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We shall not cease from exp'Z‘o'rdtlion_
“And the end of all our exploring

Will be to arrive where we started
And know the pZacq ‘for the first time.

7.5, Eliot
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 ABSTRACT

The generation of éingle CO, laser pulses, having sub-nanosecond
rise and fall time, is described. The duration of theée pulses is con-.
trolled in the range 0.83 to 100ns and their peak pdwérbis of the order
of IMW. For the generation of these pulses, a doﬁble—discharge TEA.CO2

laser has been used, in conjunction with an electro—optical shutter.

A telescobic CO, laser amplifier has been employéd toAémplify fhe
nanosecond pulsés to ]Gw,bower levels. The design and.pperational chérac—
teristics of this device are presented and the effective elimination of
associated problems is discussed. The effect of organic &apouf'additives

on the performance of this oscillator—amplifier system is investigated.

Experimental evidence is presented indicating an increaéed:éfficiency
in the amplificafioh of multi-line — as opposed to single line — nanosecond
pulses. A novel method for single longitudinal.mode operation of puiéed
TEA CO, lasers —vincorporating the use of two unstable coupled resonators —

has been developed. The powers thereby achieved are in excess of 30 MW.



PREFACE

The possibility of achieving laser—induced fusion has stimulated
world-wide investigationkand has motivated the de?elopment of high power
lasers capable of meeting the requirements imposed by this unconventional
approach to controlledvthermonuclear energy. Although this approach ‘had

(1,2)

been mooted soon aftervthevadvent of lasers 4 the essentlal 1dea of

using laser radlatlon to COmpress as well as to heat the thermonuclear fuel,
was not ‘declassified unt11 1972(3). This has made the laser-fu31on concept
- highly attractive s1nce the laser energy requ1rements are drast1cally

" reduced for strongly compressed pellets to well w1th1n the 1mmed1ate future

capabilities of the rapldly advanc1ng laser technology.,'

Theoretlcal predlctlons indicate that mu1t1—k11030u1e pulses of nano->
second or shorter duratlon are 1mp11c1t in the accompllshment of . laser—'v '
fusion. The short pulse length is requlred for the sufflcrently rapid V
heating of the thermonuclear fuel (a small pellet of deuterium and tritium)
to fusion;ignition temperatures_(lOaK) before significant expansion and
cooling take place. This process, known as 'inertially confined ‘laser
fusion', circumvents some_of the magnetohydrodynamic instability endAanome—'

lous diffusion problems of the conventional magnetic confinement systems.

‘ 1A laser has yet to be developed which features the high efficiency,
high repetition rate and short wavelength capable of emitting multi- '
kilojoule subnanosecond ‘pulses which are- appropriate to laser—fusion. ‘
Existing laser systems capable of. meeting the energy'and nulse duration
' requirements (i'e., the neodumlum—glass, the 1od1ne and the carbon dioxide)

are handlcapped by low eff1c1ency, low repetition rate or long wavelength

The neodumlum-glass laser is currently regarded as the best system o
for gauging the fea51b111ty of laser—fu31on. . The most recent exper1mental~
results of the Los Alamos Scientific Laboratory, on the other hand, have

"given rise to increased optimism about the suitability of the CO, laser
for commercially-viable fusion. These results indicate a much more effi-
c1ent ‘coupling of the laser radiation and the thermonuclear pellets than
had been ant1c1pated( ). The CO, laser offers the advantage of a replace—:
able active'medium — which, in turn permits a high repetition rate — a good
opticallqualityvand; at pressures of several atmospheres, is capahle of a

relatively high efficiency in amplifying multi-frequency short laser pulses.



The purpose of the work reported in this thesis is to develop a
TEA CO, laser system capable of the reliable generation and efficient
amplification of nanosecond pulses and to gain an understanding of the

physical processes involved in the optimization of such a system.

With this latter objective in mind, the flrst chapter outllnes some
of the essential background — with particular empha91s g1ven to the exc1ta—
tion and relaxation processes 1nvolved in ach1ev1ng population .inversion —
and concludes with a resume of the principal recent’ research conducted in

the field of . nanosecond co, laser pulse generatlon.

The second chapter describes the design and performance of the two
CO laser modules used throughout this work: the Double—Dlscharge and
Double Rogowski modules. In particular, there are: sectlons devoted to.
the merits of stable and unstable resonators used in con3unct1on with these.
modules; the effect of single transverse mode operatlon on self-mode lock—-
ing; energy and power medsurements; ' and the effect of organlc additives"
on the laser-performance. The'potentlalltles of-one.of the modules,(Double
Discharge) as a laser amplifier, have also been investigated by measuring
the small signal gain — and the effect upon it of the,gaSICOmposition and
the electrical input energy — and the saturation energy density:for 7Qns ’

pulses.

Chapter III comprises a detailed analysis of the design'andlopera;
tion of an electro-optical shutter which, used together’with a €O, laser,
generates pulses of varlable duration and sub-nanosecond rlse time.‘ A full;
investigation is presented both of the effects of the crystal quallty and
of{the‘variation of the spark-gap parameters (voltage, gap length and gas
pressure) on the shutter's performance. The choice of gas filling and
electrode material'is also discussed.. In addition; thisichapter includes

a section on the formation of wedge-fringes by optical components.

The fourth chapter discusses the gain saturation measurements of
nanosecond pulses and the resultant pulse broadening. The design and per;‘
" formance of an efficient type of amplifier — a telescopic amplifier — are
analysed. The‘problems,'namely the elimination of parasitic and self- . -
oscillation, which had to be surmounted, before this amplifier could operate

‘successfully, are also dealt with.

Chapter V concentrates upon the generation and ‘amplification of multi-
line nanosecond pulses. Experimental evidence is presented which confirms

the theoretically-predicted increased?efficiency, and reduced pulse—distortion

- 10 -



resulting from the amplification of multi-line — as opposed to single—line —

pulses.

In Chapter VI, a novel method for single longitudinal mode operation
of the CO, laser is described, based on the coupling 'of two unstable resona-
tors which share the active medium. A simple interpretation of the single
longitudinal mode operation of this three—mlrror resonator is proposed In
addition to single-mode operation of the P(20) 11ne in the 10.4pym band,
some observations are also reported of the 31mu1taneous generatlon of two
or three adjacent rotational transitions, each on a: 31ng1e longitudinal mode.
The applications of this dev1ce, capable of generatlng peak powers in the

range 30 to 100MW , are discussed.

The final chapter presents a résumé and assesSment of the resuits
achieved in the course .of this research. The limitations of the system are
out11ned and p0531b1e 1mprovements to it are suggested. The pr1nc1pa1
modlflcatlons, dictated by the flndlngs of this research, which have been:
taken into consideration in the current construction_at Culham Laboratory
of an enlarged CO, laser system, with a potentlal '200- 4OOGW power output

are reviewed at the end of this chapter.

-11 -



CHAPTER I

CO, LASER PHYSICS AND SHORT PULSE LASER TECHNOLOGY

1.1 INTRODUCTION

The astoundlng 1ncrease in power of the pulsed ° co, laser,dfrom its

(5)

' f1rst negllglble output of a fraction of a watt in 1964 to 1ts present

£6)

1mpre531V€ capability of several hundred glgawat , 1s‘;he resuIt of massive
investlggtlon, documented in a dorrespondingly remarkable prdlifération.of
published'papers which defy enumerafion here. A coﬁhfehensiue acuount of
thlS publlshed work can be found in a number of artlcles, e.g. references

(10)

’ (7-10); among which the excellent review by .WOOD s w1th 1ts plethora of

experimental and analytical information is pre-eminent. -

Before attempting to-feview in brief the most recent research concern-
iné the generation of short CO, laser pulses — which is the'principal theme
of this thesis — it Wbuld seem appropriate to summarize here the':CO2 inffa—d
red spectra and molecular structure as uell as the vhriuus_exhitdtion éud4
relaxation processes ihvolued in the production of population inversioh,

. and the subsequent laser actlon in the 10]nn reglon. This'geueral back-
gfound w111 also help to eluc1date some of the topics explored in the follow-

ing chapters.

1.2 Co, INFRARED SPECTRA. AND MOLECULAR -STRUCTURE

1. 2. 1 Vibrational Energy Levels of (O,

The COz.molecule is a 11near symmetric molecule (p01nt group D_ )
.whose structure and vibrational-rotational spectrum have been thoroughly o
;investigated(ll—IB). As a result of its linearity, the COz'uwlecule posseé—

ses 3N—5=4_ normal modes of vihration,(wheré N=3 1is the number‘of'nuclei

in the molecule) which are illustrated in Fig.1.1.

In the symmetric stretching mode v, = 1388.2 cm~! the oxygen atoms

vibrate along the molecular axis symmetrically with respect to the

- 12 -



v, = 1388.2cm’

S
© |
7

: : o , Zé- {Symmetric Mode)
N ‘ o @\ . '
. ™ ,
° =~ V, = 667.4c'
Mff) © f@ 27 oo
g Ty (Bending Mcde) -

- > vy = 2348, 2cr"

):; - (Asymmetric Mode) '

, , Fig.1.1 .
Normal modes of vibration of the CO, molecule

statiénary carbon. There is an infinite:nﬁmber of ways whereby theVQOéA‘
molecule can vibrate perpendicularly to the molecular.axis with the‘éame
frequency v, = 667.4 em™!.  In thgse’yibfations all the atoms describer
eliipses, in general, whiﬁh afé pérpendicﬁlar té the molecﬁla; axi; and'.
which give rise to a vibrational angular momentum abqut the.axis. However,
~any such vibration can be regarded as a‘superposifion —-wiph an approffiate
phase difference — of the two mutually perpendicular degenerate béndiné'
modes V,5 5 Vope In the asymmetric stretching mode v, =‘2349.2‘cm"i'th§
oxygen atoms always move in the same direction along the axis and in oppo-
sition to the carbon. Both fhe astmetric»and the bending modes invblvg '
a change in the dfpole movemént.of‘the molecule.and consequeﬁtly ére‘strongly '

infrared—-active by contrast with the symmetric mode which — causing no such

change — appears only in the Raman spectrum (infrared-inactive).

Any arbitrary vibratiénalvstate of'fhe molecule can be déscribed by
the number of excited quanta in each.normal mode using the notation (nlru na)'
where N,5N,>N,, are the quantum numbers of the symmetric stretching, the
double degenerate bending and the asymmetric stretching modes respectively.

The superscript £ denotes the vibrational angular momentum of the molecule.

In the CO, molecule, the vibrational levels 10°0 and 020 (which
consists of the sublevels 02°0, 0220) have nearly the same.enefgy, result-—

ing in the perturbation of both these levels, as first discussed by FERMI(IA)

-13 -



and denoted by the term Fermi resonance. Perturbations of this type occur

(2, p.216) and, as a result,

only between levels with the same nalue of &
the two levels 10°0 and 02°0 repel each other and appear in positions dif-
ferent from those‘expected. In addltlon, a strong m1x1ng of the eigen-

. functlons of the two levels occurs and the resultlng levels are mlxturesiu

, of the two states; Thus.the des1gnat1ons 10.0 and 02°0 can no.longer '

" unambiguously represent these 1evels. A more accurate’de51gnatlon proposed
4byVAMAT and PIMBERT(IS) is [10 0, 02 O]I and [10 0, 02° 0];7 for the levels
lying atu1388;2 cm~! "and 1285.4 cm™ ’. respectively. Contrary to the tradl—
tlonal assignment, the level at 1285 4 em ! is associated with the symme—i

tric stretchlng mode and that at 1388 2 cm™ -1

of 1nvest1gat'ors(16 8)

w1th the bendlng mode. A number

have conflrmed the new assignments and the nomencla-

ture proposed in (15) will be applied throughout this ‘thesis.

1.2.2 Rotational Energy Levels
A series of rotational sublevels—-designated by the rotational quantum
number J=0,1 325440 —1is shperimposed on each vibrational level. In a non-

" degenerate V1brat10nal level, the rotatlonal energy of each sublevel 1s

given by( 2, pe ]4) - _ - S 7 v o ‘
o = BI(I+1) - D@+ 1)* 4 - e (LD
o, L ' A -1 (19) .
where B is the rotational constant ( 0g°l = 0.35714 cm ) and

4B° . i . .
. D= j;r is the centrlfugal dlstortlon constant (D00 °] =1.3303 x10-7 cm 1(195.

1

The population NJ' of a given rotational level in.thermal equilibrium

is given, to a -good approx1matlon, by (20, p.125)
_ 2N(2J+1)he B -BI(J+1) he/KT e (1L2)
J KT ' S

where N is the population of the vibrational level as a whole, Kk  is the.

i

Boltzmann constant, and T the absolute temperature.

"The quantum number of the rotational level with the maximum popula-

tion can be found from the above relation to be the nearest allowed integer

- 14 -



to the value

J = KT —l
max \l 2hcB 2 eee (1.3)

1.2.3 Vibrational-Rotational Spectra

An energy diagram of low-lying vibrational levels of the CO, mole-

cule is shown in Fig.l.2.: Vibrational-rotational transitions between these

levels are determined according to the following selection rules: n
AL =0 ~ |An,|:even  |Am,|:odd = AT =21
or ' . .. (1.4)
|ae] =1 [An,] : odd |An,|: even AT=0,%1" :
: J
2500
—v=1

2000
. 1500 | :
T, (10°0, 02°0); ,
E T
< oo | ‘Rotational
= (1000‘0200)" ._ Sublevels
‘& . .
L

1000 |-

500 |-

oL v=0 A
Nitrogen Carbon Dioxide
Fig.1.2

Partial energy diagram of the vibrational and rota-
tional levels relevant to 10um CO, laser emission

- 15 -



These transitions give rise»to‘ the vibrat‘ion—rotatien infrared bands,
defined as groups of all poseible rotational t‘ran‘sitions'._ for a partichlar
vibretional transition. The strongest and one of the most significant COZ,“
laser bands is the.lO.l&um band corresponding to the‘ 00°1 ~ [10°0, 02°O]I
transitibn. ‘. Oec'ilietion on 66 lines has- been obtainedt in the wavél»ehgth
range 10, 026- il lv89 pm ‘(2_2) ifro'm both t‘he P(AJ--]) and R branches (AJ= ])
of this band, - some of which are shown in F1g 1 2 Ind1v1dua1 11nes are de-
noted P(J) or - R(J) where J 1is the rotat10na1 quentum number of the
lower laser level. L1nes w1th enly even J appear in the 10 4um band as a .
result of the absence of rotatlonal levels w1th odd J in the 1ower laser
level caused by the zero values of nuclear‘ sp_ln and‘ the symmetry of the

normal isotopic epecies 12¢ 1602 az, p382) . , R -

1.3  UPPER LASER LEVEL EXCITATION = -
The 00°1 vibrational level of C02 is excited-inainiy by two processes,
o Coo ' (23-25) o
namely: 1inelastic collisions with low-energy electrons 3 and resonant
energy transfer from the first vibrationally-excited level of nitrogen.(U=1)

to grbund state COé' mblééules(26’27)._'

1.3.1 Direct Vibratienal Excitaﬁon
The lvelyihé vibr'ational 1evels of | CO.2 .can be excited directi'jt byv A
inelastic collisiens with 'low,e'r‘iergy elec'tronsi ‘This brocese may be expreesed
as: o ' | ‘ 7,
e~ +C0, 2C0%+e, e (1.5)
where CO* denotes a vibrationabexcited species.' | I | |

The probablllty of ex01tat10n of the 00 1 1eve1 was found by BONESS
(23)

to be substantlally greater than that of 10°0 and 02 0.
(24)

and SCHULZ

ANDRICK et al however have shown that the 01 0 is also strongly exc1ted

The cross section for exc1tat10n of the 00°1 and 01! 0 levels 1is 1.5X% lOf;scmz

and 3% 107 cm? respectively(_so) .

- 16 ~



Although the vibrational excitation by electron impact was attri-
buted orlglnally to the formation of a negatively-charged compound state

2
( 3) , it is now generally accepted

w1th an estimated lifetime of 10~%
(see refergnces 24,25,28,30,(9,p.143)) that for electrons with energy less
than 3 eV the excitation proceeds.directly withéut the co3z " for@atioﬁ.
The 1eyels excited by thig pfocess a£e the:0O°i énd o1to, whiie'tﬁe'16°0
(as ﬁell as“the 01%0) is eicitéd by éieétrons_in the_range 3f5eV“ through -
the CO0, compound state_formafion.' B

The'éxcitation of the vibrational Ievels of»nitrogen by slow elec-

trons is also attrlbuted to the formation of a short-lived negatlvely charged"

compound(28 29) ‘thr ough the’ process
- - T a% - ’ ' ’ ’ 7 a
N,+te +N2+N2 +e A dee (1.6)
SCHULZ(ZQ) has measured the total, as well as the partial, cross section for
the ex01tat10n of the first eight v1brat10na1 levels of N, For electron

U=A

energies near 2 eV _the cross section forkthe level is 1.5% 107 ¥ em?- While

the total cross section attains a maximum value of ~ 3x10”%cm? at elec-

tron energies of 2.3eV . Radiative decay of the N, " levels is precluded by

selectlon rules since N is a homonuclgar.diatomic molecule with‘nb perma-—
(20) |

nent dipole moment . Combined with the large cross sections, this enables

the generation of a substantial population of Nz.

_The relative populations of the various vibrational levels of N,
and CO, in a discharge are influenced by the ratio of the electric field
E to the total density of the neutrals N. Using the above'cross sections,

NIGHAN(BO)

has caiculated the fraction of the electron power transferred to
éachiof‘ﬁhese levelé as a function of E/N for CO,-N,-He miXtureg
typical of steady-state laser discharges. vThese calculations are, however,
applicable also to high—preséure pulsed co, 1asers_siﬁce'tﬁe electron-
neutrai collision occurs on a time scale muph_ faster than that of the

(31)

‘discharge pulse . Accofding to these calculations, the values of

-17 -



% = 2x10"® Vem? result in a maximum pc;wer transfer.in both the €O, (00°1)

and N2 (U= l_—8) levels, while.for" E/N > 4x 10716 chz_ a considerable
fraction of the electrical energy is tfansferred to f:he .,Coz (01'0) thus
reducing the laser efficienf:y. It is t‘ﬁeref_ore evidént that €O, laser
systems such as tbe .electrqn-béainAtc;mj&oll'e‘d type 1n which thé réfio E/N" '
can be adjusteci fof ﬁaxiﬁum _e'xcit_étioh»h.o_rfﬂjthé c‘oAupjl:e'd C02(00°])— N'ZA' (U = n - |
levels are po.tentiéll‘y more effiéiént. S-uchvsys-te‘lﬁs é.re als-o. m§s>t, su"it‘ébl‘eb
for the amplification of ns 'pulsés sinée —as wiI_I be seen‘l.éter — in this
time-vvscale the energy stored in thé -sz is not é\iéilaﬁle and 't'llleréfo.r.:_e,‘ the
value of E/N n'ee‘cvls to be adjusrted_"-for'the méximum di‘rec‘t eléc‘ti‘op exci~t-aA—v -
tion of - the uppef laser level. The fatio o£ "E/N for thetwo laser I'Iiodulés‘ |
ﬁsed in this research — D‘oub];e-Di.sch_argé énd .Doub-le-R_bgow"ski. ;"(sAee Chépter_
II), could attain values in -the fange 3.4-4.9 '><'10.—‘v:ls chz. vand ' A5.‘1 - 7X |

107 vcem? respectively.

