (Hg ) acting as the laser medium [7] ~In the .
same. _year, Bridges announced laser action 1n ionized argon (81. {hese "', '
lasers paved the way. for other ionic gas lasers. which were effective

A

' sources of’ high power, conti nuous wave red and. green light

It ‘was in 1964. also. that the first molecular gas’ laser appeared),

,.opening a new era in laser development, for molecular gases made it : =

- E g possible to combine efficient energy conversion with high output power lt
e s .was C. K N. Patel who found that gas. lasers would ‘be_more’ efficient in :

e W energy conversion if molecules. rather than the l ighter atiﬁs. were used [9]

y /n He tried various molecular gases such a;{cyn mon x‘lde. carborr disulfide.

.} v

‘ f{ i carbon dioxide. and nitrous oxide {10], but found:carbon dioxide to be most - _—
efficient in energy conVersion Pate( obtained energy%onversion " S ‘@
efficiencies of up to 15% vvith carbon dioxide in & con;inuous wave mode of s

'_; - Ioperation. compared to efficiencies of less than l%ﬁr atomic gas lasers.

'/":" ) | . Carbon dioxide provides radiation at’ A 10 G/um. Carbon diox-ide. .

' lasers are, ther"eforeg;.ui table, for heating plasmas. and because A 10 6-ym
falls in the region where there is an’ atmospheric window. thex are ‘
attractive for conmunications appl icatiotls y - - -;(/'- . S '-';7 o

- In the earlier ~stages’ of their construc—tion for a,4pulsed mode of

T : _A operation. ca‘rbon dioxide la'sers could not produce peak powers high enough AR f

‘._ . . . -




" order to%hieve such h'lgh peak powers 'lt was necessary to keep the gas at.-

. ‘an atmosphere 11, 12] However. ‘the usual excitation technique was

L

] the gas. Beaylieu solVed the problem b develbping a. new
RN excita}ion uslng transverse rather than longitudinal dil ha rges. relative

s “
.-to- the laser axls. Transverse exc‘ltat'lon 1mplies sh ,t dlscharge lengths B
"",_to the electrodes. '

'tion such as is nonnally employed in longer laser cav-lt*les, Beaul*leu .
; symnetrizat'lon of ‘the- act'lve med‘lum and operates rellably in this funda- .
'.mental mode (131. " B o & '

f‘ they are conmonly known, has been evident~1n recent years. New electrode e

'*ﬂﬁlecular gases as well. PR BRI 4', SRR S

: PO
. ) " . A .o :
ll' - " 5 ni ) "3 . "." it
) i . B . - - ' : < - ':‘
- [ ] + + ,_ v
_ to compete w'lth the sol;[d state lasers already in. use. Real'nzing that 1‘n ‘. ’

\ )
h1 gh preSSure, A. J Beaulieu performed experiments using pressures up t
"l

el ectrlcal dischar‘ge between electrodes located at each end of th o : .

thod of '

‘ .

P ".and ‘large dlscharge areas.' ‘l’he large flelds necessary ‘to break. down the . . -7

high pressure gas were obta'lned, then. with relatlvely l0w vo'lt'ages appl'leg \

- @ . g

.e

"

The electrodes used by Beatblieu were a cylmdr‘lcal anode and a _

cathode made up of a row of resi stors o~ Using a confocal mirror conf'lgura-~

-

noticed that the laser beam produced a rectangular-shaped spot [1”2].

' therefore. 1nvestigated a hellcal electrode configuration which would favor g o

% the’ TEMOO or fundamental ‘mode for’ laser oscillation.‘ Fortin anq some R “

associateSw have shown that such conflg,pratlon 1ntroduces circular

~

+ . - ’

Conslderable progress 'l n. the develoment of TIEM/(:O2 l sers, as

designs ‘and_ new discharge methods have been investlgated and applied not

only to the, lasers ‘using carbon dioxlde gas, but to. lasers us'lng other

. . +

c Y I L, .-

co . N ¥, . M . - ! L . P N -
' [ . .- - . cx tia .




- ,\,'?. T.. g
A , . , , ';‘. ¢
< ¢
IJB Statement of the Problem . \
b The main purpose of the present work was’ to design and construct
b A

a three=metre 1ong. heiicai.TEA/CO2 1aser operating in‘a pulsed mode. ahd

< to investigate certain of its’ operationai characteristics. JIn additipn.

schene for the synchronous Operation of the CO2 laser and a giant puise
]
( ruby iaser was undertaken in order that the COz-ruby 1aser induced piasma

xin.a dual- or cross< beam laser fieid coqu be 1nvestigated ‘j' K
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CHAPTERZ Lo

A RESUME 0F THE PRINCIPLES OF AN _INFRARED CO9 LASER

v.h

2-1 Vibrational Energy LeVels of Carbon Djoxide -

0

. jCarbon dioxide is a linear synmetric molecule having four vibra- \ “,
- : tional degrees of freedom.. Associated with these are three vibrational |
| mode& which are illustrated in Fig. 1. Following the "usual, nomenclature

for molecular vibrations [14]. the first mode, the symmetric stretch mode.

e is.designated by (vl. 0, 0), where 21 is. the frequency of vipration_in )

that mode. The second mode s the doubly degeﬁbrate bendingvmode which is
. \" designated by (0, vé,_o).. The third modef-the antisymmetric/itretth mode,
is designated by (0, O, v3).. ,
. To a first approximation, these modes are independent of one .

N L ¢ A -, . . . e .