1.3.2 Resonant Energy Transfer

The first vibrationally excited level of | N, (I_J'=‘l) 'lying '2329,66 'éiﬁ"‘r
above the ground state i‘s iﬁ near coinc_i'dence. ﬁith the »00°lj ‘of CO2 :(s‘ee . |
Fig.1.2). The conseqﬁence of fthis'sme‘lllir eﬁergy,__.diff‘eréﬁcé 'beAtwveen i:hé tn.70
ievels (AE '= 18cm™!) is a ‘very.rap]’v.d'énc-l'ef:ficientvsbevl'evctiye. ex‘c_:ibtati_on-i :
of theA co, (00°1) level‘involving vibrational en“e'f'gy transfer vfr:‘)m' N2 ,té_
co, (00°0) by means of the proceési- . ' | _

€0, (00°0) + N,(U="1) %cez(oo%) +N,=0) ~18ca™ ... (1.7) E

\ . ‘ . |

This reaction proceeds mainly in the forward direction since only the .CO,

molecule can decay radiatively. The forward and reverse fate constants for

- - 21 -1 . 2
‘the process are Kg=1.9x 10* torr™ ! s™!  and Ké= 106 torr!s 1‘ respect:.vely(3 ).
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1.4 RELAXATION PROCESSES
" The amplification of 10um radiation by the v1brat10nally excited

co

2 molecules is 51gn1f1cant1y affected by the various processes Wthh

result in their de—excitation. The basic relaxation processes which — in
conjunction with the stimulated emission — govern the population densities

of the upper and lower laser levels are discussed in this section.

1.4.1 Radiative Relaxation

The probability of the spontaneous relaxation of a co, molecule
from an exc1ted to a 1ower energy level is expressed by the Elnsteln coeffi-

c1ent Aul' A number of theoretlcally deduced and experlmentally determined

values of the Elnsteln coeff1c1ent-have_5een reported for the transitions

(33-38)

indicated in Fig.1.2 The ' 00°1>00°0 transition is radiatively

trapped and, as a result the coeff1c1ent for the individual’ llnes of thls
transition was found to be of the order of lOAs"1 (33) ‘The A.ul coeffi-
c1ent for all the other transitions, ranges between-O.Z and. 2s”!., Even ¢
though the contribution of spontaneoua emission in the relaxation of the
co, molecules“is not significant because of their very small radiative
relaxation‘ratesévit is of great value to ascertain accurately the A
coefficient for the laser transitionsisince important laservparameters such’
‘as small signal gain and saturation;inteneity depend upon the value of' A i.

(39)

BIRYUKOV et al . after cr1t1ca11y analy51ng the reported exper1menta1 data,

recommend the value Ay = 0.187s71 for the P(20) line of the 00°1 - [10°0,
OZOO]I transition. . ' ' - i

1.4.2 Upper Laser Level Relaxation : _ -

The relaxation of the upper laser level by collisions w1th various

. . . 2,40-42) (9 .156-
molecules or atoms has been extenslvely_J.nvestlgated(3 4 4 )O,pp 9).
The vibrational energy stored in this level can be transferred to a number

of (n Tb 0) levels by means of the process:

K, ) .
co, (00°1) + M-——e-CO 0] n20)-+M Etrans. ee. (1.8)
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where the collision partner M is any gas molecule or atom in the laser

discharge. The probability of such a vibration-vibration (v-v) energy

transfer is higher for the (nlnf(DAlevels closest to OO°1(3?); Conse-

quently, direct conversion of the entire vibrational energy of the upper

laser level into translational energy is precluded.

- The reported values of the relaxation rate comstants for this pro-

cess are in fairly good agreement with each other. The mean values of the

constants, relevant to a CO2: N, : He laser, reported in references 9,

2
p.157)(32,43-49) :at 300°K are :

= 351 % 33, 0%9

= . + 1 . V=
122+ 20 | and. Kl(M=He) 8

*101=co,) Klac=1,)

all in units of torr 's !.

Thus the expected relaxation rate constant of the upper vibrational
laser level for the gas mixture principally used throughout the subsequent

experiments (CO, : N, :He, 1 :% :2) is:

o1 b1 ok _‘ -
‘173 (KL(NF c0) s Bru=w) % (M=He)>‘ 168 torr™" ™"
' . (1.9)

(50) 1(44,51)

CHEO and REID et a have shown that the rise and fall

times of the optical gain coefficient in a CO, laser amplifier correspond
to the effective lifetimes of the lower and ubper vibrational laser levels
respectively. As will be shown in section 2.5.2, analysis of the gain wave- .

- forms of the TEA CO, laser amplifier employe& in this research, indicates a

relaxation rate -constant K, = ;lf = 160 torr™! s™! for- the 00°1 level which
1 :

is in excellent agreement with the expected value.

1.4.3 Lower Laser Level Relaxation
(8,9,52)

VIt is generally accepted that the relaxation of the lower

vibrational laser level [10°0, 02°0]I or [10°0, 02°0]II into the bending

mode (01%0) is very rapid (~ 105tofr‘ls'1) and, as a result, it is effec-

tively controlled by the relaxation of the bending mode which can be written

, . K . ' .‘> . '
asi . 0,(01'0) +M —> C0,(00°0) + M+ 667 cu ! . ve. (1.10)
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This reactlon has been widely studied and there is a plethora of
experunental data for CO and He as collision partners, as ‘opposed to
the sparsity of recent data‘coneerning' the effect of 'N, onkthis relaxation
process. By a\reraging out the results reported in references (40 42,53-56)
the follow1ng values and the1r dev1at10n from the mean 'have been derlved |

_ 206+ 12 torr “lsTl, = 100 torr l;s‘l .

2(M CO) 2(M N)

and . R o
’ = + 3 -1 - . .

K2(M=He) (3.8.6_0,4)x_l:0 torr="s™" (l.ll)

The"rela}‘cation rate constant expectedAfrom_ these \}alues for'the gas

:2 is =2.3x ]03tor'r-l's'—11. Analysis of small

.
o= .

mixture 'COFZ ’:'N : He, 1
s1gnalr gain waveforms (sectlon 2. 5 2) - based on the assumptlon that the =
effectlve 11fet1me of the lower laser 1eve1 corresponds to the rise-time of "
the gain pulse — 1nd1cated a'value of

1 -1

I n3 -
Kz"_p""l l><10 torr "'s

for this gas mixture. The agreement between these two’ values is satlsfactory. g

The exact value of the rate at which the two levels in Fermi reso'nance

rexcha\nge energy as well as the rates -at which they decay to the (0110) level

is still the subJect of some uncertalnty(57 58). Relaxatlon of the lower

v1brat10nal laser. level ~could enhance the amp11f1cat10n of laser pulses

provided that its 11fet1me does not exceed ‘thelr duratlon. However, ‘this

relaxatlon cannot affect the ampllflcatlon of nanosecond laser pulses, at

atmospherlc pressure, 51nce even the fastest reported rate constants (59)
- 5 ‘ 5 '
30M= co,) (3"”’”0*-’ 3(M N,) " - G x10
and 3(M He ) (0 8+0 3) x 105 torr™: s.":1 .

for the process:

C0,[10%, 0201 + = €0,[10°0, 02°0] ;[ +M+102.8 cu™ ... (1.12)

cannot éredit a nanosecond lifetime of the lower laser levels. ' For this-

reason the amplification-efficiency of such pulses is substantially curtailed.
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1.4.4 Rotational Relaxation

Tﬁe eﬁficiéncy with which the optical énergy stored in a CO, laser
amplifierAcan be extréétedvby a nanosecond pulse is principally governed by
the rotational relaxation within the vibrational laser levels. Since opgi—
cal energy can.be'exfracted-only from CO, ﬁolecules whose rofatioﬁal quantum
numbers éorrespond to the spectral content of the incomiﬁg laser pulée, the
total energy stored in ghe 00°1 level is extraéfablé énly after itsrtransfer,
via collision, into the’rotétional levels wﬁich interactldirectiy with this
pulse. Measurements of the,rotafiopal'relaxation rate éonstant KR ha&ev
beeq‘féported By CRAFER et a1(6o), CHEO and ABRAMS(él)‘andVJACOBS et a1(6?).
Jééobsieé éi have détermine& the following rate constants Kg, for tﬁis
procéss By monitoring the repopulatiBﬁ'of the 00°1 (J==19)‘rotational—v

vibrational level, perturbed by a saturating ~2ns single line pulse: 

*R(€0,-c0,) T 1302 Kr(co,-n,) 712202 Fr(co,-ne) 7 0-0 %01

all in units of 107 torr™!s™!, Thus the expected value of the rotational

relaxat?oh time' tp for the mixture éOé: N, :He, 1: %: 2 at atmospheric
preséuré is 0.154ns. It will become apparent in Chaptef \ that,‘as a

result of this finite value of tg, é single line pulse of Ins duration

can extréct no .more than 207 of fhe-optical energy stored in the 00°1
vibrational level. This situation can be impfovéd, however, as was suggested

(60) (63) (64)

- by CRAFER et al and later by FELDMAN: and SCHAPPERT by using

multi-line pulses and/or by operating the laser amplifier at higher than
' | » ‘
atmospheric pressures. A more detailed discussion of this aspect as well

as experimental evidence supporting the validity of this argument are pre-

sented in Chapter V.
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1.5 CO, NANOSECOND PULSE LASER TECHNOLOGY

1.6.1 Mode-Locking

The‘selection of a single pulse from the output pulse train of a
mode-locked oscillator has been the most widely used method for generating

nanosecond CO, laser’pulses.ul*ji'"'

Active mode-lock1ng of a TEA CO laser u51ng an 1ntracav1ty acousto—“

(65)

optic loss modulator was flrst reported by WOOD et al and later by

(66) (67) (68)

FIGUEIRA et al , RICHARDSON and SAKANE

Passive mode—locking using hot CO (350 C) as a saturable absorber

(69) a0,

‘has been reported by GIBSON et al FORTIN

(72)

R whlle NURMIKKO et al

et al( D and DYER and JAMES have obtalned mode—locklng u51ng SF

diluted in He, as the saturable absorber. The su1tab111ty of p-type

Germanium as a fast relax1ng passive mode—locklng element for CO2 1asers

has been demonstrated by GIBSON et a1(73)."Thls materlal saturates at an

intensity of about 10 MW/cm? (74) and 1ts use has resulted in 500ps pulses

from an atmospheric pressure osc111ator. U81ng this method FELDMAN and

FIGUEIRA(75)

(76 77)

have generated 400 ps pulses at 600torr, ‘whlle WALKER and

ALCOCK have- obta1ned pulses 1n the 75- 150ps range from a hlgh pres-

sure (10 15atm.) co, 1aser. A h. ”[ o - » . "‘,

(78)

Lastly, 'BELANGER and BOIVIN and ALCOCK et .311(79 80) have generated

- trains of ns pulses.by injecting

(a) - a single nanosecond CO, laser pulse; :
) : i
(b) a low energy train of such pulses; and
(c) a short pulse switched out of a CW laser,

respectlvely, into a 'slave' oscillator. This injeotion mode-locking method

has the advantage that it can be applled to large aperture TEA CO, lasers.

Discussion of,the»spontaneous self-mode-locking tendency, associated

with TEA CO0, laser oscillators emitting a single transverse mode, will be

found in the next chapter (section 2.5.4).
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1.5.2 Mode Selection

The advantage of using a single longitudinal'ﬁode rather than a mode-
locked oscillator for the generation of mns CO, laser pulses is discussed

in Chapter VI. Single longitudinal mode operation has been achieved by.

(70) (72,81)'

szURMIKKO et al’ — and subsequently by;others —-throﬁgh the inser-

tion of an SF6 cell in grating-tuned resonators.

Mode selection using interferometric techniques has been reported

(82) (83)

by WEISS and GOLDBERG and HAMMOND et al

(85)

GONDHALEKAR et al( 4 an nd GIRARD have achieved singie longitu-

dlnal mode operatlon by 1nsert1ng a CW, 1ow—pressure C02 dlscharge section

into a TEA CO2 resonator 1n what has been de51gnated the Hybrid CO, laser.

The . CW section superlmposes a narrow peak in the pressure-broadened galn
curve of the TEA 1aser. This extra galn_caqses.the‘laser oscillation to
build up in a single longitudinal mode, lying in thé natrow frequéncy-range+ - zea-

of the CW gain curve. A variation of this method was recently reported by

(86)

LOY and RONALD which substituted a low pressure pulsed section for the

CcwW section.'
The injection of the _output of an 1ndependent cw osc1llator 1nto

8)

the laser resonator has also allowed mode selectlon control( 7,8 provided

the two cavities are mode-matched.

(89)

One final method for échieving'single longitudinal mode opera—
tion of TEA CO, lasers, based on the coupling of two unstable resonators

sharing the active medium, is fully discussed in Chapter VI.

1.5.3 Generation of Single Nanosecond co, Laser Pulses

The most common approach to the generation of short laser pulses
relies upon the use of a fast electrd—optical switch. Bj means of this
method the short pulse is generéted either (a) by gating out a segment of

the pulse emitted by a single longitudinal mode oscillator, or-(b) by



selecting a single pulse from the train of pulses generated by a mode-

locked oscillator.

(81) .

HILL et al have reported the generation of pulses. of variable

duratlon (2-100 ns), 0. OSMW by gatlng the srngle longltudlnal mode out-

(90),

put of a TEA CO, 1laser. RICHARDSON _has recorded ~6OO R SmJ mu1t1—

line pulses u31ng a uv photo-prelonlzed 002 1aser, wh11e FIGUEIRA and

(91)

SUTPHIN have obtalned the generatmn of two-band ]ns, 0. 5mJ pulses.

The development of a full—wave CdTe e1ectro—opt1ca1 shutter at Los Alamos

G )

has enabled the production of-a- 400 ps multi-line pulse

(92)

DAVIS et al have produced 1. 3ns s 1MW pulses from an actlvely
ode—locked TEA CO2 laser, w1th extinction ratio of 900, u31ng a GaAs ,
Pockels cell. RHEAULT et al( 3) have generated 1.8 ns, 'ZmJ pulses, w1th
extinction ratio of 300, which were ampllfled by four ]m—long, double--

dlscharge modules to 3.5vJ . LITTLE et al( 4)

using arslngle-stage telescopic
amplifier have achieved: 0.83 ns, 1J pulses with an extioctlou ratio vof up

to 3400 (section 3.6‘). FIGUEIRA et al (66), usi_ng4 a Brewster'fa»n‘gle'_a'c‘ousto-,'
-optic modulator, have gederated 1.2ns, 1 mJ pulses with the»h‘igh ext:luctiou

. ratio of S.QX IQ"; .PAN et a1(95‘) ‘have amsllfied a multi-line i.3ﬁ$,,-2:ﬁJ o
pulse, uith extinction ratio of 1.5x10"%, to 10J by pa831ng it three times
‘through a 1.8m long ampllfler. STARK et al( ) reported pulse—energles of'
20J in 1.5ms, _using three: large-volume electron—beam ‘controlled ampllflers. :
VALKYRIE, the short pulse CO, laser systeru at the La'wrence tivemore stora-.
1:01'y(9 ) has delivered a multi-line 1.5ns, 25 J pulse. The lexti’nction ratio
of the amplifiedpulse was found to be 2x 103, which was three orders of
magnitude smaller than that of the input pulse. CHAMPAGNE et al( ), us1ng

a chain of eight laser modules; have amplified a multi-line 1.2ns, 2mJ

pulse t.o 50J 'MATOBA et al(gg) have recorded a 3ns, 200 J pulse us_ing a

A nine-module chain of amplifiers.. Lastly, the Single-'Bealn System at LASL(6V),

coulprised of a mode-locked, UV-ionized oscillator; a double electro—optical
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i
switch, with extinction ratio of 4.5x10°, and four 1 m-long, electron-beam

controlled amplifiers has delivered 250J in 1 ms.

Another - potentially important — method of generating nanosecond
(100)

pulses has been reported by YABLONOVITCH and GOLDHAR
' (101,102)

by ﬁeans of which
pulses shorter than 50ps_ héﬁebbeen recofded . In this methdd,
termed FreéAInduction Depay,'a long siﬁgle;1oﬁgitudinéltmode‘1asérvpuiée

is abruptly terminated by optigal bréakdown‘and is subséﬁuéntly‘passed
through a CO, cell actiﬁgAas a nafrqw band resonant aBsdrber..uThe sharp
termination of the input puiSé éauéeé the absorber to transmit é‘shéft'pulse
while the primary pulse is heévil§ afteﬁuated.

(103)

Finally, ALCOCK et al have demonstrated a technique whereby
~2ns CO, laser pulses were pfoduced by reflection from free carriers

induced in a polycrystalline Ge plate by a ~2ns ruby laser.

-
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CHAPTER Il

'.ANALYSIS AND OPTIMIZATION OF TEA CO, LASER PERFORMANCE

2.1  INTRODUCTION

"Two different transverse1y¥excited atmospheric pressure (TEA), CO2
laser modules have been employed throughout the course of this study and ﬂ
for that reason, they merltvpartlcular attentlon.‘ éhe flrst module was a
Double—ﬁischarge type with electrode'configuration 31m11ar to the one frrst

ai(104)

described by DUMANCHINdet ‘and with electrical driving'circuit similar

‘to that. reported by PAN et al(IOS)

- This dev1ce was 1n existence at Culham

prior to the undertaking of 'this Work but was modified to improve 1its

efficacy;for the present study_and.it is the improved Version which is shown
in Fig.Z.d. The second module, similar to the one first developed by

LAMBERTON and PEARS‘ON(106 107)

was constructed and assembled entirely in the
course of this work (Fig.2.2). Althouéh this is also ‘a Double-Discharge
system, in order to distinguish it from the first, it nill be referred to as
the;Doubie—kogowski — on account of its electrode shape. A comprehensive
analysis offboth modules as well as a discussion of their individual and

comparative performances is presented here.~

2.2 DESCRIPTION OF THE DOUBLE~DTSCHARGE MODULE

2.2.1 Electrode Structure

The cathode comprlsed 158 parallel blades —-Q}lmn apart 70 mm wide,
0.6 mm th1ck and 2.7nm1deep — milled from an alumlnlum base. In'betWeen-
the blades were glass—lnsulated trigger electrodes (see Fig.2.3) consisting
of 5.4mm -in diameter caplllary glass tubes contalnlng 0.3mm in diameter
nichrome central wires. These wires were so arranged as to lie on the same
level as the edges of the aluminium blades; The glass’ tubes Were sealed at
one end and all the wires emerging from the open end were attached to a

2x2x100 cm® copper bar which in turn was connected to the anode through a
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Schematic diagram of the double-discharge laser
and electrical pulsing circuit

1200 pF coupling capacitor C.. The anode was a 110x15% 15 cm® flat
aluminium plate with smooth edges to prohibit field concentrations. - The -

electrodes were enclosed in an air-tight perspex box.

2.2.2 Gas Supply

The three gases — helium, carbon dioxide and nitrogen f:were'supplied
in separate cylinders each of which was connected to its respectiﬁe éas,fldw
meter. Having passed through the flow meters, the individual gasgs'ﬁé&é
mixed-before entering the laser box. Each flow—fate could be indepehdentiy
‘controlléd and the flow-rate of the gas mixture és a whole.could_bé vafied
from | to 8 litres per minute to meet the gas replacement redﬁirement,fdepega-
ing on the frequency of firing which ranged from 1 to 6 pulses‘per minute.
This repetition rate was limited by the capability of the chargingvsupply
but since this was found to be adequate for the nature of the éxperiments

undertaken, no attempt was made to improve the rate.

2.2.3 Electrical Pulse Circuitry and Glow Discharge Mechanism

The electrical driving circuit is depicted schematically in Fig.2.3.
The low inductance storage capacitor Cg=0.2pF was charged by a high voltage

d.c. power supply consisting mainly of a 5 kVA transformer which delivered a
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voltage of up to 60kV via a rectifying assembly of 17 LCfSOHV diodes.
The circuit was switched with a nitrogen-filled spark gap of Culham design,

operating at'pressures between 2500 and 2800 torr.

The second low inductance capacitor Cp =0.1 UF together with the
inducto? L=9uH formed the pulsé-shaping nétwork. When the spark-gap was‘.
triggered, the electrical energy store& in the capacitor ‘Cé was.fed into
the pulse-shaping network. The voltage, deﬁeloped'acrosévthe cépaéitqr and

consequently across the inter-electrode spacing, is expressed as a function

(108,109)

of time by _ T
vV C C.+C.\} ' :
_ 'o’s _ s Up ‘ . :
v(t) --——CS+CP [1 cos(———LCS Cp)~t] (2.1)
2V, Cq

This yoltage attains its peak value. Voax = E;j;ﬁ;-= 1.33v, ﬁt the
time ¢t = ﬂ/-%ﬁ%?é% = 2-43L$ after tﬁe closing of the spark gap. Dpring
this élowly—rising high voltage pulse, the electric field between the cathode
and the trigger wires was sufficiently high - due to the proximity of the
trigger wires to the cathode plates — to initiate é corona discharge betweén
these two elect?odes. The electron layer, as well as the ultra—vibleﬁ_radia—-

cion(110,111)

produced by the corona discharge, created the necessary pre-
 ionization in the inter—elegtrode gas for the initigtipn of the élow'dischargé‘
between the anode and the cathode. Fié.2;4(;) shows a typical cﬁfrgntvéﬁlse"
'shape of the main discharge displayed on ah45ﬁ Tektréhix oscilléscoée‘ﬁsihg
a Rogowski coil,encifcling the anode—to-e;rth leads. Glow discharges:at: '

atmospheric' pressure were obtained for various gas—mixtures and electrical

input energies between 185 and 370 Joules.

This module has been used for ‘three purposes in the course of this

research:

(a) as a 180 megawatt peak power CO, laser using an unstable
resonator emitting a single-—transverse but multi-longitudinal

mode;
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(b) as a single-transverse, single-longitudinal mode co,

laser with 30 megawatt peak power using two coupled,

(89)

unstable resonators which is discussed in detail

in Chapter VI; and .

(c) as a telescopic amplifier emitting 1GW, I ns CO, laser

(94)

pulses which is described fully in Chapter IV.

2.3 PERFORMANCE OF THE DOUBLE—DISCHARGE‘OSCILLATOR'

2.3.1 Optical Cavity: Unstable Resonator

In many laser applicatibns, a beam with divergence as near to the
diffraction limit as possible is highly desirable. In stable resonators,
however, the emitted beam has diffraction-limited divergence only when an
intra-cavity aperture is used to suppress oscillation in all but the lowesf
order transverse mode. The exact required diameter of such an apefture is
a function of the resonator parameters and the 1éser‘wave-length(113) but
it is generally less than 1 cm? in the case of a CO, laser.’ This'implieé
that for the Double-Discharge module which has a 25 cm? chSstecfion, the
volume of the lowest order transverse mode is less than 47 of the voluﬁe_bf
the active medium, and consequently no more than 4% of the available optical
energy can be extracted by a single transverse mode when a stable resonator A
is used. By contrast, the usé'of é'télescopic resénatdr’does ensure dscilla—
tion in the lowest order transverse mode filliﬁg the eﬁfire croséf;ectioﬁ
of the active medium. This significant adﬁéntage of unstable, oyef’staﬁlg,;
resonators accounts forrtheir increased rgéognition and use with -CO;

(72,94,114-118) (115)

, using an unstable resonator,

lasers . DATSKEVICH et al

haﬁe obtained 7.5kJ single transverse mode COzjlaser pulses. The proper—

L.

ties of unstable resonators are fully analysed and presented in two review

papers by SIEGMAN(RIQ) and ANAN'EV(IZO).

Accordingly, an unstable confocal resonator belonging to the positive
branch (telescopic resonator) was used in conjunction with this module was to .
extract the optical energy stored in the active medium. The radius of curva-

ture of the concave and convex mirrors was R, =3.83m, R2=-1.33u1respectiv¢1y.
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The cavity length was determined by the convocality condition -

R, = IR, |
1 2
L=——— =1.25m.
2
The magnification of this unstable resonator, i.e. M =R /|R2| ='2.875,
determined the fractional output coupling, 6 = 1--1— = 0, 88, in-the"cavity

MZ

The cross—section of the output beam — Just after the exit w1ndow — was’ an
annulus with a central dark disc 17mm in dlameter équal to the dlameter of'
the convex mirror (Fig.2.5). The shadow of the 'spider' supporting thé éon—!
vex mirror, 4s is shownin Figs.2.5(a), 2.5(b), can bé-e;siiy'éliminated by
using an annular coupling mirror in front of the convex mifror aﬁd atf45°'

to the resonator axis, as was proposed by KRUPKE and SOOY(IJ4).

2.3.2 Energy Measurements

The energy of the emitted pulse was meésured using a pjro-élgttricA
joule meter (Gen-Tec, Model ED-500). The pulse shape was recorded and the
peak power was measured using a callbrated germanlum photon drag detecto(llz)
In Fig.2.6, the output pulse energy is plotted against the electrical egc;;a-r B
tion energy. It can be seen that theglasér energy continued '1:0A:i.n4c:rea'so.=':_“T
linearly with the electrical up to the limit of the‘péﬁér sﬁpply.:_Tﬁé -
CO, : N, : He mixture was maintained at 1:]:6, and the flo&iné ;a#é‘waé“Sri/ﬁin."
The efficiengy of this iaser, defined as the ratio of tﬁe 1ase;'beaﬁ_éﬁerg§ o
to the electrical energy stored in the capaéitor Cst is élso'plqtfed in'i
Fig.2.6. The temporal profile of the laser pulse (see.Fig;2.4(b))'Eomprisea
a 40ns (FMHW) spike followéd by a 1us low ﬁower 'taill.r'Tﬁe fifgﬁ spike
‘which was found to occur 500-600ns after the peék of the‘discharge‘éurrent
is caused by the gain-switching process(IZI). The long tail fesulfé frém -
the re-establishment of the popﬁlation inversion achieved by repumping éﬁe
upper laser level by collisions with the vibrationally-excitéd N, molecules.

The energy contained in the first spike was -estimated to be ~407 of the -

total.
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2.4 DESCRIPTION OF THE DOUBLE-ROGOWSKI MODULE

2.4.1 Electrode Structure and Flectrical Pulse Circuitry

The second module used was a Double-Rogowski CO, laser(]06’]07),

Two identical Rogowski-érofiled brass electrodes 70 cm long and 2.5 cm

apart and two tungsten trigger wires running parallel to these électrodes;,
but laterally diéplaced, comprises the electrode configuration (E?gf2.7).

The tungsten wires were 0.3mm in diameter and were connected to the cé;héde
through two 250 pF coupling capacitors at one end of each wire. The,storage
capacitor was a 0.1 yF fast dlscharge low inductance capac1tor charged v1a a
ﬁFE’Mﬂ current-limiting resistor by a 1mA Brandenburg power supply (type

MR 50/RA). The pressurised spark-gap was again of Culham design. Low‘indﬁc—
tance connection was ensured by using a parallel plate transmission liné made -
of copper sheet 3 mm tﬁick. The total iength of the sheet was'70 cm anq;the
width at the ends connected to the capacitor and spark gap was 30<u£ and at

the ends connected to the electrodes 70 cm.

EHT Sg:;k TJungsten wire .
50 MR . |
= 5MQ 250 i N 250 ‘.

Fig.2.7

Schematic diagram of the excitation cu‘cult
of the Double-Rogowski oscillator

2.4.2 Glow Discharge Mechanism

When the spark gap was triggered and an ~45kV voltage pulse was
applied to the main electrodes, field emission from the tungsten wires resul-
ted in a sheet discharge along the entire length of the wires and between
them and - the anode(10 106, 107)., The energy diséipéted in‘the:discharge was

limited by the small values of the coupling capacitors. A glow discharge

was initiated between the main electrodes as a result of the ultra-violet
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radiation generated by the sheet discharge. This ultra-violet radiation

is thought to result from the 584 A helium resonance 1ine(107).

2.4.3 Gas Supply

The same gas supply serviced the Double-Rogowski as the Double-
Discharge module, thus obviating the need for the provision of a second gas
~supply. Having traversed the Double-Discharge device, the gas was fed into

the second module with no detrimental effect on its performance.

2.4.4 Stable Optical Resonator — Single Transverse Mode

The Double~Rogowski module was constructed for use with an electro-
optical shutter (which will be described in the next.chapter) to generate
nano-second pulses. Because the electro—optical crystal in this shutter

had a 1x1 cm?

cross—section, ahy larger cross-section in the laser beam
would be superfluous. Furthermore the low optical damage of the electro-
optical material (<1 J/cm?) prohibits the use of an inverted telescope to
reduce the beam cross—-section. Therefore the advantage offered by an'uﬁstaf
ble resonator (discussed in section 2.3.1) i.e. of prdviding large volume
single transverse mode, could not be exploited here. For these reasons, a
stable resonator, consisting of an R=10m radius of curvéture gold—coaped
copper mirror (reflectivity 99Z) and a germénium flat with an antif
reflection coating on one face (reflectivity 36%) were used. . The 1eﬁgth of
the resonator was L=1.35m. The waist of the lowest‘order’transverse.mode'

for such a resonator is at the plane mirror and the beam radius w_ .(or

0
spot-sizé) at this point is given by(lzz)

W, = (%)é [L(R—L)]‘l‘ = 3._-4mm . e (2.2)

In order to restrict oscillation in the lowest order transverse mode
an adjustable circular aperture was inserted in the cavity near the plane

(113,123)

mirror. It is well-known that oscillation in all but the lowest

order transverse mode should be suppressed for aperture diameters of smaller
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than 3.5 w, (i.e. d<12mm in the present case). With a 12mm diameter
aperture, however, the divergence of the emitted beam was fonnd to be more
than tnice the theoretically predicted, thus indicating that‘the laser was
oscillating in more than one transverse mode. By reducing thelaperture
diameter to 8mm the far field half-angle divergenee attained its minimum

value which was measured to be lmrad. This figure compares'favourably with

6 =_1.27-% =0.84 mrad which is the theoretical value for the ionest trans- -
verse mode of the same cross—section(124). Fig.2.5(c) shows a typieal burn

pattern of a single transverse mode taken on a developed polaroiﬁ film 30 cm

away from the exit mirror.

2.4.5 SerLMbde-Lockﬁgg

When the temporal profile of the emitted single transverse mode laser
pulse is displayed on a fast oscilloscope, such as the Tektronix 7904 (rise
time 0.8ns) using a Ge photon drag detector (rise time 0.6 ns) a'periodic
amplitude modulatlon of up to 1007 can be observed (Fig. 2 8(a)). The dura-»
tion of  the individual pulses in thls self—mode—locked pulse train is typlc-
ally 2ns (FWHM) (Fig.2.8(b)), but their shape was not’ reproduc1b1e from
shot to shot, reflectlng the fact that no mode—locklng element was present
in the cavity. Similar self-mode—locklng has also been observed by a number
of other investigators(125 129). The theory of self-mode—locking has_been'
the subject of numerous papers (130 "and cited references) and.al} that need
be emphasized here islthat unless oScillatron in a single transverse mode
is accomplished, the'depth of modulation is oecreaSed to.1ess than SOZ and,
when the mode-limiting aperture is removed, the pulse shape is irregular
’Wlth random mode beating (Flg 2 8(c)) It was also'fOund that the presence
of a polarlzlng KCl plate in the cavity enhanced the depth of modulatlon
which was, on average, between 907 and 1007 The 9 ns spac1ng between the

“individual pulses equalsvthe'calculated 2L/c round trip cavity transit time.
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2.4.6 Degree of Polarization

As will become apparent in the next chapter, a linearly polarized
beam with a ﬁigh degree of polarization, P, is‘required fpr the generation
of nanosecond pulses with low background. It will also be shown that a
partialiy polarized output pulse of the double-Rogowski oscillator can be
readily converted ingo a highly-polarized beam. In order to increase the
conversion efficiency (defined as the ratio of the intensity of the linearly-
polarized beam to the total intensity of the emitted pulse) a RC1 plate was
inserted into the resonator to polarize the output pulse. The degfee of
polarization of this pulse was measured using the arrangement shown in Fig..
2.9. It can be easily shown that

b - EI'QLEL
where  E,,E, are the energies measured by tﬁe two joule meters and R_L isj
the reflectivity of the Ge plate for radiation linearly polarized in a
direction perpendicular to the plane of incidence. The measured vaiﬁe of

P was P = @0%2+8%. The energy of the emitted pulse was in no way adversely
affected by the presence of the KCl plate. As a result of introduéing:this
polarizing plate, the efficiency of the conversion was increased by 80Z and

this promoted an equivalent increase in the intensity of the generated nano-

second pulses.

RI; SN :
Energy Meters

€O, Laser =1y . ) l ]
Beam 62§§%§§L" DE l 2
: i
Bréwster Angle

Ge Plates

Fig.2.9
Experimental arrangement for measuring the
degree of polarization of a .laser pulse
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2.4.7 Energy and Power Measurements.
Effect of Gas Composition

The total pulse shape of this module —-t&pical of a gain-switched
"laser — comprised a main spike followed by a 'tail', which was also charac-
teristic of the Double-Discharge device. The duration of the tail following
the initial 70 ns pqlse was found to be dependent on the ratio” of the par-
tial pressures PN2 and PC02 of the N, and CO, in the gas mixture. For
a ratio PNZ/PCOZ==3' the durafion of the tail was ~3us (Fig.2.10(a).
Energy and power measurements of such a pulse revealed that the initial
pulse contained no more than 127 of fhe energy of the total pulse. For a
%- the duratioq of the tail was redﬁced to ~1us (Fig.
2.10(b)). The pulse had no tail at all for ratios PNZ/PCOZé é-kFig.Z.lO(c)f

ratio PNZ/PC02=

The peak power as well as the energy of the emitted pulse was found to be

largely dependent on the gas mixture.

A series of simultaneous measurements of both the energy and the
- P

N,

+P

N, ¥ Fco,

in Fig.2.11. 1In the course of these measurements, the partial pressure of

peak power of the emitted pulse are plotted against the ratio P

the helium was kept constant at Pae =456 torr. It can be seen from these
_graphs that the energy of the laser pdlsé increases monotonically with the
nitrogen concentration up to Py, =230 torr where arc formation in the dis-

charge drastically reduces the energy output. The peak power of the pulse,'

P
. . ) N
on the other hand, originally increases with the values of- ?r———:ﬁé—— and
Py, _ Co, "N,
‘attains a maximum value when ?“"’IET_'=-O']4 (i.e.. PN2A= 43torr? PC02=
: €O, " "N, . .
260 torr). Further increase in PN2 results in an almost linear decrease

of the peak power.

For the generation of nanosecond pulses, it is desirable that the
oscillator should emit pulses with the maximum obtainable peak power while
the energy of the pulse should be kept as low as possible to avoid optical

- damage (see section 3.7). Furthermore, as will be seen later, the small
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Effect of gas composition on the pulse duration
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Fig.2.11
Effect of gas composition on the energy
and peak power of the emitted pulse

signal gain in the Double-Discharge module was max1mlsed for gas mlxtures'
PN2
P

-having the same composition. For these three reasons the ratlo of

O\ =

_ Co,
will be, in general, maintained throughout this study. o

The mean peak power of the emltted pulse- 1n ten consecutlveAshots
was found to be (9.8 0. S)MW/cm , while the energy was (290'*]0)mJ/cm .
The shape of these graphs was not affected by the amount of hellum in the
discharge (which varied within the range 315-700 torr) although — as might"
be expected — both the peak power and the energy were reduced at higher Ai

helium concentrations.
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2.4.8 Effect of Organic Additives on
the CO, Laser Performance

It has been so far ascertained that in order to maximise the peak
power output of the pulse emitted from the Double-Rogowski module, a laser
gas mixture should be used with:

(a) an appropriately chosen ratio in the molar fractions of

the two molecular gases (i.e. PNZ/Pcolr= 0.14); ‘and

(b) a low helium concentration.

However, when the helium concentration is reduced, at aﬁy-given
excitation energf input, formation of localized bright arcs‘dréétiéélly
reduces the intensity of the emitted pulse. The minimum-hélium concentra-
tion for which reliable and arc-free glow discharges could Be réadiiy. |
obtained was 60% for the Double-gggowski Qodule and 72% for the Double-

Discharge module for excitation energies of 88J and 290 J reépectively.