- another, and the molecule can vibrate in more than one mode at a time. 1In

A : _
other words, it may possess vibrational energy which'is a combination. of

different modes at various vibrational quantum levels. The vibrationa]

- I

levels can, therefore, be written as a linear canbination of the vibrational

quanta 1* Vor and v3, where Vi is the vibrational quantum number of the

.~ symmetric stretch mode, and so on.' Simce the bending mode is doubly
: debenerate.'it'may*have associated with it an.angular momen tum about the .
‘internuclear axis.. .The vibrational levels. then. are designatede(v1 2 v3)
. ~where 2! is the quantum riumber associated with the rotational angular
- momentum of the bending mode Using this nomenclature, thebground state

of the molecule is designated as (00°0) I ' o : - - ff‘j

L - n

Fig..2 is a schematic diagram of the lower vibrational levels of .-

S a carbon dioxide molecule which are considered important for the laser

c. e R

~

. s e,

. ' "\
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&

actfon’[QI. The collistonah‘exc1tat10n.mechanism'provided by nitrogen
~mo1ecu1es is a_;g-shown'1n the diagram, the role of the n1trogenihe1ngz.;;f :.'“.,“

d1scussed in deta11 1ater . o P

g T -

‘ . Carbon dioxide mo]ecu]es are excited to the: (00 1) 1eve1 by

1ne1ast1c co]]isions between e]ectrons and mo1ecu1es as proposed by &nith

and 01ark [15] and shown by Boness and Schulz, (167, Cheo [17], and ‘ ~
McKnight [18] When thé (00 1) Ievel ;s;popu1ated by a major1ty of the : -
, mo1ecu1es. in other gords .when p6pulation inversion 1s achieved there

can be a transit1on to either the (10 0) 1eve] or the (02 0) 1eve1 with ' -

1nfrared em1ssion at X 10.6 um- 1n the fonner caﬁe or at A 9.6 um in the ';}%‘

' 1atg::%case Due to a greater emission probability. the 10 6 um ) _ | o™
transitions are about 10 times stronger than‘the X 9.6 um transitions. )
The former, therefore, normally dominate and will be the only ones . L

considered here. L %f;‘ o R ' i’ h L TN
' Once exc1ted to the (00 1) uibrat1onal 1eve1 , a carbon dioxide

molecule can emit a photon at A 10. 6 um during a transit1on to the (10°0)
vibrational level. The co]1is1ona1 cross® section for vo1ume quenching for Q
the (00°1) 1evei 1s 2.86 x'10"l em? while that for the (10°0) 1eve1 is f':.:
. 1.62 x'10'1-8,c'm2 [17]. Therefore. the 1oner level decays more rapidly than '
the upper level, so the populatjon inversion can be expected to develop

until the laser action occurs.. This 1is a.major reason why‘these 1eve15'§re }
considered to be favourable 1aser‘1eveis; e c

- i From the (10°0) level, the molecules decay to the (0116) Tevel
.by co1lisions and 6aat radialéve decay, then to “the ground (00 0) level by

further col]is}ons and ALan rad1at1Ve decay [19]




Y

~molecular laser*s&] N a

The working efficiency of a laser is related to’ the quantun

‘efficiency of the transitions invol.ved. the’,‘quantum e_ffi.ciencv- being the E
: highest. theoretical efficiency of the laser' It is defi-ned as the ratio-

of the emitted photon energy to the excitation energy For carbon dioxide,

'the quantum efficiency of the. (00 1) - (10%0). transition is about 41.% as .

compared to quantum efficiencies of only about 1% to'10% for typical non-

LY

2-2 Selective Excitation Mechanisms

A d c. electric discharge through the gas results in the creation :

! LA

- of free electrons with some kinetic energy._ uirect impact between the
electrons and. the carbon dioxide mol ecules can cause the molecules to be

lexcited to various vi’brationaL levels ‘Since the (00 v3) levels. with L

different values of v3, are neanly equally spaced, SelECtive excitation of

the molecules to the (00 Il level is possible A molecu'le at a (00 v3)

'level v3 1, may efficiently transfer energy to a molecule at’ ground

(oo°o) Tevel. The result would.be a ( -1) molecule and a (00°1).

molecule Similar processes can bring other ground state molecules up- to

, the (60°1) level and other- (00v3) molecules dovm to ‘the’ (001) level.

It has been: found [20] that the excitation of carbon dioxide
molecules to the (00°1) devel may be greatly enhanced by the addition of

' nitrogen gas. Since nitrogen i$ a homonuclear, diatomic molecule, it has
no permanent dl pole moment Therefore, excited nitrogen molecules cannot
decay to the ground ‘state by means of the usual electric dipole radiation o
_Also. the vibrational states of the nitrogen molecule are nearly coincident 4

- with the carbon dioxide (00°v3) ‘levels. as seen in Fig 2. Accordingly,




a Ve S m

effici ent energy transfer from exci ted nitrogen molecules ‘to non-excited .
i carbon dioxide mo]ecu]es can 'likely take p‘lac;( {he: carbon dioxide o ‘1 ,l
| moTecuT es can then redistribute their energy t the (00°1) Tevel as - ‘
.t described above .
P o The schematic representation of various processes for excitation
o of carbon dioxide molecules to -the (00 1) level lin pure carbon dioxide and -

carbon dioxide-;nitrogen mixtures is fllustrated in Fig. 3. L, R

. 2-3 De—excitation Mechanisms

B r » ! !L \:
Coliisions of a fesonant nature p'iay an important role in the

de-exci tation of the carbon dioxide molecu'les at the (10°0) vibrationa] ' .
Tevei The energy of the moTecuies at this TeveT is approximately twice . . -
the energy of the mo]ecu]es at the (01 0) level. Consequently. collisions ".,’3.3
 betwieen two moTecuTes. one at’ “the (10°0) level and- thie other. at ground -
- (00%) 1evel, can probalﬂy result in a redistribution of the’ moTecu'lar

energies to the (0110) vibrational energy Tevel The rate of decay of the
(0110) Teve'l is, however, a major factor in determining the efficiency of