(131)

This arc formation is attributable to insufficient pre-ionization den81ty

} 2
which occurs as a result of the reduction in the he11um concentratlon( 3 )

(133)

-LEVINE and JAVAN demonstrated that the ultra-violet radiation

emitted from xenon,fiashlamps could produqe sufficient ionization to sus-—
tain a.glow disché&ge wﬁen the laséf,gas mixturé waé seeded'with.aq orgénic
vapour of low ioniéatioﬁ—potential (~ 7;5éV). AConsequgntly anienhanqement
in the pre—ionization density would be expected.to folioﬁ-ﬁhé iﬁtf6duc£ion
Vof such aAsubsténcg in the gas mixture of Ehe two iaser modulesAunder-dis—.
4 éussion,'as a reSuit‘of ,a more efficient use of the ultra-violet radiation
produced by the aux1llary dlscharges. ihis eipectation ﬁas substantiated
when small quantities (0 2 torr) of organlc vapour such as trlethylamlne,
(C2H5)3N or trlpropylamlne, (C,H,),N, hav1ng an 1onlzat10n—potent1a1 of
7.5eV and 7. 23eV’ respectlvely, allowed lower helium éoncentratlons to be
used in arc-free glow discharges. _The new lower 11m1ts*1n the hel;um con-

tent were 45% and 60% for the Double-Rogowski and Double-Discharge modules

. respectively. As a result 6f‘this'iﬁcrgase‘in the concentration of ‘the
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molecular gas (N, +CO,) an ~307% increase in both the peak power and the

energy of the two modules was established.

A further beneficial effect was observed on the Double-Discharge
module which normally suffers from a spatially non-uniform laser output.
The 'hot spots' in the lower part of the output beam shown in the 'burn-
pattern' (Fig.2.5(a)) taken on a deveioped polaroid film, are éiiminated
when 0.5 torr of the seedant is introducedvto the laser gas (Fig.Z.S(b));
This indicates a gain uniformity in the whole volume of the active medium.
The effect of the ultra-violet radiation created by the cérona discharge-
on the preionization density has been ﬁverlookedvin ﬁany publigatio#s con—

(10, 134=137) 7 RENKO and RUBINov(138);

cerning this type of lase
however, have recently shown that a sighificant amount of.soff ultra-violet
radiation is created and is particularly instrumental in establishing the
pre—ionization of the laser gas. It is therefore reasonable to in;erpret'

the observed uniformity as the results of the photo-ionization of the -

seedant gas which is distributed evenly in the laser gas.

The amount of seedant which was introduced in the laser gas was con-
trolled by bubbling a variable fraction of nitfogen through‘a vessel contain-

ing liquid triethylamine or tripropylamine. The partial pressure, Pg (in _

torr) of the seedant was accurately calculated by measuring the volume v

(in cm®) of the liquid which was vapourized in a time t (in min). It can
68Vp
t FM

phase (gr/cm®), M 1is its molecular weight and F 1is the total flow rate

be shown that Pg = where p is the density of the seedant in the liquid

(2/min) of the laser gas.

The beneficial effect of various organic vapours has also been
experienced in the laser performance of Double-Rogowski modules as has been
(139,140) . 4 NAKATSUKA and KUBO‘M4D) | simi-

reported by REITS and OLBERTZ

larly, BYCHKOV et al(lll) have reported an improvement in the output para-

meters and the discharge homogeneity of a Double—Discha:ge module.
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2.5 CHARACTERISTICS OF THE DOUBLE-DISCHARGE
MODULE AS A CO, LASER AMPLIFIER

The potential of the Double-Discharge module, as a CO, laser ampli-
fier was investigated and the subsequent finaings are presented in this
section. The effects of the gas mixture composition and of the density of °
the electrical input energy upon the value of the small signal gain coeffi¥
cient were examined. The saturation energy parameter for a 70 ns pulsé

was also determined.

2.5.1 Small Signal Gain Measurements

The small signal gain is an important parameter of the CO, laser
amplifier for, apart from being a measure of the stored optical energy,
its distribution over the various rotational-vibrational lines indirectlyv'
discloses information about the values of such quantities as: the rota-
tional temperature: the ratio of the population of the two laser levels:

C . (142-146) coe
and the absolute densities of these populations . In additiom, -,

its rise and fall times can be implemented to assess the lifetimes of the

" lower and upper laser levels.

Figure 2.12 schematically depicts an experimental arrangement ﬁsed
to measure the small signal gain which does not rely.upqn the use of’a.CW'
CO, laser normally required for such measurements. The intensity 6f fadia—
tion entering the amplifier was controlled by varyiné the &.c. voltage -
applied on a GaAs electro-optical crystal inserted between t&o croséed'
polarizers. The first polarizer consisted of a single Ge piaté placed at
the Brewster angle while tﬁe second contained six similarly pqsitionéd
plates. | |

With a 10kV voltage appliedvto the cryétél, the‘intensity of the
radiation entering the amplifiér &as attenuated by thin polyetﬁylene absor~-

bers to the lowest level (~ 1mJ) measurable by the énergykmeter E,. The

‘ reading of the E,, found to be 18 times greater, provided an accurate
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Fig.2.12

Experimental arrangement for measuring small signal gain

. measure of the input energy when this was further reduced by decreasing the
applied voltage. The input energy measured in this way was sufficiently
low (~ 50uJ) to preclude gain saturation. The small signal gain is thus  _

given by: A
1 ( 18E, \ .
u = T I.. . . ; .-
0 La n El J (2 3)

where L, is the length of the amplifying medium and E, and E, ére the
energies measured by the two meters when both oscillator and amplifier were
activated. A CO, spectrum analyser (Optical Engin. Model 16 -A) was used

to monitor the wavelength of the emitted pulse.

The time dependence of the small signai gain was ekaminéd by varying
the delay time between the firing of thé amplifier and the oscillato?. The
measured values of the small éiénal gain for the P (20) line at £he Af0;4Lm
band were plotted against this delay time iﬁ'Fig.2.13.’ As can be seen, the
temporal gain profile obtained by this method was found to be in good agree-—
ment with the profile achieved using the techniqué illustratéd in Fig.Z.jﬁ.
Adopting this technique(l47), a commercial CW CO;'laser'(ApollofXB) was
used to probe the gain of the amplifiér. Spectral examinatién»of the output

of this laser, using a CO, spectrum analyser revealed that the wavelength

of the emitted radiation was changing erratically and almost all the
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- rotational-vibrational lines of the 9.4 pum and ]O.4um.banas could be
emitted singly or in pairs. This was apparently due to cavity length varia-
tion resulting from temperature fluctuations in the laser tube. However,
oscillation in any one specific line couid be maintained for a period of a
few minutes by adjusting the current in the CW laser and the thermostat
of its cooling system. The power of the CW beam‘traversing‘the amplifier

was 0.5W and its diameter was 3mm.

A remotely-operated mechanical shutter (M.S.) was arranged to remain
open for a period of only 2ms thus minimizing the detector heating. On

opening, this shutter triggered the amplifier discharge circuit.

A typical gain pulse for the P (20) line of the 10.4um band, recorded
by a liquid-N,-cooled Hg: Cd : Te detector in conjunction with a Tektronix

7633 oscilloscope, is shown in Fig.2.4(c). The small signal gain, in this

- g (5y)

where I is the amplitude of the amplified signal and I, is the d.c.

case, is simply given by:

signal level preceding the gain pulse. Although this last techﬁique haé
the advantage of being direct and simple, the first deséribea.method was
found to be a useful alternatiﬁe in the eariy stages of this study erﬁ .
the CW CO, laser was not available. Moreover, it permitted —{ﬁnlike the

CW method — the investigation of the gain saturation.

2.5.2 Upper and Lower Laser Level Life-Times

The rise and fall times of the small signal gain pulse, as has been

—(50) op (44,51)

shown by CHEO and REID et correspond to the effective life-

times of the lower and upper vibrational laser levels respeéﬁively. The

temporal profile of the. gain coefficient can be described by the expres-

sion(44):

~t/Ty -e't/Tz) . (2.8)

alt) =a0<e

where T, and T, are the life—-times of the upper and lower laser levels.
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Although the gain waveform shown in Fig.2.6(c) gives the time depen-
‘ . ‘oo a(t)L,
dence of the gain per pass through the amplifier, g(t) =e it can be
readily converted to give the time-dependence of the gain coefficient it-
self, a(t). A very close fit was obtained between this experimentally-
determined gain coefficient and that described by equation (2.4) when
T, = 8.2us and T, = 1.2us. These values are in good agreement with the

expected life-times

1 I S
(Tl = f:f =7.8us, and T, = %7 = 0-57US)

discussed in Chapter I.

2.5.3 The Effect of the Gas Composition and
Electrical Energy on the Gain

It was found that the small signal gain was linearly proportional to
the electrical excitation energy as shown in Fig.2.15(a). The gas composi-
:He 1: é: 2).

tion was kept constant (CO, : N,

Figure 2.15(b) illustrates the variation of the small signal gain as
P :
N .
a function of the ratio =————>— . It is evident that the same gas com-
PN + PCO
2 2 .
position which maximized the output power of the Double-Rogowski module
(Fig.2.11) also maximises the small signal gain of this laser amplifier.

The electrical energy density in this case was fixed at 96 J/% - and the

He concentration was 657%.

2.5.4 Gain Saturation

For reliable gain saturation measurements, the sﬁall signal gain.
mﬁst be maintained at a consfant level. It can be assumed that this require-
ment is adequately fulfilled if both gas composition and eiectrical energy
density are kept constant. When the polyetbylene attenuatofs were removed,
the intensity of the input ﬁulse'could be ?aried.in'the region 0-50 mJ/cm?

By adjusting the voltage applied to the crystal from zero Fo 10kV., The
intensity of the amplified pulse Ej is plotted as a func;ion of ﬁhe'inten—

sity of the input pulse E; in Fig.2.16.
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Fig.2.16
Comparison between the experimental and calculated
energy extracted by a 70 ns pulse

The solid line represents a theoretical curve calculated from the
two-level amplifier equation (equation (5.2)). |

In the case of a 70ns pulse, the CO, amplifier can in no way be
classified as a two-level system (due to rotational and vibrationai-répopu—
lation and relaxation of the upper and lower laser 1evels).~ However, very
good agreement between theéry and experiment can still be obtained'prdvi&ed
thag the appropfiate value for the saturation energy density, Eé, is éhoéen,
as is illustrated in Fig.2.16, and has been supported by other invésﬁiga—
tors(l49-152). This saturation energy parameter is — in the case of é.goz
'amplifier — a function of the pulse duration as well as of fhe laser gas
pressure and composition. |

The optimum fit to the experimental points is obtained when the
saturation energy density takes the value Eg = 182mJ/cm?., It is iﬁportant
bto ascertain the E; because it determines — together with the small signal
gain'—-the potentialities of the laser amplifier; for example, the product:
Ego, = 6 J/& gave the maximum optical energy which could be extracted per
unit volume by a 70ns CO, laser ﬁulsé from the éﬁplifier hitherto investi-
gated.

_53_



CHAPTER IT1

GENERATION OF NANOSECOND PULSES:
ELECTRO-OPTICAL SHUTTER

3.1 INTRODUCTION

Nanosecond CO, laser pulses were generated using the output of the:
Double-Rogowski module, described in the previous chaptér, in conjuhcﬁién
with an electro-optical shutter. This device comprises an eleétro—opticél
crystal, a system of crossed polarizers, a 1aser—£riggered spark gap'(LTSG)
and a high voltage pulse generator. The time variation of fhg eleégrié
field applied on the ecrystal is imposed on the laser radiation passing .
through it, thus enabling the duration of the laser pulse transmitted through
the electro-optical shutter to be controlled. The obvious fequirements of :

(a) a high degree of synchronization between the laser and

the electrical pulse, and

(b)  subnanosecond rise time and jitter, are satisfied by the

use of the LTSG.
In this chapter all the design considerations for an e1ectro~bptical
shutter are analysed and the subsequent results presented.. These;fesﬁlts
concern particularly:

(a) the performance of an electro-optical shutter using single
crystals of high-resistivity GaAs, suitable for CO, laser

radiation of 10 um wavelength;

(b) the experimental assessment of four GaAs crystals, based
upon their ability to discriminate égainst unwanted radia-

tion (extinction ratio); and
(¢) the opérational characteristics of a pressurised LTSG.
Although this shutter was specially consfructed to suit 10 um radia—
tion, the ;ame design considerations can apply to any electro—bptical
shutter using crystals which belong.(as does GaAé) to the.z3u1 crystallo-

graphic point group of the cubic system.
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3.2 LIGHT TRANSMISSION THROUGH AN
ELECTRO-OPTICAL SHUTTER

An electro-optical shutter requires the optical components fo be
so arranged that no light can‘be transmitted through the éhutter unless an
electric field is present. In Qné sgch_a;rangement an electro—oﬁtidal ] |
isotropic crystal is placéd between two cfossed'polarizers.(Fig,B;lj; VThis
crystal? ﬁnder the influence of an eleétriq field, becomes aﬁisdtrbpic;an&.
the trahsmission of the system is no longer zero but'contfoilea;by the

applied electric field.

The transmission of radiation is then given by‘(sée, forlexample;.

reference 153, p.696) \ - )8 o l .

: T =T,sin“2¢ sin 5 _ ‘ cee (3.1)
where ¢ is the angle between the transmission éxis of the first polarizer
and one of the privilege& directions (see.Appendix A), and § 1is fhe.phase
difference that has been developed betweén‘the two 1inear1yvpolafiéed waves
emerging from the electro-optical crystal. Tﬁe fac£or Tol‘includes fhe R
effects of any reflection, diffraction or ébsorption loss in the cfystal
and the polarizers. From equatiop (3.1) it can be seen that, for a'given
6§, the maximum transmittance of fhé-électro—qpficai shutter occurs'wheq
¢=145°. The value of T increasés‘és ,sin? gWA reaching its maximum value
T=T, when &=180°.

The performance of an eléctro—opticél sﬁitch is often 1imited becéuse
the value of the electric field required for ipducing §= 180°'exceedé that
which could bé aﬁplied‘tb the cfystal ﬁithouf the risk of dielectriébﬁfeak—
down. The value of §, per unit length of the crystal, depends on the ampli-
tude and direction of the electric field as wéll‘as on the direction of
Vpropagation. It will be shown later, that § takes a maximum valﬁg (for a
given field strength) when.the field is_apflied alohgbone particulaf (h1k1 21)
axis of the crystal aﬁd:“at‘thé same time, light is prépagatéd along another

speéific (hikQ %,) axis. It is therefore essential to ascertain which two

- 55 -



wMiCC!7D FOITAliTZrn
(TRAX 3SIC» /vXI >

FIRST rCIARIZER APPIIED EIECTRIC FIELD
Ti*"ismM]3 sICK AXIS)

Fig.3.1
Optimum orientation of the GaAs crystal relative to:
the polarization of the incident laser pulse (to left 1Ons/div);
and the direction of the applied voltage pulse (bottom 2 ns/div).
Top right oscillogram shows the generated ns laser pulse (L ns/div)



(sBOIT PULSE)

1LASER E FIELD

SECCHD POLARIZTR
(TRANSMISSION AXID

o4
(LORG PULTZ (110)| \¥ l

LASFR E FIELD

/&
"1 as ,
E
FIRST PCIARIZFR APPLIED EIECTRIC FIELD

(TRANGMICSICR AXIS) 1

Y
]
i



L

A
. (o)
[

'—P_N,—nt

rt_fry r\:\

2./



crystallographic axes fulfil this criterion so that an appropriately grown,
cut and polished crystal can be used. It is also important to find the
corresponding privileged directions so that the crystal can be so located

between the two crossed polarizers that ¢ =45°,

3.3 INDEX ELLIPSOID

The propagation of light through an anisotropic medium can be illus4
trated using an ellipsoid. This can be applied to describe any crystal
property given by a symmetrical second-rank tensor such as the dielectric
tensor [Eij]. The symmetry of [Eij]’ which is a consequence of.Maxwell's

(153, p.666)

equations , reduces the number of components of the tensor from

nine to six (since ¢..=¢€..).
ij 31

The most general form of the equation of the ellipsoid in Cartesian

coordinates 1s:

2 2 2
t X.X, X X X X, X X, X
i 1 2 3 XX 193 273
S Lz tr = —r2 22—+ 2—=1 ... (3.2
i,3=1 Eij €, E2 3 €12 13 23 :

However, there is always a system of Cartesian coordinates — the system of

principal dielectric axes — in which the above equation takes its simplest

form:

»

2
1

NN
w N

+ =1. ' | Cees (3.3)

1 2

+

“
ml X
Jnl ]

The quantities ¢; (i=1,2,3) are the principal dielectric constants.

Replacing the dielectric constants with the corresponding refractive

indices (for a non-magnetic medium n; = /éi), équation.(3.3),becomes:

..; (3.4)

Jl:x‘.
- N =N
+
jl »
N NN N
+
:5|>4
w N|w N
I

n; are the principal refractive indices and henceforth it Will be assumed
n,2n,2n,. This equation represents the index ellipsoid or optical
Aindicatrix, The three mutually perpendicular semi-axes of this ellipsoid
are M;, N, Ny It should be noted that rh. is the refragtive.index for

light linearly polarized — not propagated — along the corrésponding semi-axis.
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' With the aid of the index ellipsoid, the orientation of the privileged
directions, as well as the phase velocities of tﬁe two linearly polarized
electro-magnetic waves permitted to propagate unchanged through the aniso-
tropic medium, can be found. They are determined by the intersection of the
index ellipsoid with the plane perpendiéular to the direction of propagation
passing through its centre. This intersection is, in general, an ellipse.
'The privileged directions coincide with the ﬁrinciple semi-axes T, , N, of
this ellipse, and the two phase velocities are

c c '
U, = — U, = —. ‘ ... . (3.5
The phase difference, per unit length of the anisotropic medium, is

§ = 21T\)<U]_1_U_12-) = 2T1T (na—nb) ' (3.6)
where v, A are the frequency and the free space wavelength of the radiation.
For any arbitrary direction of propagation, n,~ny < nl-n; and therefore §
takes 1ts maximum value when Ny =My My =N, This condition is obviéusly
only satisfied when light is propagated along the n, semi-axis of the index

ellipsoid.

3.4 ELECTRO-OPTICAL EFFECT

The values of the six independent componénts €ij of the dielectric
tensor of certain crystals, and consequently the shape of their index
ellipsoid, can change under the influence of an épplied electric field
E = [El, E,, E,] through the eleétro—optiéal’effect; When this is directly

proportional to the applied field, it is known as the linear electro-optical

or Pockels effect. This change is given by :

i : .
1.(1) .
—_— - =r,.. E jr =1,2,3 ... (3.7)
i3 \fij/m=0 MR g
The 27 coefficients r.. are constants of the crystal and constitute the
electro-optical tensor. Since eij==€ji , it follows that rijk:=rjik;

therefore the symmetry of the dielectric temsor reduces the number of compo-

nents in the electro-optical tensor from 27 to 18. Furthermore, the presence
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of certain symmetry elements in the crystal restricts some of the ik

components to zero values. This is the result of a general principle of
invariance in crystal physics according to which: 'all expressions involv-—

ing any physical constant of a crystal should be invariant when any symmetry

operation of the crystal is applied(lsa).