~ the overall. process. The vibrationa‘l energy of the moiecuies at the (0110)

W L e bt T

. level may . nonna'ny be lost by nonresonant co‘i‘lisions with &he container :

walls or other molecu'les. . L ' E
The_ addition of heTium seems very effective in aiding the
dep'letibn of the (0110) Teve‘l [21 22]. A carbon dioxide molecule undergoes

about 200 coliisions per. second per torr at room temperature. whereas a. - a
helium atom undergoes 4000 coT T‘isions per second per torr“ Heiiun, . :*-«g_t o w

therefore, can contribute to increasing the overai‘l efficiency of the Taser 0

¢

Q
. process. The. processes for de- excitation of carbon dioxide are i-TTustrated ,«»

schemitically in Fig 4. I .‘, L °,',"" M‘IP

*
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~ JIn summary. then, experimentai results'seen to. sugoest thati'
' excitation of carbon dioxide mo]etuies/to the upper laser leve1 in pure
. gas is not sufficient to effect high Iaser efficiency In order to

: enhance this excitation and. to ensure greater popu]ation of the upper

1aser level, nitrogen can be added. ~ On ‘the other hand, helium can be

S

added to the 1&%er gas to hasten depietion of the 1owe2}laser 1eve1
. _l' g,

-~ . . i

2 4 Rotationa] Structure of the Vibrationa] Leve]s of COo ' “

Vibrational levels. are made up of various rotational ievels which'

produce P, Q. and R branch transitions for whieh A = -1 0, +1, respec-
'tively. where J is the rotational quantum number For carbon dioxide B
there are no Q branch transitions between the 1aser levels since %, the
_quantum number associated with the rotational anguiar momentum of the

: oending mode. equals'zero for each ieuei On the otHfer hand there may -

exist many possible P and R branch transitions. each producing radiation .

at.a different waveiength. If laser output occurred along several of these"‘

transitions? then'the laser light wouid not be_truly monochromatic. 'This.

Q . ]
t

fortunately, is not. the case.

.y

e Laser action occurs along one" particularly strong P branch

. transition It has been shown [22] that of the observed P branch transitio
'the P(20) line is the most intense ' The wavelength of the’ output nadiation,'ﬂ'

. a‘long this, transition is 10:5916 . L

ns.
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" 3-1 Mechanical Construction

7 helical configuration about the tube, and are transverse to the Jaser axis

_appropriate 1ength and ground smooth at the point. Each cathode resistor

is of 1000-93°&-w size. wi&h a maximum toierance‘in the'value of the..

: e]ectrodes of each type, ‘and they are arranged in a he]ix

. . CHAPTER3 - - - (o

DESIGN AND CONSTRUCTION OF THE LASER

_ The body of'the°1aser is three metres 1dng and s made from.two

Q

equa1 lengths of plexiglass tube which .are Joined so as to form a vacuum-
. tight chamber ‘The inside diameter is approximateiy 4.4 cm and the outside

-diameter is approximately 5.1 cm. " The electrode pins are.arranged in a

A schematic 11lustratipn af the e1ectrode arrangenent for the laser tube

is shown in Fig. 5. Each of the cathode electrodes is a carbon resistor,

; one of its leads serving as the’ eiectrode pin. The pin is cut to the )/r“

A

resistance of 15%, quoted by the manufacturer. Although anode electrodes .

”~

of straight copper wires, as iiiustrated in Fig 5, iwere used in an eariier

prototype. carbon resistors of 2 7-9, -0 size 1ater repiaced these wires

'in order to ascertain accurateiy the 1ength of- the anode pin. Each'cathode -’

pin is iocated direcgiy opposite an anode pin with a gap of 2. 54 t 0.01 cm
between them The pins are fitted Anto pre-bored holes and. he]d securely

. in place with Lepage S epoxy to ensure.a vacuum-tight seai{/\ﬁhere are 454

f pitch L= 23 cm,

N Each series of eiectrodes is connected in para11e1 “with heavy -

y

brafded wire which ‘can. easily carry high instantaneous currents. An

.estimated Value for the maximum curre t through the conDecting wire. as .

£ty

-~ .’
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- S Tt o 16 : L
_ | Ina preliminary work onuthe construotion.of 2 TEA/CO hlasen
;i carried out in this laboratory. ‘a major difficulty encounterzslwas N
| designing a suitable lader mount to provide the required rigidity for thee. _-

qp laser tube as well as for the optical components Nithout it. the system

BN S S a

¢ wd! difficult to allign and would remain alligned,only,for~shorf'periodsjﬂwﬁ’ o

e

Because of this, the~de51gﬁ'6?'aﬂsuitable mount became one of the prime T e

/’ e

e 5

objects in "the present work y o
Fig. 6_1s a photogrhph of the laser.and the lase‘r:able used n |

'the present wﬁrk The four pedestals for the table are built up using | .- §; ’:

" \heavy concrete construction blocks Across these. s placed al- 3/8—inch U ".ii
_ thick wooden.slab to which an B-inch high Gk-inch wide steel I-beam fs . o .