Using equation (3.7), equation (3.2) becomes:

X.X,
] z x. = '
z e ot rijkEk X%y 1, ... (3.8)
ij :
which is the general form of the equation of the distorted ellipsoid.

Equation (3.8) takes a simpler form if the original ellipsoid ié.referred to

the system of its principal dielectric axes (after the substitution ni==€i-

has been made):
xf xi x:; 2 .
— =+ — + r... E x.x. =1 ... (3.9)
”f n; ng 1jk "k i

For crystals which belong to the 43m point group of the cubic system (with

n1=132=113==n0) the only non-zero electro-optical coefficients are:

Tos1 = T3o

132 = Tai2 = Ty

r

Ti23 = Ta13
The equation of the resulting index ellipsoid (which in the absence of an

electric field is a sphere) takes the form:

x2 +x? +x?
1 2 3
2

0

+21, (B %%, +Exx) +Exx,) = 1. ..o (3.10)

n

Taking the axes (x1 s X, ,xa) of the original co-ordinate system, parallel
with the three crystallographic axes {100y, {010) , (001> respectively, the
orientation of a new coordinate system whose axes are parallel wifh the
directions of the principal refractive indices of the distofted inde# ellip-

soid can be found. Equation (3.10) in this new system takes the form:

2 2 2 :

X X X '
Sttt — =1 .. (3.11)
nl n2 nS '

The values of Ny >Ny s Ny are n; = /17ki where the ki are the three roots
_(155)

of the cubic secular equation
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1
(—_2-— k) By rE,
Ng
1
r,,E, — -k r,,E, [=0 ... (3.12)
r
r E r .E (—l—-lc)
w152 y1™1 7
Ny

3.5 OPTIMUM CRYSTAL ORIENTATION

Using the secular equation, it can be shown that a given electric
field induces maximum birefringence, An = n, -n,, when it is applied per-
pendicularly to any of the (110) (011), (101) planes of the crystal. The

components of the electric field E in this case are:

E
.E1=E2=z’, 3 .

Substituting these values in equation (3.12) it is found that:

|
-1 1 T2
= z _ — ~ 3
n, = k7= (7 r“E) Ny *2r, N E
Mo
- :
n, =k,” =n, .o (3.13)
. -1
-3 ! z 1 3
Ng =kg” = | —+r,, B FMy=zT, NGE .
Ny ‘
: . : . (155) .
Using the above relations, in a method described by NYE s - the semi-

axes 1, and n, of the index ellipsoid are found to iie'on the same plane U?O)
as the electrié field, and to form angles *45° with it (see Fig.B.Al). The
direction of n, along which the light should be prop.aga.ted is consequently
perp.endicular to the direction of the electric fielci. _This is the great
advantage of the cubic over the uniaxial_ crystals (i.e. the widely—known

KDP crystals where the light has to propagate along the directions of the
applied field). Firstly, the design of the electro-optical shuttgr is greatly
simplified (with no need for transparent or speciallsr-shaped electrodes) and,
secondly, the required field can be reduced b}} using crystals whose length L

is large compared with the dimension. along which the field is appiied. It

is apparent, that in any electro-optical shutter employing a cubic crystal
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of the 43m point group (i.e. GaAs, CdTe, ZnSe, etc.) the best performance
is achieved when the following conditions are satisfied:

(a) The crystal has its faces parallel with the (170), (110),
(001) crystallographic planes. o

(b) The field is applied perpendicularly to the (110) plane.

(c) The laser beam is propagated along the (IiO) axis with its
direction of polarization parallel with (or normal to) the -

direction of the applied field.
The phase difference which is develqped between the two componehts of

the linearly polarized light is then given by: -

2L _ oML s o
5——-—}\ (Tll ns)—%—.r“n_olv‘ | ...»(3.]4)
where V=Ed 1is the amplitude of the applied voltage. When
A | '
Vy = 5‘““"”; e (3.15)
: Lru1no '

§=180° and the transmittance of the electro-optical shutter reaches its

upper limit T=T;. This value of V, is the half-wave retardation voltage.
2 .

Figure 3.2 shows the Pockels cell used fhroughoﬁt this in&estigation.
The 10X 10X 50mm GaAs crystal is mounted in a‘way that satisfies the above
conditions for optimum ofientation. Indium foil inserted between the crystal
and the two electrodes ensured that the crysfal ﬁas firmly hel& Qithéut being
stressed; otherwise, in the abseﬁce of an electric field,strain birefrin-
gence could be induced.

Using eéuations (3.15) and the vélues of A==10.6Lm1;'ru1é 1.4x 10710
cm V™! Ny =3.3, the half-wave retardation voltage of this foékels’cell is

determined as:
vV, = 21.06kV ,

N

3.6 EXTINCTION RATIO

Although in theory there should be no transmission of light through
an electro-optical shutter in the absence of an electrical field, in prac-

tice there is always a small transmittance arising from optical imperfections

- 61 -



Fig.3.2
GaAs Pockels Cell
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Fig.3.3

Experimental arrangement for meaéuring the residual
birefringence of the GaAs crystal

in the system of polarizers and the electro-optical crystal (residualrstraiﬁ—

induced birefringence).

The ratio of the intensity I, of the radiation incident on the second’
polarizer (see Fig.3.3) to the transmitted intensity I when no'figld is
applied, is the extinction ratio of the electro-optical shutter (Eg=1,/1).
The value of Eg is an important parameter of the electro-optical shutter
employed in a laser system since it determines the signal—to—nbiée (back—
ground) ratio of the transmitted pulse. The presence of .this low iﬁtenéity
background creates a serious problem for the'amplification'of nanosecond
pulses because it experiences a high initial gain, with the result fhéﬁrﬁhe
signal-to-noise ratio cqntinuously decreases as the pulse travels through‘thé
amplifying medium. Furthermore, in the case of a chain of amplifiérs, that
part of the background which is ahead of the short pulse will sigqificantly

reduce the energy that the pulse would otherwise extract.

Two factors determine the value of Eg: (a) the extinction ratio, Ep,

of the crossed polarizer system itself, (defined as the ratio of the inten-
sity Ig of the radiation incident on the second polarizer to the.fransmitted
intensity I’ with the crystal removed from the system), and (b) the residual
strain-induced birefringence in the crystal which reduces the degree of
polarization of the laser pulse, thereby increaging the leakage of the

unwanted radiation (background). The quantity:’
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( 1 1\7!

E. = ———) ' ... (3.16)
c Es E, . ‘

represents the extinction ratio of the crystal and gives the upper limit of

the extinction ratio of the system as a whole.

Using the Fresnel formulae, the theoretical value of Ep, for the
system of polarizers shown in Fig.3.3 is:
Ep = " .. (3.17)
2n -

where m is the number of plates which comprise the second polarizer. An

experimental arrangement for measuring the values of E_ and Eg is also

p

shown in the same figure.

Y

When the second polarizer and the GaAs crystal were removed, the -
intensity Ig was measured. Aftgr the polarizer had been replaced, the
very low intensity, I/, of the transmitted radiation was amplified by the
laser amplifier to bring I’ to a measurable level. Taking into account the
known gain of the amplifier, the extinction rati§ in the case of three, four
and five Ge plates, comprising the second polarizer, was found to be:

E .=560 , E

= 4,600 and E _ > 10%.
p3 _

p4 PS5
These values closely agree with the theoretical values deduced from equa-
tion (3.17), indicating a very high degree of polarization of the radiation

reflected from the first polarizer, and also allowing a value of Ep62>105

to be estimated when six plates are used.’

Replacing the crystal, the extinction ratio Eg of the electro4optica1'
shutter as a whole was similarly measured and, using equation (3.16), the

value of E. was deduced.

Four GaAs crystals were tested and the values of their E, with
‘the full cross-section of the crystals exposed to the radiation, were found

to be 100, 400, 600, and 3,400 respectiveiy. When the égposed area. of the
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crystal was reduced by placing an iris symmetrically in frént of it, the
values of E, were found to increase. This clearly shows that the quality
of the crystél is poorer near the edges and according to FIGUEIRA(lSG) this
is due to strains introduced during the cutting and polishing processes.

The same study also noted this large sample—to—sampie variatidﬁ in the

quality of the GaAs crystals.

3.7 FORMATION OF WEDGE FRINGES BY OPTICAL
COMPONENTS. OPTICAL DAMAGE

The use of optical components made of material with a high refractive
index — like Ge or GaAs - as beam splitters, windows, polarizers and -
electro-optical modulators of the laser beam, often results in the formation

(]57). Usually these fringes are of equal thick—-'

of undesirable sharp fringes
ness (straight line wedge fringes) which occuf when the two surfaces of the
component are inclined. Generally in such components the 10cﬁs’of,the.points
of equal thickness, which represents the edge othhé wedge,»fofms an:ang1e 
with the geometrical edge of the component, i.e. a rectangular platé."As a
result of this, the fringes which are producgd on transmission of refigc—
tion appear to rotate when the angle of incidence is chéngéd, i.e. the gngle

between the plane of incidence and the straight line fringes appears to

change (Fig.3.4(a)).

In the course of operating the electro-optical shutter under discus-
sion, surface damage occurred to the Gahs crystgl. The damage pattern
resembled the fringe pattern of the beam reflected by the Ge polarizing
bplate (Fig.3.4(a), far right). The absence of any damage‘on the Ge plate
is clearly attributable to its higher damage threshold; A feature of
interest is thattalthough the incidené beam was parallel, only the exit
surface of the crystal was démaged, whilst the entrance surface suffered
no damage. It has been.prbpésed that fhis asymmetry bétween entrance and

exit damage thresholds, can be explained by considering FRESNEL reflections
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(a)
(1)

(c)

Fig.3.4
Wedge fringes on CO2 laser components
Rotation of fringes with varying angle of incidence
Effect of back surface finish of Ge plate on fringe
visibility; from left to right, incident beam,
reflected fringes (both faces polished), and smooth
reflected beam with matt back surface;
Effect of applied voltage on fringes produced in GaAs
electro-optic crystal-voltage increasing left to right
from zero to quarter wave value. Incident beam on
far left.
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1 1 )
at the surfaces( 38, 59). In the case of GaAs, which has refraction index

n = 3.3, the light intensity inside the crystal at the exit surface is
m?/(+1)?% = 2.35 times greater than the intensity inside the crystal at

the entrance surface.

As can be seen from Fig.3.4(c), the wedge fringes f;fmed‘by,thé'GaAé
crystal can be excluded by applying a bias d.c. voltage équal té the quarter
wave value. Although this is an impractical solution in theiprésént'cése
since it will induce continuous birefringencé, the disappeafance of the
fringes can be used to measure the quartér wave voltage and the eleétro-
opticél coefficient r,, of the GaAs. Antireflection coatings on both
surfaces of the crystal would seem to be the ob?ious solution to avoid the
fringes although new problems might éfise, such as current flow'tﬁrough the
coating or an overali lower damage threshold, depending on the coating .
material. However, the fringes produced by the polarizing Ge plate can be
easily excluded by grinding its back surface with a wet eﬁgry clofh (Fig.
3.4(b)). | |

‘The angle of inclination ¢ of the two faces of the GaAs crystal

can be calculated by measuring the fringe spacing d. For normal incidence

¢ =.'2'r);-d . ‘- | (3.18)
The angle ¢ = 8x 10 * rad, thus ascertained, agreed within 4% yitﬁ'the
values deduced from the displaéement of the reflected and transmitted beams
caused by refraction in the wedge. This is a useful method of measuring

small wedge angles on infrared components over relatively long path differ-

ences — 50mm in the present case.

An interesting fine structure in the wedge fringes, formed by the Ge
plate at angles of incidence greater than 45°, can be seen in Fig.3.5. The
high reflectivity of the Ge plate at such angles of incidence accounts for

the appearance of the fine structure. A discussion of these secondary maxima
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(160)

which have been theoretically predicted can be found in reference

(153, pp 351-4).

3.8 LASER-TRIGGERED SPARK-GAP

The advantage of the laser-triggered spark-gap over the conventional
electrically-triggered switch were widely recognised soon after the first
_ experiments initiating a spark discharge By focussing a laser beam into a
d.c. charged spark gap, were reported(l6l). Thése advantages.can be item-

ised as:

(a) the absence of electrical coupling between the triggering

device (i.e. the laser) and the high voltage assembly;

(b) the very short delay time (a few nanoseconds) and its sub-

nanosecond variation (jitter) from shot-to-shot;

(c) the capability of simultaneously triggering several LT SG's ;

and

(d) the very simple, robust and compact structure of the LTSG.

The LTSG is ideal for the generation of short laser pulses. In such
an application, the laser pulse itself provides the triggering of the spark
gap via a beam-splitter, thus achieving the necessary high degree of syn-

chronisation without the need for a separate triggering device.

Gas-filled spark gaps appear to be preferable to liquid or solid
. . . : ‘ -, . (168,175).
dielectric-filled gaps and have been much more thoroughly investigated

The main disadvantage of the liquid dielectric-filled spark gap is that
it has a delay iime of several microseconds, compared with the nanosecohd,

‘response of the gas—filled pressurized gap.

Gaps insulated with solid dielectric have the drawback that the dielec-
tric must be replaced after each gap closure since it lacks self-healing -

properties.

For the gas-filled spark gap, a pressurized gap is preferable to a low

or atmospheric pressure spark gap for two reasons: = -



(a)  the time taken for the development of the conduétion patﬁ
is reduced by increasing the pressure for a given value of
V/Vsb (where V 1is the charging voltage and \ sb the self
breakdown voltage of the gap); '

(b) by increasing the gap pressure, the gap spacing required
to hold off a certain'vbltage decreases (Paschen's Law) =
resulting in a faster rise-~time of the electrical_pulse‘.
generated by the gap closure (as will be shown later).. -

The coaxial structure of the i;TE%G used (see Fig.3.6) is shown . in
cross—section in Fig.3.7. The laser beam is directed on the cathode disc
via a 2mm central hole in the anode, using a.plane—coﬁvex-Ge iﬁns aé’~
combined window and focusing element. The leﬁs was so chosen that its -
focal point would lie ~2mm behind the target electrode. This arrangémént,

according to BETTIS et a1(162)

, results in the minimum delay time and
jitter. The gap spacing is adjusted by means of a 6.67 turns per centi-
. metre thread on the main body of the LTSG, and is effected by rotating

the main ring bearing the cathode assembly. Nitrogen, at pressures of up

to 7000 torr was used as the insulating gas.

3.9 PULSE GENERATION

A pressurlsed spark-gap similar to that reported by ALCOCK et a1(163)

was employed as the switch in a transm1351on—11ne>pulse generator'(F1g.3.8)
of a type first described by FLETCHER(164), who used it, as here, to produce

multi-kilovolt pulses with a sub-nanosecond risetime.

The distributed capacitance of the high frequency‘coaxial cable iq

is charged from a high voltage d.c. power supply throqgh a_reéistor R, = 107Q.
The other end of the cable is connectéd, at point A, to one 6f the electrodes
of a pressurised LTSG. The electrode spacing aﬁd gap pressure are such that
fhe self-breakdown voitage Vop of the gap is»higher than the potential'VA==Vo
to which the cable is charged. The potential on the second electrode of the
gap is V3==0. When the gap is triggefed by the laser beam at the time t, =0
the potentials at t};e points A and B are equalised: VII/A‘=‘V1’3.
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Fig.3.6
High-pressure Laser-triggered Spark Gap






P
A



Laser

Beam
Ge Lens
Brass
B Insulator (PTFE.)
Gas Inlet . - S
' Duraluminium
L | 1 R
, 0o 1. :
Fig.3.7 S L 2 ‘ BCv]
Cross—section of the LTSG' ' ' _
Pockels cell
T
Laser BS
beam -]
4 ]A\ /
\
HY e~ MAE] il 500
10MO . I B_] Oscillo scope
LTSG. 010 ’
"Fig.3.8

Multi-kilovolt transmission-line type
nanosecond pulse generator

- 72 -



Since thg potential Vp at the point B was originally zero, the gap
closure is equivalent to a short circuit appearing at one end of a charged
. 165
11ne( ) and therefore V£==VA/2 = V,/2. Consequently, two similar ramp
functions of opposite sign are generated at the switching point. These

propagate out in opposite directions along the lines L, and L, with ampli-

tudes

Y Vo
V. = -V =- — and V_ =
2 2

A"
1 2 0 -V, =

2 0 ’

0 Yo,
2

Both waveé travel with the group velocity U of the line which is:’A

U = c/VE
where ¢ is the velocity of electromagnetic waves in free space, and € is
the relative dielectfic constant of the insulating medium 5etween the two
conductors of the line. The dielectric in fhe cables used here was.poly—-

ethylene, for which € = 2.3 and therefore U = 0.66c = 1.98><108\m/s,_

The positive amplitude of the wave on the line L, imposes a steé
voltage V0/2 as it travels along it, whereas the negative wave discharges
the voltage on the line L, to half of its original value as it travels
towards the charging resistor Rlvwhere it arrives at time t2=Iq/U.
Because of the impedance mis-match, it is reflécted at this point, and

travels back along L,. The reflection coefficient is given by:
R. -2
1 %o
P =575 ... (3.19)
Ry*+2,
where - Zo==5052 is the characteristic impedance of the transmission line.

With R1==}O752>>Zo, the reflection coefficient p=1 and the reflected

wave remain negative with the same amplitude (—VO/Z) . Thus the reflected
wave completes the discharge of the line L, as it returns to the LTSG,

where it arrives at the time t, = 2L1/U and cancels the positive potential

V0/2 at B.

Since the positive wave has already been travelling for a similar time

2L1/U before being cancelled by the negative wave, the net result is clearly .
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the generation of a rectangular pulse of height ‘V /2 and width t-= 2L1/U
on the line L,, leading to the Pockels cell. A rigorous mathematical treat-

ment of this type of pulse generator can be found in reference (166).

This electrical pulse, having propagated along the line L,, over the
electro-optical crystal énd through L, , arrives at the térmiﬁatiﬁg resistor
R,. With the values o‘f'R2 and R; chosen such that R, +R, ézzog the pulse
will be absorbed because reflectivity p=0 for an impedance matéh.(équétion

(3.19)). Thus there can be no reflection of the pulse to activate the

electro-optical crystal further.

The two resistors R, and R; (R, «iRz)_form a Qoltage divider to
attenuate the multi-kilovolt pulse to an amplitudeAsuitable fér#oscilloscope
display. By varying the length éf thé 1iné L, from Q.IS to fO metres,
electrical pulses of duration ~1.5 to 100 nanoseconds ‘are feadily achieved.
A Tektronix 519 Oscilloscope with a deflection seﬁéitivity q£v9.8V7div and
a rise time of 0.29ns was used to display these pulses (Fig.3.9).v Because‘
the duration of the voltage pulse depends solely on therlength and the
dielectric material of the transmission line L,, this pulse generator has

a remarkable stability usually lacking in generators using active elements.

3.10 MECHANISM OF THE LASER-INDUCED GAP BREAKDOWN

The breakdown mechanism proposed by GUENTHER et al(]67) seems more

likely to apply to-the present case than those suggeétéd by other investiga—
tors(r68’]69) and will be described first.. 1In tﬁis mechapism, it is assﬁmed
that the electrons generated by fQCusing the laser on to the target electrode,
drift across the gap under the influence of the applied elecfric field
and gain sufficient energy to ionize the gas molecules or atoms by collision.
The growth of ionization conforms to the Townsend classical avalanche pro-
cess accordihg to which the number of electrons N produced after a distance
X 1is

N=N, exp(ax). - ... (3.20)

- 74 -



Fig.3.9
Typical examples of the generated CO* laser pulses - on the
right - (10 ns/div; 5ns/div; 1lns/div, from top to bottom)
together with the corresponding electrical pulses which acti-
vate the Pockels cell - on the left - (2 ns/div; 5ns/div;
2 ns/div, from top to bottom)
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Here, N, is the number of electrons emitted from ﬁhe elecérode and o is
the first Townsend ionization coefficient (i.e. the number of ionizing
collisions pér centimetre made by one electron travelling in the electric
field direction). This process continues until the entire gap is bridged
with an ionized conducting path. The velocity of the avalanche 'vé_ is
considered as equal to the electron drift veldcify (va ~ 107.cm/sec). ‘This
mechanism, however, fails when the measured delay time is shorter.thaﬁ the
time required for the avalanche to travel a distancé.equal to the gap length
d. In such a situation the more rapid 'streamer' mechanism is required fo
account for the temporal behaviour of the breakdbwn.4 In this process accord-

(]70), the electron mulfiplication follows the avalanche process

ing to RAETHER
until the number of electrons reaches a critical value N, = 10% after a
distance of travel X, At this stage the avalanche is transformed into a
plasma streamer advancing rapidly with a velocity vS~IO8 to 10° cm/sec.
The total formative time, which can be defined as the period of time that
elapses between the creation of the electrons on the target electrodg and the

appearance of the high voltage on the opposite electrode, may therefore be -

expressed as:

or using equation (3.20)

< ‘ ... (3.21)

3.1]- DELAY TIME AND JITTER

Although the self-mode-locked pulse of the Double-Rogowski module was

normally used to trigger the gap, it was necessary to use the 70ns single

longitudinat pulse from the laser described in Chapter VI in order to mea-
sure accurately the delay time, jitter and threshold power fof breakdown of
the gap. The peak power of the pulse transmitted th;ough the Ge lens;
ranging from O-2MW, was indirectly measured with the aid of a beam-splitter

located in front of the lens and a calibrated photon drag detector. ' The
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spontaneous mode-beating that normally occurs in a TEA co, laser, and the
difficulty of its removal, might account for the paucity of data on delay
time and jitter measurements in the literature, by contrast with the numer-

ous measurements pertaining to ruby, dye, YAG and Nd glass lasers.

The delay time, ty, of a LTSG - defined as the period of time
between the arrival of the laser pulse on the target electrode and the
appearance of the eléctrical pulse on the opposite electrode - may'be
considered as the sum of two smaller periods of time:

(a) the time, te, needed for the laser to heat the target

material to its melting point T, (i.e. the time needed

for the emission of the N, electrons); and
(b) the formative time, tes which has already been defined.
In the present case where the CO, laser pulse has a slow rise time
(~70ns) the value of t, cén be readily shown to be comparable with - or

even greater than - the value of ty and cannot therefore be overlooked as

§(171) 2(165)

it can with laser pulses of a few picosecond or a few nanoseconds

duration.

As shown later,

‘where 2
_ Iympck

4A*

is a thermal constant of the target material, and Py is the incident laser

power density. Thus, using equation (3.21), the delay time tg=t +tf 1is:
_ Té’npckl_*_ Q,nNc—SZ,nNO +d—xc,

d 4A? PE av, Vs,

Equation (3.22) theoretically predicts the effect on the delay time

t . ‘ oee (3.22)

of the laser pulse, voltage, gap spacing and pressure, and the experimental

behaviour qualitatively agreed with its predictions.

As a result of an increase in laser power, shorter values of ty were

recorded, presumably because of the smaller value of tg. Fig.3.10 indicates
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the effect of the charging 4
) ' . d:O.Gmm
voltage of the gap, V, on p=6,970 Torr
- 20k v,z 15KV
the delay time. The ob- P=250kwW
served increase in the 200L
delay time with decreasing B
‘ 160}
V 1is clearly due to the
.- 7))
C .
- fact that both o and v, Y 120
£
decrease with the decreas- ':
) . s 8o}
ing field. o
When the pressure P T 40
was increased simultan-
: 1 1 1 } S T
0 0.2 0.4 0.6 08 1 VIVe

eously with a decrease in
Fig.3.10

Delay time as a function of the applied voltage

the gap spacing, keeping
the.ratio E/P constant,
a decrease iﬁ the value of ty; was observed. This resuit,is in agreeﬁent
‘with équation (3.22) since the Townsend coefficient o is proportional ﬁo

the pressure P for constant E/P.

It thus follows that in order to minimise the delay time of a CO,-
LTSG, the highest permissible values of laser power and pressure should
be used in cohjunction with a charging voltage as near tbkthe‘selffbreakdown

value as possible.

The error bars in Fig.B.lO indicate the maximumbjittervéf.the déiéy
time. Subnanosecond jitter is observed for V0.8V . It should be
noted here however, that the jitter remains low only‘if‘thé power of fhe
incident laser pulse does not change from shotfto—shot.bjAny variation of
the laser power results in a considefablebincrease of the jitter even when
V::O.SVSb. This is apparently caused by cﬁanges in #hg value of pe,\which

is dependent on laser power. The peak power of the laser beam which entered
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the gap when the measurements in Fig.3.10 were taken was 250kW. The
minimum power required to trigger the gap when the charging.voltage
V=0.95Vy, was found to be ~20kW, corresponding to a threshold energy

of 1.5mJ.

3.12 ELECTRODE MATERIAL

Since the electron emission from the target electrode is regarded as

(172_]74’177), attention must be given to the choice of target

thermionic
material to achieve the lowest possible delay time, ty. When the target

eleqtrode is irradiated by a 'triangular' laser pulse of duration T, the
temperature T at the surface, as a function of time. t(t<1) is given by

the relatiOn(l75):

T=——"—t? ... (3.23)
Vvmpeck

where A is the absorbed fraction of the incident radiation, PR the laser
power density and p, c, k, the density, specific heat and thermal conduc-
tivity of the electrode material respectively.

Tungsten has been claimed as the best material for spark gaps triggered

(174,175) with aluminium, brass

by laser radiation of up to | um wavelength
and stainless steel in desceﬁding order of desirability. However, the longer
wavelength of the CO, laser (10um) requires the fesistivity of the material
to be taken into account, for this determines the value of the absorption
A (176), i.e. i ) L1

A =3.65x 107° (R/A)? -~ ee. (3.24)

whére A 1s the wavelength in um and R is the resistivity in . um. Using
the relations (3.23) and (3.24) to ascertain the comparative rates of laser
heating, the different electrode materials can be listed in order of desira—
bility for A ~10um as: stainless steel, tungsten, braés, aluminium and
copper.

Although brass electrodes were used in the present case, they were

found to be quite satisfactory for the generation of nanosecond pulses
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because for any value of the charging voltage V20.7Vgp £he electrical
pulse appears on the output of the LTSG before the laser pulse reaches
its peak (see Fig.B.!O). By suitably delaying the electrical pulse, its
arrival on the Pockels cell can be arranged to coincide with the peak of

the laser pulse.

3.13 RISE TIME DEPENDENCE ON GAS TYPE, PRESSURE
GAP SPACING AND CHARGING VOLTAGE ' -

While there has been thorough investigation of the delay time and

.. . . . (167,175)
jitter in LT SG operation - notably the articles by GUENTHER et al
proposing how these parameters can be optimized — there is very limited

experimental data(177)

on the effect of spark gap parameters - such as gas
pressure and operating voltage — upon the rise time of the electrical _

pulse.
Since the rise time of the transmitted laser pulse is determined by
that of the electrical pulse, it is essential to ascertain the 0perating

conditions for the minimum rise time.

Figures 3.11 and 3.12 illustrate the effect of the gap spacing and the
gas pressure respectivély, on the rise time of the electrical pulse. The

gas pressure was held constant for the former and the gap spacing for the

latter. The ratio V/Vsb was malntained at a constant value in both cases.

p =4900 torr

V/Vy= constant (ns) _

e ¢ Experim. points « T - - 'd =0.6 mm

— Theoret. curve 241 V/Vsp = constant

e o Experim. points
(ns) — ' Theoret. curve
20
1.4
1.2t 1.6
1.0F
R B4
0.8~ .
06 08
0.4i-
041
0.2+
1 1 J 1 Il 1 ] 1 1 1 [
0 02 04 06 08 (mm) 0 1 2 3 4 5 6x103(tor)
' Fig.3.1l : : Fig.3.12 "
Effect of the gap spacing on the rise Effect of the nitrogen pressure on the
time of the electrical pulse R . rise time of the electrical pulse
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The solid lines are theoretical curves based on the‘relation(l77)

t, = 3.5Pd%/sv? ... (3.25)
which gives the rise time as a function of the gap spacing d, ‘the gas pres-—
sure P and the applied voltage V. The best fit to the experimental points
gives a value for the constant S of 440 torr cm® V=2s~!, The close agree-

-1 (177)

ment (a) between this value of S and those of 450 torr cm® V™2 s and

4181:IOZtorrcm2V_zs"1(178)

obtained in other investigations, and (b)
between the measured and the predicted values of the rise time, full endorses

the validity of equation (3.25).

Nitrogen was chosen as the insulating gas because of its high dielec-

(162,179) that a mixture of

tric strength. It has often been suggested
nitrogen and argon (which has a lower dielectric strength) should be used in
order to achieve shorter delay times. However the addition of argon was

avoided, in the present case, for two reasons:

(a) because there is no need for any further reduction in the -
delay time while the maintenance of as short a rise time

as possible is essential.

(b) Dbecause this will necessitate longer gap spacings to hold
off the same voltage, which, in turn, will increase the
rise time of the electrical pulse.
‘Should the need arise in future applications of the CO, LTSG for
even shorter delay time, this could be achieved - without any adverse effect
_on the rise time of the electrical pulse ~ by replacing the brass electrodes

with those of stainless steel, rather than by adding argon to the nitrogen.

Equation (3.25) indicates how any change in the voltage applied across
the gap affects the rise time of the electrical pulse (i.e. for constant
_pressure and gap spacing: tr‘xgg-). Thus, operation,as near self-breakdown
as possible, is essential not only to obtain shorter delay time but, more

importantly, to achieve faster-rising electrical pulses.
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3.14 CONCLUDING REMARKS

The electro-~optical shutter, whose operational characteristics have
been fully analysed here, has been used to generate single subnanosecond

CO, laser pulses from the output of the Double—Rogowski‘oscillator(94).

Figure 3.9 shows three laser pulses (on the right) of duration 100,
20 and ~ 1.5 nsec transmitted by the shutter,‘together with the correspond-
ing electrical pulses (on the left) that activated the GaAs cgystal. The
performance of the device has shown no signs of deterioration after two
years of use. However, there are some improvements which could be made in
thé existing arrangement:
(1) The main limitation on its performance is theAfinite contrast ratio

(signal/background noise) of the switched-out laser pulses due to

the intrinsic birefringence of the GaAs crystal. The upper limit

of this ratio (i.e. the extinction ratio of the crystal) is atﬁained

when the voltage of the electrical pulse is made equal to the half-

wave retardgtion voltage V% (in the present case V% =21kV). Up to

1 . . .
now the voltage used has been V =3V,, and therefore increasing this

1

z
would significantly improve the present contrast ratio. However, this
should be followed by an appropriate inérease in the pfessure of the
nitrogen in the spark gap in order to maintain the fast rise time of
the elgctrical pulse (see equation (3.25)). |

(2) As a further step.to improve the contrast ratio, a second GaAs crystal
could be used together with an additional polarizer(lgo). This should
greatly improve the contrast fatio because the upper limit in this case
will be determined by the product of the extinction ratio of the two

=E§1)XE§2)~ 107, |

crystals: E_
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CHAPTER IV

AMPLIFICATION OF NANOSECOND PULSES: TELESCOPIC AMPLIFIER

4.1 INTRODUCTION

The low optical damage threshold inherent in GaAs (0.2 J/cm?) and

181 . ' . e q
( ) which are the two electro-optical materials most

CdTe (0.13J/cm?)
widely used with CO, lasers restricted the energy of the generated ns
pulses, in the present investigation, to 1 mJ. Comparably low eﬁergieé

(1 - 2mJ) have also been noted elsewherégz’96’97). An attempt to generate
more powerful pulses resulted in the damage of the GaAs crystal (section
3.7). The detection of such low intensity'pulses is difficult in the.pre-
sence of the large radio frequency noise usually associated with puléed
lasers and the application of such pulses to any laser plasma experimen£ is
impractical. The Double-Discharge module was used to amplify these pulses

and to examine their capability for extracting the optical energy stored in

the active medium.

The attachment to this module of a specially-designed optical cavity
converted it into a telescopic amplifier by means of which the innate ineffi—'
ciency of the pre—amplification stages of the ns pulses was effectively’
eliminated. The design and performance of this telescopic amplifier are
analysed and the obtained results compared with those which were. achieved

when more conventional means of amplification were used.

4.2  GAIN SATURATION MEASUREMENTS OF ns PULSES

Gain saturation measurements in the Double-Discharge module for pulses

of 70 ns duration were presented in section 2.5.4. In this section, the
géin»saturation properties of this module are examined under 1.lns (FWHM)
pulse—iilumination. The experimental arrangement is schematically shown in
Fig.4.1. The low energy of the switched-out pulse accounted for the double-
pass amplificétion.illustrated in thié figure. Gaiﬁ;measurements were taken
by monitoring the energy of the ns pulse before and ;fter its second
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Fig.4.1

Experimental arrangement for gain saturation measurements of ns. pulse‘s

traverse of the amplifier. The intensity of the pulse entering the ampli-
fier was adjusted - by rotating the germanium beam splitter - so as to equal
the intensity of the pulse incident on the first energy meter. Thus the

input energy E; was given directly by this meter while the output energy
E .

was given by: E = T ; ,
112

meter and T, = 0.92, T, = 0.86 being the transmission coefficients of the
plate and _ -
KClAbeam splitter respectively. The value of E; was varied by positioning

E E2 being the energy measured by the second

0

thin polyethylene attenuators after the second polarizer. The ns pulse
shape, monitored by a photon drag detector, was displayed_on a fast oscillo-

scope (Tek. 7904).

The measured values of E.,,E, are shown in Fig.4.2, where the solid

0
line theoretical curve is plotted using the two-level amplifier equation

(5.2). The optimum fit to the experimental points was obtained when the

saturation energy intensity took the value of 30 mJ/cm?.

Gain measurements for the 70ns pulse are replbtted from Fig.2.16 for

- purposes of comparison. The spectral content (P20 line of the 10.4 ym band)

- 84 -



Eg=182mJ cm2

140}
Eo
(mJ cri?)
120¢ A Eg=102mJ cri?
100
a=003cm

o pulse width~lIns
4 n " 20ns
-~ # u  70ns

] 1 i ] i ! L i } —_—
3 4 5 - 6 7 8 9 10
Fig.4.2 E; (mJcm?)
Comparison between the experimental and calcuiated energy extracted
by laser pulses of 1.1, 20 and 70ne duration

and the small signal gain-(oc0 = 0.031 cm™!) were the same in both cases.

These measurements indicate that the maximum optical energy that

could be extracted from this amplifier by a I.l ns single line pulse is:

Eoxt= Eg - 0p = 0.93 J/2
and this is only one sixth of the energy

E .= EL. 0y =5.64 J/4

available to a 70ns pulse. - Similar measurements using a 20 ns pulse also
shown in Fig.4.2, indicate that a 20ns pulse is three and a half times more

efficient in extracting the optical stored energy than the 1.1 ns pulse

(Eg=102mJ/cm?).

This pulse durqtion dependence of the value of E; and the subsequent
limitation on the efficiency of the ns pulse amplification are due to the
finite relaxation rate of the rotaiional sub;levels within the upper laser
level 00°1. Discussion of these aspects 1s presented in the next chapter

(section 5.1).
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The maximum energy extracted by the l1.1ns pulse in its double pass
was 92mJ. To increase this output the KCl beam splitter in Fig.4.l was
replaced by aifully reflecting plane mirror and the pulse was directed for
a third time through the amplifier. The extracted energy in this case was
almost doubled at 180mJ. The cross-sectibn'qf the output beam’wasvl.Scm2
which accounted for the podr efficiency in éxtfacting thg'energy potentially
available to ns pulses from this module which has an effécti?evcircular
cross-section of A=19.6cm?. This constitutes onl& 107 oflthe'énergy,-
Eoxt =Eg+0y.A.L;=1.82J (where L, =100cm is the length of thé‘gmplifier);

extractable by a 1 ns pulse having such a cross-section.

4.3 PULSE BROADENING

The finite rate of the rotational energy transfer between the numerous
sublevels within the 00°l vibrational level, as well as accounting fér the.
low efficiency of the ns pulse amplification, is also r93ponsib1e’f6r an
undesirable effect upon the temporal profile of such pulses. Theoretical -

tudies (63,64,182,183)

have indicated pulse-broadening for a saturated éﬁpli-<
fication by contrast with the pulsevqarrowing associated with a tWo—levgl
amplifying system without rotational energy transfer (as, for example, a -
ruby laser). The leading edge of an intense -ns pulée rapidly extracts the
optical energy stored in the active rotational ievel, as wellias all tﬁe
energy transferred into this level via collisions during the rise~time of
the pulse. The trailing edge of the pulse, on the other hand, experiéﬁces
a gain which increases with time, as the rate at which the energy is trans-
ferred into the active level gradually exceeds the rate at which ;he energy
is extracted - the latter being proportional to‘thé in;gnéity of the éulse
whiéh, in this case, decreases with time. The result is an inctease in the

pulse-width as the pulse propagates through the amplifier.