secure y bolted. The entire table. itself stands on the concrete floor

“'of the laboratory.‘ Fastened to the steel I-beam are the_laser mounts'(one o N

v

,for each end and one for the centre of the tubg) and the mirror holders.
‘ A copper screen enclosure around oneg§4de of the laser. shown in
Fig 6, is designed primarily .for the safety of the operator. and also '
serves as‘a protective casing for the laser . The copper wire séreen is .
.3 electrically connected to the steel I-beam. which is properly grounded e
The details ‘of the laser mount and mirror holder at one .end of
.the laser are illustrated in Fig. 7. The mount. G, consists of two 1- inch‘ .
thick plexiglass plate sections “whith are bolted together to. hold the
laser tube securely in place The mount 1is then attached to'the I- beam in . ‘
‘ .such a way ‘that it allows vertical adjustment of the mount (not shown 1n J'-.l .U;:Z%
. ) Fia, 7) A k-inch thick plexiglass flange. Fs; is cemented to the end of- O S

:the tuoe‘using an acrylic cement manufactured by G. C. Electronics
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A 3/4-inch thick. brass platé, A. with a-lo-cJ dlaneter hole whlch

.‘1s alligned concentric with the laserrtube opening is bolted to the steel

- I-beam to serve as the end plate of the laser The mlnror holder, C, which-lm

" is made from a 3/8-inch thick brass plate, has a countdrbored hole into

. . which the laser mirror flts. A teflon rlng makes the seal and the mirror

| s held in place by a brass. rlng. B. The holder,.C, 1% attached to the
-end plate. A, by means. of three adjustlng screws and three stiff springs.

+ The flexible brass bellows, D, one end of whlch is soldered to the mirror
holder and the other end to a brass, flange, E, permit rlentatlonal .
adjustment of the mirror holder The f;;nges, E and F, are fastened
together with an O-ring maklng a vacuum-tight seal. The adjustfng screws

iﬁr attached to the plate, A, are 5/15 inch bolts with a pitch of 025 1nches.

and Qhey have teflon extens1ons to prevent possible electrical shocks to

'the operator handllng the screws while the system is 1 .operation.

2
”

‘3 2 Optical Arrangement S o "

L]

 The optical resonator consists of two end reélectors. one mounted

~at each end of the plexlglass laser tube The back reflector is totally
reflectlng hile the other is partially transmitting, provlding an ex1t -
for the laser beam. These reflectors were chosen so as to provide a stable

focuslng system. The crlterlon for stability, as given by Seigman [23], is

!

!

0 £.§192 <1 (stable resonator) , ”,g}?.-

[
.where 9 and 95 are normaVized curvature parameters associated wlth the

" output mirror and back mirror, respectively These parameters are.defined as '

NN PR B (i=12) . (@



k2 .

20

where- L is the cavity length and R1 is the radius of curvature of the ,

mirror concerned - If a planar front mirror (R1 = w) is used i.e. g1 1,

]

equation (1) gives =~ ' o _ -

e .
! ‘

029y < 1 C _' o (3)

For the present work a’ planar front reflector and a back reflector having

a radius of curvature ofalo metres were used With the valve for L being

approximately 3 metres for the present laser system. the computed’ value
for : ] is. approximately 0.7; hence; the optical system satisfies the
criterion given in equation (1).-

" The front reflector in the present system is made of germanium

- . . . . . l
plate°and its front surface is coated for 65 + 3% reflectivity at 2 10.6 um,"

. The back reflector is made of‘polycrystalline silicon plate and is coated

with enhanced metal’for 99.4 + 5%.reflectivity at » 10.6.ym. Both reflectors
are ‘2 inches in diameter and have effective apertures of 80% of the overall

diameter. They were obtained from Laser Optics, Inc. :

4

©3-3 Power Supply and Related Electrical Set- Up oL ." z

Input energy for the laser system is by means of fast electrical

e discharges across the electrodes. The energy is.provided by the power

' supply illustrated in the schematic circuit’ diagram of Fig 8. The d.c.

L

-electrical power source. manufactured by . Universal Voltronics Corp., is the

32-kilovolt, 5.5-mi1liampere high voltgge supply., C3 and C4 are the high

’voltage’storage capacitors with capacitahtes_of b 03 and 0.01 uF; respec- .

'ftively. C3 is rated: for 35 kilovolﬂs, and C4 is rated for 50 kilovolts

---

The C4 capacitor was not used in the present work * Both capacitors wene

: 'made by Tobe-Deutchmann Ltd. The TM-11 Trigger. including the T-1

s )
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* . Circuit diagram. of the'CD2 laser power suﬁﬁly'?’
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® electrode type, having -an operating range of 20 to 48 kilovolts and a -

o'_ﬂ!

'transformer. provides the triggering pulse to the spark gap. The spank
.gap, model no..GP328, manufactured by EG and G. Inc , Is the th

@

static breakdown potential of 60 kilovolts
In operation, the high voltage supply charges the. storage ‘
capacitor. C3. The adjacent electrode of the spark gap is held at high
potential while the ODDOSite electrode is held at ground potential A
fast-rising pulse, 30-KV peak is then generated by the TM- 11 Trigger, and
supplied to the spark gap trigger probe (the middle electrode.in the Spark '
Gap of Fig. 8). The nitrogen gas‘which fills the spark gap is'preionized
. and the capacitor discharges through the spark gap and across the laser
‘h\ Fast electrical discharges then occur across the pin electrodes.
Y ¢ ' The full time duration t. of these discharges is on the order
of 1 usec. A rough value for the current .I, through thelbraided wire
| connecting . the electrodes can be estimated as follows Since
NIREME , PN ()
Auhereiv is ‘the operating.voltage and £, the total” electrical energy stored

in the storage capacitor, which is given by
acvz e (5):
where € is the capacitance. then at an operating voltage of 30 kﬂlovolts.