(184)

FELDMAN has theoretically shown that this pulse-broadening can be

minimized by using a multiline input pulse. The theoretically predicted
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pulse-broadening and its elimination were experimentally investigated using
triple-pé;s amplification to achieve gain saturation. .The pulse shape was
monitored after‘the first and third pass, using two identical photon drag
detectors and was displayed-on the same oscilloscope (Tektronix 7904) using
cables of eéual length._"Fig.4.3(a) shows‘the recorded sﬁépes ofAthé input
pulse (on the left) and oﬁtput pulse (oﬁ the right); the resuifant pulse-
broaaening is clearly evideﬁt._‘Whén the laéer oscillator was forced to emit
the P(16), P(18) and P(20) lines simultaneously (see next chéptér) the pulse

broadening was considerably reduced as Fig.4.3(b)~iliustfateé.

It is believed that this is the only experimentél evidence reported
to date of the elimination of pulse-broadening using a multi-line ns input

pulse.

4.4 TELESCOPIC AMPLIFIER

The development, in the course of this research, of the telescopic,

(94)

CO, laser amplifier provided a much more efficient method for extract-

2
'ing the stored eneréy. By this means, the weak input pulse was simultanedusly
expanded and amplified while ﬁreserving its transverse mode structuré. With
a reflecting telescope arrangement, full use of the amplifying mediqm could
be made because the design combines adequate Beam expansion with high over-
all gain (triple-pass). The system is ideal for raising weak signals to

higher power in a single stage and can be adapted for use inrlarge amplifier

systems to match a wide range of weak sources.

The optical cavity of the telescopic amplifier, shown in Fig.4.4, is
effectively an unstable confocal resonator belonging to the positive branch,
with a central hole on the concave mirror. The confocality.of the resonator
ensured a collimated output with diffraction-limited divergence. The common
.focal point of the two mirrors comprising the resonator lies outside ﬁhe

latter, thereby precluding the risk of optical breakdown‘associafed with the
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Schematic diagram of the gig'awatt co, laser system

ﬁegative branch of confocal resonators. Parallel 1light enteringvfrom the
left through the hole in the concave mirror traverses the ceﬁtral part.of‘ 
the amplifying medium to strike the convex mirror. After reflectioﬁ; fhé~
liéht returns as a diverging beam to the concave mirror, ﬁberé it isftefléc—
ted as an expanded pérallel}beam‘for its third and final traverse'of £he.
amplifying medium. This arrangement also achieves optical matchiﬁgréfithéi
output to subsequent amplifying stages of larger aperture-than the-inpufi
beam, without the severe loss of intensity normally.associated With“é pés— .

sive beam expander.

Particular care was taken té eﬁsﬁre that parallel beams in the aﬁpli—
fier were iestricted to only three passes of the amplifying mediﬁm in order
to diminish the possibility of self-oscillation occurring from resoﬁént
feedback in the cavity. Although this restriction was observed, strong self-

oscillation initiated by optical feed-back, was detected as a result of light .

diffraction at the mirror apertures.

- 89 -



4.4.1 Amplifier Design

Two main sets of criteria have to be fulfilled in order to achieve a
stable three-pass amplifier. First, self-oscillation must be pfevented and
in a normally-adjusted system, this means that diffraction losses have to
be controlled by a suitable choice of cavity apertures énd thicél magnifi--
cation. Secondly, the efficient extraction of energy depends upon tﬁe
entrance aperture 2x being greater than or equal to the'diaﬁéterrdf the
convex mirror 2&1. If D is the electrode spacing and M the lineaf'magni-

fication of the system, we have the following relations: 2x;:2a1,_and'

D

M =~—2— for normal adjustment; "~ hence x 2 i

2a,
A further factor must be taken into account as a result of the geometry.
The output beam has an annular cross-section with an inner diameter controlled

by 2x: hence, the smaller the value of x, the greater the percentage of

~jg

stored energy that can be extracted. TFor x < it can be easily shown
that a sufficiently high fraction of the stored energy (> 90%) could - in
principle - be extracted. The aboveconsiderations impose the following,
limits on the design: ‘ o
—s;;s%. ' . cee (4.1)
Finally, a practical limit to the magnification is set by the ratio

of the electrode spacing to the diameter of the input beam: ‘M<10.

4.4.2 Diffraction Loss versus Self-Oscillation
(185)

According to ANAN'EV and SHERSTOBITOV the.quantity lyl which

determines the double-pass diffraction loss ¢ in an unstable resonator

with a central hole is given by:

M
21rNeq M2-1) ,
oo (4.2)
eq '

0
,Neq

&nM &n

fnly| = i

2n

where &=1 -Iy|2 and Neq and Ngq are thé equivalent Fresnel numbers of
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the resonator and of the entrance aperture respectively. For a telescopic

resonator, Neq according to SIEGMAN(186) is given by
aj
Neq—z—E(M—l) . eee (4.3)
where A 1is the wavelength of the cavity radiation and L the length of the
cavity. ANAN'EV and SHERSTOBITOV(ISS) give:
2 "
0o _ X M-1 :
Neq A T eee (4.4)

Using equations (4.3) and (4.4), equation (4.2) becomes:

2nM &n >\L2 5 M
may (M -1)M-1) o
Rnlyl = " K eee (4.5)
. 431 y :
n-—-
%2

The quantity Y at which no self-oscillation occurred was first deter-
mined experimentally for an existing telescopic resonator with M= 2.875,

L=1.25m and a,=8.35mm for a discharge region with dimensions ImX 49 mm X

49 mm.

The input aperture radius x for which self-oscillation ceased was
determined by placing a non-reflecting carbon disk cover on the ﬁoie of.the
concave mirror, to simulate a circular aperture the diameteriof Which could
be readily adjusted. The diameter was increased until the system reached a
point where oscillation ceased With the amplifier fully energized. Tﬁeuu

effective value of x was thus found to be 16 mm.

In Fig.4.5, the normalized oscillator output energy is shdwn>as a
function of the ratio g%, where a_ is the radius of the concave mirror;:
Such an‘optical cavity, however, although below the self-oscillation thres-
hold, would have been inappropriate since it does not satisfy the condition:
given by the relation (4.1). Using equation (4.5) and the confocal ceﬁdi—
tion : a,=Ma,;, substitution of the appropriate values of L, al; x and M

for A=10.6 ym gives fn|y|=-3.78. On the basis that -the double pass gain

should be equal to the double pass diffraction loss when the value of x is
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such that the oscillation
ceases, the expected valué 08
of 2n,y| is: | .
Luy|=-0,L, =-3.1 o6l
where (1t0==0.031cm"1 is thé éi \\\
small signal gain in the 0.4 )
amplifier and L, = 100 cm is
.
the length of the active 0.2l
medium. Although this agreeé * o
only approximately with the Y 0 62 84 dsf 68 10
value given by equation (4.5), é%
: Fig.4.5

Graph of relative self-oscillation
energy vs hole size

the practical significance of -
this equation lies in the fact
that it enables the parameters of a number of other similar cavities - having
thé same diffraction loss - to be calculated, thereby allowing more conve-
nient values of M and x to be determined. When the approximafe values of
the diffraction loss of two cavities are equal, it is reasonable to assuﬁe
that the exact values should also be eqﬁal and therefore no cavity for which

inY| =— 3,78 should oscillate.

" A combination of M and x that satisfied both the condition M< 10
and the ineqqality %% <x < %5 agﬁ at the»same ﬁime gave a value for |
,Q,nIYI =~3.78, was found to be M=7 and x=5.4mm. For optimum power
output, 2'.21.2 =D = 49 mm, determinéd by the electrode separation in TEA

a- . . .
—% =3.5mm. The radius of curvature of the concave

geometry. Thus, a,= v
mirror was ascertained from simple telescope theory to be 2917 mm aﬁd that
of the convex mirror was 417 mm, requiring a cavity length I,=i.251n. ‘As
was expected, a cavity constructed with the above parameters showed no

signs of self-oscillation.
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4.4.3 Parasitic Oscillation

Although self—oscillation‘iﬁ'the amplifier had been eliminated, persis-—
tent parasitic oscillation was observed - independent of the cavity mirrors -
and continued even when the mirrors were removed. The effect of this para-
sitic radiation was partiéularly severe when the sﬁitching syétém wﬁiéh
isolated the oscillator from the amplifier was removed and thévéubséquent

| 3 . 3 ' ‘ B .
parasitic radiation from the ampli-

10
fier caused a reduction of up to
o8l six times in the peék poﬁer of the
oscillator according to measurements
06 . taken from a photon-drag detector.
It was found that this reduction
04t in power was approximately propor-
: ® tional to the intensity of the
0z 5 ¢ | parasitic oscillation in the ampli-
o o o L L fier, measured when only theJaﬁpli-

0 1 2 3 4 5 6 7 8 9 10

Fig.4.6 ps fier was energized.

Reduction in oscillator power vs delay time

for different intensities of parasitic radia-—

tion from the amplifier. Curve I, no feedback;
Curves 2 -4 increasing feedback

Figure 4.6 shows the norma-—
lized peak power of the 6sci11ator
plotted against t, the delay time between the firing of the amplifier aﬁd
the oscillator, for four different intensities of parasitic oscillation,
effectd by the introduction of thin attenuators. It was‘realized that this
parasitic oscillation was due to the reflection caused by the mi:fof mounts
énd once the mounts had been covered with carbon paper thg oscillation ceased.
With the elimination of the parasitic oscillation, the'amplifier's presence
did not affect the oscillator's performance in any way. An energy meter
capable of measuring integrated energy densities down to 0.05mJ/cm® was
used to confirm that the parasitic and self-oscillations of the émplifiér
had been completely eliminated and the operation of this device as a 'true'

amplifier was thereby accomplished.
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4.4.4 Performance of the Telescopic Amplifier

The fast electro-optic shutter described in Chapter III was used to
switch-out a nanosecond pulse from the self-mode-locked odtput (Fig.4.7(a))
of the oscillator described in Chapter II. The generated bulse was directed
into the amplifier where three passes were made in the active medium'via the
Cassegrain telescope gystem. A photogfaph of the'cqmpletg laser éyste@ for
the generation and amplificatién of ns pulses is shown in Fig.4f8. The
output of the amplifier was monitored with a calibrated photon drag detec-
tor (Rofin model 7415) and the pulse intensity profile displéyed_én a 7504
oscilloscope (Fig.4.7(c).  The recorded width of 1.3 mns ZFWIIM‘incldded the
rise times of the detector (0.6 ns) and of the oséiliosébpé (0.8ns). Assum-—
ing a Gaussian temporal profile, the actual pulse'width caléulated from these
values was 830ps FWHM. Pulses of this duration were the shortesp récorded_;
using this system. The pulse energy was measured usiﬁg a Gen-Tec pyréelec-
tric energy meter. Because of the finite extinction rétié (sig?alfbackgfound
noise), the measured energy_contained two éomponents: the energy in-the
short pulse and the amplified noise. The latter was‘measured bf'discénnéet—
ing the trigger of fhe electro;optical sﬁutte;,'théreby making it inactive,
and firing both oscillator and amplifier. This enérgy.was'theﬁ éubt;aéped‘
froﬁ the total to give an output pulse eﬁergy of 1J. Similariy,-the‘epefgy
of the input pulse was found to be 1 mJ. Thus the telescopic ampiifief had
an energy gain of 1000. This is more than five times greater thén-thé enefgy
gain of 180 for the conventional triple-pass amplificatiqn describeqvearlier
in this chapter and sixty-five times greater than the_single*passAeﬁergy
gain of ~15. The peak power of the amplified puise‘wasiestiﬁated from fﬁe'

- response of the photon drag detector and was found to be~1GW. Coﬁparison
with the input of ~IMW shéﬁs the close agreement betweeﬁ thé.energy and

power measurements of the gain for a ns pulse.
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Using this telescopic amplifier, ~55% of the energy available to an
infinitely strong pulse (Egy ¢ =1.82J, section 4.2) was extracted by a very
weak pulse (ImJ) . This offers a major advantage over the methods employed

(96-98)

at other laboratories where the gigawatt level is obtained by using

two to four laser modules having an active medium of 2-2.5 metres long.

Although telescopic amplification benefits Qeak iﬁpﬁf'pulses ip
particular, it can even be used to-advéntage with fully saturéting 'hs
pulses. This is because ~ 407 of thé active medium is tﬁice fraversed by
the pulse (which cannot - as has been shanﬁ— normall& eitraét éil the
energy stored in the (00°1) vibrational ievel, regardiess'pf.iﬁs intenSify).
Consequently, extra energy is extracted due to the rotétiOnal fepopglétion |
which takes place before the pulse makes its final pass fhrough the ampli~
fier. | |

It should be noted, however, that unless care is taken to énsgré»fhat
the input beam is travelling sufficiently parallel to the laser axis, and |
the two mirrors are adequately aligned, the output will contain'subsidiéry
pulses (Fig.4.3(c)). These apparently.resulf from a feed-back into the
amplifier - by the convex mirror - of éart of the annularrbeam in it$'£hird
pass.

Telescopic amplification of the kind descriﬁed in thié.chaﬁterféould
be used to advantage in larger high—power 1aser.sys£ems. ‘in parficglar,-’
electron-beam-controlled CO, and glass disc amplifiers - might Weli prgfit

from exploiting this technique.
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CHAPTER v

MULTI-LINE PULSE AMPLIFICATION

5.1 INTRODUCTION

It has been shown in the previous chapter (section 4.2) that the
saturation energy parameter Eg of a TEA CO, laser amplifier - and; as a
result, the maximum extractable energy - is greatly reduced whe# the dura-
tion of the input pulse is shortened. In particular it was found thaﬁ a
1.1ns single line pulse was capable of extracting no more than é- of tﬁe
optical energy extractable by a 70ns pulse.‘ This substantial limitation on
the efficiency of nanosecond pulse amplifiéation originétes from the fact
that the optical energy stored in the upﬁer laser level, i.e. the (OO°]>
vibrational level, is distributed over a large number of rﬁtational sub-
levels. These sublevels are coupled via collisions Qith a relatively slow
rotational relaxation time tg = 0.154ns atm. in a CO, : N: He, 1: %: 2

mixture (section 1.4.4).

A single line laser pulse — e.g. the P(20) of the 10.41ﬂn-band -
traversing a CO, amplifier extracts energy'from only one of the rotatiénal
sublevels (J=19) having a partition fraction K(19) =0.064 at 400°K (equa-
tion (1.2). Therefore a pulse with duration shorter than fhe rotational
relaxation time can extract, at most, only E%;gl = 3.27% of the 6ptical
energy stored in the‘Ob°] vibrational 1evél since neither repdpulation of
this sublevel nor relaxation of the corresponding lower level éan take place
during the pulse. Clearly,the lonéer the pulse the greater the extractable
energy;

The influence of intramode vibrational-vibrational energy transfer can
be ignored for pulses of duration tp < 100 tp (187). On this assumption the
amplification of a single line laser pulse is determined by the follqwing

rate equations(63’64):
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3t ¢ 3z = 0cns

a6 _ _8-KR(J)A v

Fr 20cné -——————tR eee (5.1)
oA _ _

W— 20Cﬂ6

where n=n(z,t) is the photon number density at position z and time t;
8, A are the inversion densities between the upper and lower rotational
and vibrational levels respectively; and O is the stimulated emission

cross section.
bontivg »
The(solution{of these equations resultg in the well-known two-level

amplifier equation derived by FRANTZ and NODVIK(IAS):

Eout = Bs “ﬂ{l +exp (a, L) [exp(Ein/Es) - 1]} cer (5.2)

. w
where-the value of the saturation energy parameter E, ranges from 75 to

fiw
2K(J)o

’ amplification of a multi-line/multi-band pulse provided that an effective

depending on pulse duration. This equation is also applicable to the

value (ES)ef of the saturation parameter is used to correspond to the spec—

tral content and pulse duration. This value is given approximately by(?as):
(Eg) = f —hw—[l—(]—K)exp (- Re,/t.) oo (5.3)
5%ef .K(J)U L P’ r :

where f equals ! or % for a single or double band pulse respectively and
K = X K(J) is the sum of the partition fractions of all the non-common uﬁper
levels of the rotational lines contained in the spectrum of the amplified

pulse.

The stimulated emission cross section:
2
ATA o .
4T Ay

where Auz =0.187s"! (see section 1.4.1) and the homogeneous line width

(189)

AV , 1
Avy = 7.58 +0.73 + 0.64 p. (300 .. (5.4
\)H - - IPCOZ . wNz . wHe . T ‘ ) » 4

H

was calculated to be Avy = 4.37GHz for the pressure and gas mixture used.

- 99 -



Three methods have been proposed by means of which the energy extrac-
. . . . (60,63)
tion efficiency of nanosecond pulses can be improved “’.- In one of
these methods, currently under investigation at Les Laboratoires de

(190), the laser pulse traverses the amplifying medium

Marcoussis in France
eight times with an appropriately selected time delay between Ehe consecutive
passes so that not oniy rotationalhbut also vibrationgl repumping and relaxa-
tion can take place. Another way to imﬁrove the éfficiéncjlisvto reduce the
value of the rotational relaxation time te by operating £he amplifier‘at
higher than atmospheric pressures. .Finally the use of‘multiliné pulses will
increase the value of K and thus the extracted energy. The ﬁoten£iaiities
of this last approach were investigated experimentally and the results 05—

tained are presented later in this chapter, following a description of the

multi-line oscillator developed for the purpose.

5.2 THE MULTI-LINE OSCILLATOR

For multi-line operation, equalization of the net gain of several
lines is required to prevent any single line from being dominant. The use

(191), gaseous absorption cells(192’193)
(194)

of intracavity etalons , Or ammonia -

mixed with the laser gas have all resulted in multi-line oscillation.
The wavelength-dependence of the transmission - in the case of the etalon -

and of the absorption — in the other two cases - accounted for the gain

equalization. , . : : o

The normalized gain coefficients of the six strongest CO, laser

transitions, measured by adopting the same procedure as in section 2.5.1,

are shown in Fig.5.1. The anomalously high gain (~ 10Z) of the P(20) line

is attributed to stimulated emision from the so-called 'hot band' (01!1 -

1110) (]45). The wave-number difference between the P(20) and one of the

hot band transitions, R(23), is less than a 1ine-Width(206) and this reSultsk
in an increase in the gain coefficient of the P(20) line by an amount deter—

‘mined by the population inversion of the hot band. .
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The small signal gain of

the P(20) line in the laser

- ¢
module used could be adjusted
' - i A
in the range of 0.015cem™! to 08l ’////’f : ’ \\\\1
- ag)) ' BN
0.025cm™! approximately by aoZ0) |
. ' . ‘ 06l $  Experimental points
changing the gas mixture and —  Theoretical curve with Ty = 408K
the electrical input energy. [ B
04
Thus, in order to equalize the
gain per pass (active medium: 02l
70 cm) of this line with one s
(or more) of the other five Ve % 0 & % %5
P -1transitions ()
lines, a loss ranging from 107 ‘ Fig.5.1 -

‘Relative gain coefficient of the six strongest

. transitions of the 10.4um band
to 23% had to be introduced on -

the P(20) line.