'I* is approximately 450 amperes.

- R

3-4 thical Alignment and Operation of Laser L

The end mirrors. are aligned using a small He-Ne laser whose .

. ‘mount a Towed translational adjustments along vertical and horizontal axes

p ' .



’(perpendicular to the axis of the laser tube), as we11 as orientational
’ adaustmentsrabout the same axes. The He-Ne laser is’ mounted on the steel
I-beam at the'front of the'co2 laser. Cardboard disks with pinho]es in
.the centres‘are cut to the same\size as the inside diameter of the laser
'tube and\are used in conjunction with the ]ine-up laser for accurate VL
a]ignment of :the tube sections Just prior to cementing them together 'x
o At first, the cardboard disks are’ p]aced inside the Taser tube,

" one at each end and one at the centre where the two sections of the tube -
join. The direction of. the line-up 1aser is then adjusted so that the laser
beam passes through the three pinholes coincidentiy The centre disk is '

then cqseful]y removed and the two sections of the tube are cenented
.together., The end disks are- then removed and-the back mirror is positioned

and aligned.so that the line -up laser beam refiects back upon itseif The
front mirror is simiiarly'aligned taking into account a. wedge in the |
- .- germanium piate Fine adjustment is done with the ald of 'an Optdcal
Engineering thermal image kit, model no. 22 K, which consists of an ultraa
* violet lamp and a fluorescent screen. Phosphors on the screen fiuoresce
'i'when 111um1nated by the ultravioiet lamp, ‘but energy absorved from an
.‘infrared laser beam raises the surface temperature, producing a thenna1
fimage which appears as a dark spot on the screen. S .
. After the- laser tube is evacuated through an outlet: at one end

the gas is permitted to flow in at the other end. The laser gas mixtures. "
obtained premixed from Matheson of Canada. Ltd., is 88%'helium. 6% nitrogen.
and 6% carbon ‘dioxide. Several mixtures were tried\initialiy but this one ' -

was found. to give excellent performance for ‘the system. Aithough the laser ¥
] ) \




‘sometimes necessary to remove the front mirror to check the alignment It

: 'beam.spots. After several occyrrences_pf the effect, the cause whs  c -
‘discoverdd to be due to a variation of refractive’index'in*the'laéer tube -

-as fcllowsf Upon removal of the front mirror, outside air flowed in under

" laser gas mixture and the outside air seemed quite stable for a consider&ble

S I

was qriginallyiintended to be a sealed. system, performance’waS'found t0'be-

most consistent if a very slow continuous gas flow (¥ 10-15 cc/sec) was

allowed. . ' L ‘ "_ <

In the course of aligning~the‘laser; an interesting effect was

vobserved ‘After’ aligning the system and filling the tube with gas, it was

o,

was then noticed that when the front mirror was removed the back mirror

seemed to be out of alighment judging from the position of the He-Ne laser

s

the laser gas mixture through the opening, creating a gas’ interface across

which was a change of refractive index. The gas interface between the + .

il

Qe

I,
/

iength of time.'-: ' L . T ’/

»
'

" : As far as the stability of the present optical alignment is
conCerned. it has been found that even after periods of up, to six months

" the laser remains remarkably well aligned. )

PN}

.....
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.. . - CHAPTER 4 . . » L o T S
oo LT L CHARACTERISTICS OF THE LASéR- '_
\\}/. . i f" . The planning and the painstaking attention to every constructional

S detail ‘were well justified and rewarded with Just initial mirror adjust- -?

. ment. laser a

was achieved at the first try.. Using the Optical . L

Engineering hermal\Image Kit;, final optical adJustment as made. Upon ' o

A ;-',,,.focusing of the laser\1light with ana.r. co,ated gennanimgl:ens..a yis;ible

i - -'-spark.indicating breakdown and plusma iormation in the air was observed at’’
“ the' focus. The repetition rate of firing of - about twice a second was
achieved. although the maximum rate at which the highest peak power could ‘

) be maintained for each firing was observed to be‘about -once every two .

e P

seconds. _ ' R = - )
. ,, .', Measurements of the operational characteristics of the laser were(
VLR e L
i_f’f’f : carried out using the experimental set-up shown schematically in Fig. 9. .-

\_The laser radiation detector was either a Photon Drag Detector or a, Joule-‘
meter. depedding on the characteristics being studied A Tektronix 7704 .
Oscilloscope was used to analyze the signal from the detector

o, £ Lo p At first. the Photon-Drag Detecton was used to analyze the .- ' ,z‘w'
temporal profiles of the laser pulses. lhis detector ‘was fabricated by
LN o the Ontdrio Researoh-qundation, Toronto. Ontario, and is especially-.
.ni'/. designed for measuring the outpat of high-power 002 lasers. The.main ‘
o element is a germanimn bar measuring 5 mn - x 5 mm x 40 mm, Th\\operational

.1,

£ 1 o principle of such detectors has been reported by Gibson et al [24]

. utiiizes the transfer of momentum from a photon beam incident on the

!

f“ germanium bar to electrons and holes in the metal. If sufficient momentum'.\;

tr . L b . ..!'

- . . " . ~ . ‘
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»

X

. of the storage capacitor. The oscil'loscope is wired 'lnto the system in

" of el,_ectricai energy.

s, transferred, a 'longitudinai e.n.f. is produced in the bar, which is : ¢

then interpreted -ip terms of laser beam in'tensity by an osci'l'loscope . S
The Photon-Drag Detector provides. essentially, pulse shapes of

the iasereoutput Osciliograms representing typica'l pulses -of the present

: TEA/COZ laser system are reproduced in Fig. 10 Two oscillograms in the

figure show wide variations in pylse height, width. and deTay, but they
K correspond to two different Oper‘ating‘-vo'l'tages for the laser‘ The top
puise was: recorded ‘with an operating voitage of 30 ki Tovolts for the 'laser
or an electrical input energy of 13 5 Jouies to the 'laser, while the.
bottom pulse occurs with an operating vo'ltage of 20 kilovo'lts or 6 joules '
_ & For the present study, osci'l'lograms of puises were taken at 2- . P
" kilovolt interva'ls frém 20 to 30 ki'lovoits applied to, the electrodes of the ‘
iaser " Several osciliograms were taken at each operating vo'ltage of the
laser in order-to ensure-a reasonable statistical validity for the pulse
.da_'ta Measorements inciuded those of pylse deiay from t‘he'time the _
oscilloscope is triggered temporai pulse width and pulse height. The
numericai data were obtai ned directly from the oscillograms dsing a
. travelling miéroscope .
‘ In Fig. 11 a piot of the puise delay versus the electrical {nput - **
energy‘ Ei' is presented. Here E; 1s calculated from the voitage, LT ’
app'lied to the e'lectrodes by means of E 2k Cil2 where. c is the capacitance

A
o

" such a way that the iaser and the osci 'I'Ioscope are triggered simultaneously.. [ :
by the same switch. _The delay 1s measured from the zero point of the °

oscillogram to the peak of the pulse. Since, however, .it is impossible to

-









', represent the standard deviation which is computed From the measured vaiues' el

, those in the previous graphs and are greatest for 'Iow vaiues of Ei’ ‘For

. \best from about E1 =8 or 9 joules and up. or at operatin voltages of

. know exactiy where a trace on the oscﬂloscope starts. an unknown but

constant correction must be added to each ordipate vaiue of the graph.

| .
¢ o -

’

L. The curve in Fig 11 is drawn in free-hand. The error bars drawn. for each 3',:.-:;

.experimental point in thz diagram. as wel] as those in Figs 12-15 ‘ , o +
corresponding to a parti cular set of osciilogramsP The spread of values at
,each input energy is seen from the error bars to be fairly small Tbe '
graph itself is a smooth curve and indicates a consi stent increase n pulse
delay with decreasing input energy, Ei' o o - : .' ,‘ S -
A plot of pulse height versus- Ei is shpwn in Fig, 12, Again, the '

iimits of the error bars for the observed values ane reiative'iy sma]i and a
.smooth-curve can be drawn,withi n the Timits of the estimated error, through? ‘_
the ‘aver-aged poi nts. The puise height decreases with decreasing E1 and
\drops of f more rapidiy in the low input enefgy region. Again. the graph is |
drawn in free-hand. as are all the graphs in_-this thesis S e

‘\} The pl ot of the temporal pul se widt&at ha'ii-' pover versus '{ is

gi ven in Fig. 13." The 1im1t'§ of the error bgrs are’ somewhat greater than '

! the upper input energy region, the graph is neariy fiat but increases

: sharply in the Tow region. ‘The broken line indicates uncertainty as /to

how the curve actuaiiy falis in that region. : \'

JIn each of the graphs of Figs 11—13 the curve. deviates greatest _‘,,.
. 4n the low input energy region. This indicates that the ster perfonns .

FEd

. approximateiy 24 kilovolts or greater. In i:his region each curve of

e’

Figs 12 and 13 approaches a straight ‘line. with a slope of about 43 0 ." vl

-._>1
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. for fﬁé plot of pulse height versus Ei' and a slope of’ about -3 2 Tr-for
the plot of pulse width versus E1 o
',; : | ' One of ‘the factors most 1ndicat1ve of the performance of. a laser..
,'1s its efficiency with respect to energy'converslon. This efficiency 1s
" x ~the ratio of the measured output energy to .the electrical energy, Eys

stored 1n the capacltor of the power supply. The output energy. of the

W_ - present CO2 laser was measured using a Gen-Tec Model ED—ZOO Fast- Response .

. .' . qouleneter. This lnstrument is described in the 1nstruct10n manual as
| 'basically a current source' Absorptlon of incident laser energy‘causes ~
~a tlme dependent pyroelectrlc current to be gererated to the oscilloscope
The height of the Joulemeter pulse is read 1n volts dlrectly from the .
\ Tektronix 7704 oscilloscope and the reading converted to joules. From the
s . calibration graph‘supplfed with the joulemeter, the conversiori is 9.8 vojts
. " per Joule o . | :
‘h‘ Fig. 14 is a plot of the CO2 laser output energy versus t’e
electr1cal 1nput energy. - The efflciencies with respect to energy conversfon
- , are also provided. The limits of error are fairly smal? (standard 0
- deviatfons agaln computed). and the‘points fall along ' smooth curve. The.
‘, efflciencﬁifs fdirly consistent in the:r'ég‘lon._ﬂabove'!:'1 = 9 joules, but
begins to -drop off ‘below that. '\\\T}\h C
n The peak output power of the CO2 laser is simply calculated using i
~ the formula - - ‘ _ SR - ’
L C
, : :

where P is the odtput power. 0 the output energy. and t, the’ temporal
' pulse width (in seconds) at half-maxlmum 1ntensity‘ A plot of the calculated

i

TR
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.....

output power versus E1'is'shown in’Fig. 15. ?'The graph is‘aimost a straightf
1ine ekcept in the low 51 region The slope of the line is. approximate]y
| éz %? The graphs .of Figs. 14 -and 15 again indicate that iaser
perfonmance is best in the region above E; =9 Joules. .

! - ' ~ The major characteristics discussed are sumngtized in termslof
siopes in Table I. Data is tabulated for two regions: 'the‘first,region~is
from 8:5 J to 14 J, the‘high E; region, and'the second is from 6-8,5,J; the _

; . low Ey regidn ‘t . o » ‘ ‘ B .‘

" The heiica'l TEA/COZ laser which has been described compares quite |

favourably with -other studies. Fortin et. a1 [25] studied different lengths
' of two types of helical eJectrode configurations for TEA/CO2 lasers. They
obtained peak powersnof about l.MH with efficiencies of d;i% for a 3-metre
. section of_one’electrode cpnfiguration and 2.8% for a 3-metre segtion of~-

the otherfelectrode configuration Fprtin [26] eariier obtained efficiencies
of 3 to 5% and peak powers of 1 Mw for 'a non-helical TEA/CO2 Taser. A folded
'path TEA/GD2 ‘Taser studied by Laurie and Hale (271 provided a peak power of -
0.2 MW with d 4.4% efficiency Laflamme [28] has shown that double discharge
systems provide greater output powers than single discharge systems Jn one
Fcase he has obtained an efficiency of .7.14% at a peak output power of 4 MW,
and efficiencies. of‘3.37i and 2.02% at a peak‘output~power of‘12 MH'in two

. other instances ' ‘ 4

"1t is considered that the TEA/C02 Jaser of the present work fu]ly
meets the requirements estabiished at the begihning of the work. combining
excelient alignmen/)stability with high output power and good energy

conversion efficiency !
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- TABLE I R .
Slopes of graphs of C0, laser characteristics.

’

. Quantity  Slope (high Ey regfon)  Slope (low E, region)
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. 'converter streak camera manufactured by John Hadland Co. The camera 1s .

" control. The purpose in using ‘the Pockels Cell "is;that_ it provides a v

CHAPTER § | ) L

. . b . I . ~ .‘ %
SYNCHRONIZATION OF THE CO, LASER TO A RUBY. LASER - ’X‘

_ Having studied the characteris‘tics of the "coz laser,' it was
decided to develop a means of synchronizing ‘the Co2 Taser to a giantep lse'
ruby ‘laser. The purpose for thi s exercise was to estab‘lish a future ‘eans
of studying the stimulated ruby laser light scattering from a p]asma. Hsu:
et al [29] have studied stimulated thermal Rayleigh scattering in ar on, . N
where Ar2 molecule es are formed in a-ruby: ]aser-produced plasma. If/a means. |
such as proposed here, of observing ruby ]ight scattering from a previousiy
produced plasma is estabiished, the reiation between piasina formation and

iight scattering can possibly be determined “J '

A

/
Observations of the plasma are made using an 'imacon/ image

focused on the piasma, when the camera is triggered, the plasma image is '
swept dcross the focal plane of the camera in a specified time interval.
The time progression of the p]asma during that time interval is recorded by '

a Polaroid camera attached to ‘the streak camera. These time intervals range

from one to ten nanoseconds per mj Himeter, SO in order to observe the

plasma consistently, it is- necessary'to synchronize the streak ca_rnera to the - ‘ . “"
€0, and ruby lasers as.well. : ' ( 3 ' _ -

Fig. 16 is p schematic diagram of the experimental set-up. ‘The
ruby ‘Iaser is electrically pumped by the 5-KV power supply. The Pockels J

V"Cen is an electronic Q-switch which is operatéd through- the shutter

means of tr.iggeri ng the ruby laser at the desired time. The thérmopiie, T,

- ’ . ‘
. [ .
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P
.

measures the output energy of the-ruby iaser; and the photddiode,. P

monitoré the ruby laser puise L1 is ana.r. coated gennanium lens of

.focal Tength 2% inches used to focus the COZ laser beam, and L2 is a

.'g'lassv lens of focal length 14 cm used to' focus the ruby laser beam

-~ When the switchson the S-KV power-suppiy is depressed to fire
the ruby laser, a signa1 is generated to the shutter control. The shutter
controi then generates signals to the COZ laser power supply, the Pockels

Qei] and ‘the streak camera. Since the CO2 laser pulse -delay is

' -essentiaily constant for a particuiar CO2 laser operating \oitage, the CO2

(synchronou;q} throughout the entire system

A

laser trigger’'is not adjusted " The signals to the Pockels CeTi and streak

camera, however, are deiayed individuaiiy, S0 that triggering occurs

5—1 Observatigns of the COQ Laser Produced Piasma ‘ - K ' "‘f

.y,

The first observations were of the piasma ihduced n air by the

602 iaser ‘only. Since the’ observations were made to ascertain that the. CO2

laser and streak camera werg properly synchronized the piasma was
produced without any elaborate arrangements for controliing ambient f
' 1

~ conditions. 0nly part of the piasma can actuaTTy be observed since a slit

f

of width 0.08 mm is used in thg streak camera. The slit is centred on the
p1asma aiong the axis of the /Zser beam. '. ' o ) f- '
Shown in Fig. 17 are streak photographs of the piasMa durihg the -

first severa],hundred nanoseconds of its.time Qeveiopnent. The top/photo-

graph vas taken at an operating voltage of 30 Kvt while the bottom

‘_ o
photograph was taken at an operating voltage of 21 KV. Belon ?1 Kﬁ the

p]asma did ot occur consistently L






a . . o . v

. 4'2’

B The direction of “the iaser beam in the photqgraphs is, from top to
bottOm The photographs show spatial\deveiopment of the plasma from bottom ;
“to top, and time deVeiopment from left to right “These observations Show
that the streak camera has been synchronized with the CO2 laser, and with
adjustment of the'delay. different parts of the piasma can be observed

“ Tt was: decided to estimate the initial plasma velocity by :

obtaining measurements of .distance versus time frmw each photograph with’ a
trave]ling microscope, piotting the points in a graph, "and measuring the
slope of the tangent to the_initia] part of the curve. This was'done for o
.- three sets o?nphotographs. A thedretical calculation [36] can‘be obtained

using the formula o
E(Y - 1) I/p(ﬂ | ) (7)

where V, . is the ve]ocity of a radiation-driven detonation wave, y, the

- . ratio of specific heats, Pg? . the initial density of the air, and 1, the

"~ absorbed intensity. The results are presented in Table II. S . ’ o

Gravei et a] 31} have'done'studies of TEA/COé laser- induced

-1

'.‘breakdown in air obtaining a value of v 3 X 106 an sec for the'initiait

plasma ve]ocity Tom]inson [30] has reported a Jower vaiue of 6 x 105

cm secJ1 For a mode iocked TEA/CO2 iaser pulse, MacPherson and Grave] '
. [32] have reported a value for the initial plasma velocity of 6 x 10°
A oo
cm sec 1 : ’ I - .
" ‘ s & .
l , . o J > . “g
5-2 Synchronization of the Ruby and CO, Lasers ‘ o ’ . g$¢‘

Approximate synchronization of the ruby . iaser to the COZ iaser T
'was first monitored with the aid of the 7704 osciiiosc0pe Signais from

the&éhoton-ﬂrag Detector for the CQZ laser and the photodiode for the ruby
A - .




©

‘ TABLE 11 -
Estimated initial velocity-of -the co, laser-induced plasma -
‘ - . P A . N R
| ‘ ' Lo Calc Ve"loé'lty 4 V *
Operd®¥ing Voltage E; ‘ B 6 R 6 det 1 “
N a (x 10" cm sec ) {(x 10" cm sec 7) -
0KV 1350 - 11.0 £ 2.9 141 :1.3
.. 2KV 8.64 . 9.98%1.91 . 11.5% 0.7
21KV 6,615 6.52 £ w27 9,7 +£0.9

*Thé focused beam si

3

S

&
\
ze, s,-is calculated by 123,33] .
" R

_1.22:f ‘ L

‘where ) is the radiation wavelength, f, the focal length of the .

focusing “féns, aiyd d, the Teps aper'tq‘re diameter. For this case,

.. -
f=6.35cmand d =

..‘2.2.'cm; therefore, s & 38 um.

- 43
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Taser were monitored simultaneously by the;oscilloscope.‘ Ifi this way, as

ff!'the shutter control ywas being adjusted; it could be°observed when both'

~-pulses coincided in time., As before, the oscilloscope was triggered
- externally. By means of streak photograph observations, exact synch;gndggt;
- tion could be achieved. .
Fig 18 shows streak photographs of the plasma in a dual -beam o
" Taser field The dual-beam was created by diverting the ruby laser bemn
with a prism so that it travelled approximately parallel to the COZ laser
. :beam. with each beam focused to the same point ‘”lhe coz laser was operated

.ata voltage of 28 KV providing output power of about 2.1 MH. The ruby.

(B
a

laser ‘powar was typically from 60 to 80 MH generated in a pulse of half
'width.of 15-20 nS. In the photographs.{the ruby beam is focused on the

: coz:laser4induced plasma a; different-times after the .plasma fonmation.has
begun.A In each case. the plasma. appears as before until the ruby intensity..
brings about a sudden change. ‘
' The following attempt was made to fonn a rather crude qualitative .
physical picture from the streak photographs The* plasma expands rapidly

.. both forward and backward, and presumably -to the sides. The sudden flair
is short-lived, but ]eaves the plasma remaining merely as several hot spots.
The® effect of, the\ruby laser is less striking if it -occurs ‘a longer time

" {nterval after the. plasma formation begins.

Observations were also done for the cross-bemn laser field in

which the ruby and co, laser beams travel perpendicular to one anothe N '-:7 ﬁﬂft

3
o

with each beam focused to the same p§int. ig. 19 Shows streak photographs '
. of the plasma in this cross-beam las r field The first photograph from

the top shows that when the effect of the ruby laser occurs very soon after - |- ;
- " ! S










?

plasma formation. the flair is somewhat longer 11ved than for the’ duhI-
| beam case. The fourth photograph shows that the effect is noteworthy even
-when ‘the plasma is, almdit completely decayed Of greatest interest are
the_after effects. Iy the second third, and faurth photographs. the |
i - p1asma has been reheated by the ruby intensity and.is thus Tonger 1ived.
Also, the plasma front retracts somewhat; as is most easily noticed 1n'the .

S .
“fourth photograph, and the revived. plasma expands backward, away from the

Coet

’ | CO2 1aser with a constant velocity and’ then suddenly becomes stationary
-'\f . This- last point of 1nterest is most noticeable in the third photograph
| " RN ‘ Nooattempt has been made to explain these effects. However, more
i,contrﬁfqed and detafled stddy of the,1nteract1ons between the,ruby laser
'radiation figld andHCO} laser-induced plasma, using the present_system._is
;being uhdertaken at this laboratory. ' | ‘.
,, ' - To summarize, synchronization of a ruby laser to the CO2 laser -
can be achievkd acdurately and with 1ittle gifficu1ty with the aid of an , ;'
1mage converter streak camera. Furthermore, interesting studies of

‘,p1asmas can be done simu1taneous1y with stimu1ated ruby laser 1ight

.scattering exper1ments.
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