An intracavity etalon in the form of a plane—paralléi KC1l plate pro-
vided the wavelength-dependent loss. The plate was mounted in such a way
that it could be finely rotated around an axis perpendiculér to the laser
axis (Fig.5.2). Fbr small angles of incidence 6, the transmittancé of

this etalon is given by(]53’ pp.323-9):

_ =1 .
T = [l ¥ [(ﬂ;;}l)sin 2Wnd§os(6/ﬂ):|2] . e (5.5)

where n = 1.454 is the refractive index of KCl and d is the thickness of:

the plate. Equation (5.5) represents an approximate sine-squared modulation

t

of the transmission function with amplitude 13%.

Tuning of a single etalon resulted in reliable two-line operation.:

It was found however, that in order to obtain three-line emission using

one etalon it was necessary to reduce the small signal gain. .Nevertheless, -

reliable three-line emission at full pumping was obtained by combining two

uncoupled intracavity etalons.
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Fig.5.2

Experimental arrangement for multi-line pulse amplification

The equalization of the intensities of the emitted lines was also
possible - unlike in the case of a single etalon - with careful tuﬁing.
Reproducible operation on any three of the P(16) - P(22), as well as any two

of the P(14) -P(22), lines was readily achieved.

The importance of the parallelism of the KCl etalons should'be empha-
sized. Plates with wedge angles ¢ 2 1.4%x10™"* rad had no effect on thé
spectral properties of the oscillator because, as can be egsily shown, in
order to introduce the minimum required 10% loss in the P(20) line, thé

1.1 '

wedge angle must be ¢ < —fr-XlO—" rad where D, in cm, 1is the diameter of

the laser beam.

_ The spectral characteristics of this oscillator were examined using
. a CO, laser spectrum analyser (Optical Engin. Model 16 -A). The various
lines of the lasgr beam were spatially separated by the diffraction grating
‘of this de#iée, and displayed on a calibrated graphite screen. The relative
~intensity of the different lines was ascertained by observing the iﬁtensity

of the incandescence induced by each line on the graphite.

The total energy outpht measured by a Gen-Tec calorimeter was constant

for either single or multiline operation. This represents an advantage
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offered by the use of KCL etalons - as opposed to gaseous absorbers - for

~multiline oscillation where the output energy suffers a 50--75% reduction(193).

5.3 MULTI-LINE NANOSECOND ‘PULSE GENERATION

The same procedure as thét adopted for the generatiop of single—line
nano-second pulses was also apblied to the generation of‘ﬁultiiine‘pulses.
However, a simultaneous spectral analysis of both thellongAand ghe-nano—
second pulse (seé Fig.5.2) revealed tﬁat, in most casés, ﬁot ali the lines
contained in the long pulse were present in the spectrum of,phe'nanosecond.
pulse. The recording of the fine structure of the long puisé:shaﬁé on a
fast oscilloscope using a photon drag detector offered a poésibie.explana—

tion of this discrepancy.

It was observed that when the long puise shape Was'similér'to the
one shown in Fig.5.3(a), the spectrum of both pulsés contained three iines.
Conversely, the nanosecond pulse contained two or - more oftéﬁ - only one
line when the pulse shape was similar to the one shown iﬁ Fig}S.B(b)., On
the basis of this observation, it could be reasonably argued‘tﬁat the -
recorded output pulse is the superposition of three independenply oscillét—
ing pulses, each one emitting only one line. -Because_the oéci}létién is
restricted to the fundamental transverse mode, the outpuf pulse of each line
is nearly 100% self-mode-locked with a shape similar to the one shown in -
Fig.5.3(a), i.e. a train of ~2ns pulses at intervals of'~—9ns;

Therefore, a'three—line nanosecond pulse should be‘expected only when
the individual pulses of the three independent oscillations céincide. The
small probability (~ 57%) for such a coincidence necessitates multi—transvefse
mode operation in which the self-modulation is ~20% (Fig.5.3(c)). This
operation, achieved by the removal of the modg—limiting aperture (iris),
resulted in reliable three-line nanosecond pulse generation.

Finally, as will be seen in\the next chapter, thé aﬁproximately-equal
intensity of each line must be ensured by carefu1 etalon tuning because - in
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the case of unequal intensities — the long pulses, as a whole, could be
considerably displaced in time and this again will result in a nanosecond

pulse of fewer than three lines.

5.4  AMPLIFICATION OF MULTI-LINE NANOSECOND PULSES

In order to amplify the low power nanosecond pulses emitted from the
multiline oscillator - electro-optical shutter system - and, at the same
time, to measure the input energy, the experimental arrangement shown in

Fig.5.2 was used.

The generated ﬁultiline nanosecond puise.was monitored afterjits first
pass through théiémplifier; using the photon drag detector Pbl. The reflec-
ted beam from the polished plane surface of this detector travefsed'thg'.
amplifier where - after its second pass - it was directed by .a fuily reflec-
ting ﬁlane mirror for its third and final pass through the active medium.
The fraction of the output reflected by the beam splitter, BS2, was directed
to the spectrum analyser, SA2, while the fraction transmitted by thg beam
splitter aﬁd a calibrated attenuator, A, was monitored on a second phéton
drag detectof, PD2. The output of the two detectors was displayea on a |

Tektronix 7904 oscilloscope.

Figures 5.4(a) and 5.4(b) show the oscilloscope records of the input
pulse (on the left) and the output pulse (on the right) for one and three
lines respectively. It can be clearly seen that an approximately equal input

power results in a different output for the two cases.

The known degree of attenuation of A, as well as fhe known reflecti-
'Vvitieé of: the PD1; the KCl output window of the amplifier: and the

BS2, allowed the calculation of the input and output intensities for a series
| of single-, double- and triple—line pulses-to.be made. The results of these
energy extraction measurements are shown in Fig.5.5 where the output energy

density is plotted against the input. The theoretical curves in this figure
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were calculated using equation (5.2). The optimum fit to the experimental
points is obtained when the saturation energy takes the values

I
ES = 48 mJ/cm? , Eil = 70 mJ/ecm?  and EiII = 85 mJ/cm?

for one, two and three lines respectively.

These results indicate that the energy extractable by a ~ 1;7ns
pulse from a TEA CO, amplifier can be increasqd by ~ 467 or by 777 Whén a
two or three line pulée is amplified instead of a single—line pulse. Using
tp = 1.7ns and tp = 0.154ns the increase in the extractable energy pre-
dicted by equation (5.3) is found to be 447 in the case of two lines (K=
0.127) and 647 for three lines (K=:0']89)ﬂ The agreement between the fheo—
retical and experimental results is highly acceptable. This advantageous
use of multi-line nanosecond pulses has also been supported by experimenfs»

(195)

carried out at Los Alamos Scientific Laboratory and by the Marcoussis

group in France<]90).

5.5 CONCLUSIONS

The theoretically predicted improvement in energy extraction in nano-
second pulse amplification using multi-line pulses was experimentally veri-
fied. bAlthough the use of KCl etalons could not provide double-band multi-
line operation, it has the advantage of simplicity and does not adveréely

affect the oscillator output.

The amplification of multi-line pulses remains the only proven ﬁethod
to date - for obtaining higher amplifier efficiency,for the efficacy of the
multi-pass method has yet to be validated. Judgiﬁg from the ﬁroblemé asso-
ciated with the suppression of pafasitic and self—oscillation; already
experienced'with the three-pass telescopic amplifier degcribed in the pre-
vious chapter, it can be assumed that the éame pfoblems will.bresentvsome

difficulty in the realization of this - otherwise - excellent approach.
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The more distant prospect of large-volume, high-pressure (> 5 atﬁ)
amplifiers will eventually diminish the importance of multi-line amplifica-
tion as far as efficient extraction of the stored energy is concerned.
However, as has been shown in the previous chapter (section 4.3), multi-
line input pulées eliminate‘;he pulse—broadéning associated with the single-
line CO, amplifier which might otherwise distort the shape of the input

pulse to a degree unacceptable for laser fusion experiments.

Finally, a different - though less serious - pulse distortion effedt,

(196) deserves mention here. They have

detected by SCHAPPERT and HERBST
shown that the velocity of a short pulse is reduced when it is propagated
through a CO, laser amplifier rather than through a zero gain medium. This
delay, which is proﬁortional to the gain cbefficient, isAparticularly impor-
tant for the amplification of multi-line pulses. In such a case, the pulse
is broadened as a result of the gain coefficient difference between‘ifs

spectral components effecting an unequal delay during amplification. If

Ao, is the gain coefficient difference of two lines, an active medium of

length L, will produce a separation of the two components by(196):
L _Aa :
At = 2—2 .e. (5.6)
C2mlvy

In a typical chain of CO, laser amplifierg - such as that presently
under construction at Culham (OPALS - TROJAN) - a, L, = 20 and, as equation
(5.6) implies, the P(20) .line, at atmospheric préssure, will be delayed by
4; 100 ps more than the adjacent lines over wﬁich it has a 107 higher g;in,
and by én even wider margin over the more distant lines where the gain dif-
ference is still greater. This undesirable pulse broadening can, however,
be minimized by operating the amplifiers at higher than atmospheric pressure

1 1

since (a) At « — «

0 7o and (b) at pressures P>2atm all P-branch lines
4 _

(197) thereby reduc-

in the 10.4pum band are overlapped by the hot band lines
ing the gain difference Aao between the P(20) and other P-lines of this

band.
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CHAPTER VI

LONGITUDINAL 1MODE SELECTION : THREE MIRROR RESONATOR

6.1 INTRODUCTION

To generate nanosecond CO, laser pulses by gating the output of a
single longitudinal mode oscillator, rather than by switching out a single
pulse from the pulse train of a mode-locked laser, is more aanntageoﬁS'
since it allows resonant gaseous absorbers to be used to improve the signal-

to-background noise ratio(198,]99)

. Hot CO, (~ 725°K) at a pressure of
~ 30 torr could act as a narrow-band absorber to seléctively absorb the

background pulse which has an equally narrow 3pectra1-width while the broad-

band pulse is transmitted with negligible attenuation.

A novel method for single longitudinal mode operation was devised

(89)

during the present research whereby a three-mirror resonator (TMR) was
used in a coupled unstable resonator arrangement as shown in Fig.6.1. The -

active medium of the Double-Discharge module described in Chapter II was

utilized resulting in the attainment of peak powers in the range 30-100 MW.

TEA CO, Laser

M3 3y M2

F———Au——+E§§

Active Medium

| P 4

Fig.6.1
Schematic Diagram of the TMR

The optical system consisted of two unstable resonators coupled by
the common convex mirror Ml and sharing the active medium. The basic

principle of the operation of this single frequency oscillator can be
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outlined as follows. Each resonator has been designed to have a diffrac-
tion loss slightly exceeding the maximum available gain (i.e. the net round

trip gain g € 1) and therefore neither can oscillate independently.

However, modes which are resonant in both cavities will experience a
smaller diffraction loss and therefore céuld; inlprinciple,roséillate. .The
frequency spacing between these modes - which Will'hénpeforth be‘refefred
to as TMR modes - is: | |

_ (o]
T 2AL

where AL 1is the difference in length of the two cavities. Therefore, for

Av ver (6.1)
a sufficiently small AL the value of Av can be made'approximately equal
to the frequency range over which the gain exceeds the loss of the three-
mirror resonator. In this way, oscillation on a single longitudinal mode

in the P(20) line of the 10.4um band can be ensured.

6.2 MECHANISM OF THE SINGLE FREQUENCY OPERATION
OF THE THREE-MIRROR RESONATOR

A possible interpretation of the single longitudinal mode operation

(200)

will be offered here, based on SO0Y's analysis where the mode selec—
tion is attributed to the different build-up time of the various modes on
which oscillation is possible., A pre-requisite of such an analysis is the

estimation of the diffraction loss of the three-mirror resonator and of the

number of round trips required for the build-up of the emitted power.

6.2.1 Diffraction Loss and Threshold Condition of the TMR

If it is assumed tht the two resonators formed by the mirrors Mlbg
and M, M,, when separately considered, have equal diffraction loss per round
trip, 8§, and are both just below the oscillation level, the following rela-

tion applies:
ly|2 = 172 = "2 % La . (6.2)
where M2 = PY[2=1 - & 1is the fractional power feed-back per round trip in

each resonator, M is the magnification of the M, M, resonator, 0, is the
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small signal gain and L, is the length of the active medium. Thus, the

power feed-back for a- TMR mode is approximately:

=20.,L
M2 + |y|? = 2e %ota . (6.3)

and the oscillation threshold condition for such a mode becomes:

2 exp [ZLa (OL-_O(.O)] > 1 . eee (6.4)
where o is the small signal gain which corresponds to the frequency of this
mode.

In the present case, L,=100cm and o, = 0.031 cm™! and so the above
relation is equivalent to: | V.
a > 0.888 a, . : ... (6.5)
This relation indicates that oscillation is possible on the freqﬁency'range
over which the gain is greater than 88.87 of that at the line centfe.’ For
TEA CO, lasers the line is pressure-broadened and the small signai gain is

given as a function of frequency Vv by(196):

) = g g [ 0-s)® ¢ (o] 6

where v, is the frequency at the line centre and AVH is the line width
(FWHM). For the mixture used (CO2 :N, :He, I :%: 2) the value of A\)H

can be calculated(lgg)

to be A\41=4.37GH2. Thus using the relations (6.5)
and (6.6), it can be ascertained that oscillation is possiblé oﬁ a raﬁge
which extends only.765MHz either side of the line centre. Therefore, by
making the difference in length of the two resonators AL < 9;8cm1, the inter-

mode frequency spacing given by equation (6.1) becomes gfeater than the

frequency over which oscillation is permitted.

6.2.2 Experimental Observations
For values of AL<25cm however, it was found that the TMR had a
mul ti-mode output similar to that of the two-mirror resonator with the

familiar mode beating, despite keeping both. resonators below the oscillation

. 1
threshold. Pulse shape records taken using a photon drag detector( 12) and
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a fast oscilloscope (Tektronix 7904) revealed that the frequency spacing of

C

the emitted modes was, to a high approximation, given by Av = RS
’ : 1 2

where L, , L, are the lengths of the M, M, and M, M, resonators respec-

12
tively. When AL> 25cm, pulses with a smooth temporal profile ~ with peak
poWerr;BOMW - were obtained, a typical exaﬁélé'of whiéﬁ'is shdwn‘in Fig.
6.2(a). | .

Such pulse shapes could be gonclusive eVidence of singlé loﬁgitudin514
mode operation if it could be shown that the detecﬁionnsysfem had aysuffi—
ciently fast respénse to resolve the ~600MHz ﬁbdulafion_whicﬁ woﬁld'result
when more than one mode was emitted. The only other éaseriﬁ Which‘sﬁooth:
pulse shapes could occur is the emission of a large number of modes, aﬁ&

this condition can be safely ruled out here on account of the narrow fre—

quency range over which oscillation can occur.

When the frequencies of tﬁe TfIR modes are symmetricaily plaéed about
the line centre ( a condition which can be achieved by a fine a&ju;tméﬁt of
AL) the two modes on either side of the line—ceﬁffe e#pefiénée tﬂg éame gain
and should, therefore, both be emittéd. Interactioﬁ éf thésé twb modesr-'
should result in a sinusoidal waveform — such as tﬁat.shown in Eig.6.3(g) -
with frequency equal to Av = E%E' | -

The 580 MHz recofded modulation freqﬁency closely cbrreéﬁénds to tﬁé'

calculated value when AL=26cm as was the present case.

Thus the waveform of Fig.6.3 not only strongly supports the single
longitudinal mode nature of the pulses in Figs.6.2, 6.4, 6.5, but also sub-
stantiates the assumption made earlier that the intermode frequency spacing

in ' the TMR is given by equation (6.1).
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580 MHz modulation revealing oscillation in 2 TMR modes

- 115 -



mi*i’Qf?'vfg
.‘“ LT T
(]
. -




CZCOTION

P
T
%
W
(o
geme <.
.
b
P i



6.2.3 TMR Mode Selection: Pulse Monochromaticity

Using the equations (6.3) and (6.6), it can be shown that the peak
net round trip gain g(v) experienced by a TMR mode having frequency Vv

is given by:
. .
g(v) = 2exp{-2aoLa(\)— \')0)2[(\)—\)0)2 + (3 A\)H)Z] } (6.7)

The maximum value of g(v,) =2 is experiénced by tﬁe.TbiR mode
lying at the line centre. In this case the gain of’thé two a&jaceﬁt modes
having the frequency v=v, *580MHz is g(v) = 1.315. As a result of this
difference in thg round trip gain, these modes will develop a progressively
increasing difference in their intensities as they grbw independently away

(201))

from the same level of spontaneous emission (107!2W

To build up to the observed peak powers of the order of 10’W a signal
augmentation of G = 10'° is required. .The number of round trips, q, thfough
the active medium necessary for such an augmentation cannot be easily esti-
mated because the value of g(vo) varies with tiﬁe in the range.léig(vo)< 2

during the intensity build-up. Nevertheless the lower limit in the value

_in G _
n 2

in the ratio of the intensities of the central to the adjacent TMR mode -

of q can be estimated as: ¢ 63. On this basis, the lower limit

referred to as the monochromaticity factor — is given by:
8(vo) q ,
My = [-———] ~ 2,9x10!1,
g (v)

Therefore, it has been shown that the single longitudinal mode opera-
tion can be explained as the result of the relatively large number of round
trips required for the build-up of the emitted powers, in conjunction with

the substantial gain difference between the central and adjaceﬁt TMR modes.

It should be noted, however, that no attempt was made to measure the
monochromaticity of the emitted pulse. Such measurements have been under-

(202)

taken for the hybrid CO, laser where the expected values of MF==108

have been confirmed.
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The above analysis can also justify the multi-mode nature.of a
TEA CO, laser using a two mirror resonator te.g. those described in
Chapter II).' Here, the small net gain difference (1 to 27%) between the
closely-spaced modes (Av=120MHz) as well as thebsméller number of round
trips required for the intenSity build-up (due'to the smailer"loss)_result
in the emission of 7 to 9 modes with intensitiés of the séﬁe otder,of:

magnitude.

6.3 DESIGN OF THE TMR

The design of the M, ,M, resonator has already been described in
section 4.4.2, and it only remains to ensure that the'M]_M3 resonator is
incapable of oscillating to complete the désign of the TMR.: This non-

oscillation condition is satisfied when:

20, L ) -
M2 e 0% < . ... .(6.8)

(186) |

Using the expression

M=2gg, +2/8,8,(88 -1 -1 L (6.9)

L N . .
(where g1=] -§§-, g2=] —§§) and the known values of Lz, R, and o, it

can be easily shown that the condition in point is satisfied when M, is a

convex mirror with radius of curvature |Rs| < 3m.

6.4 POWER MEASUREMENTS: PULSE WIDTH

When an existing convex mirror of 1.3m radius of curvature was used
as the M, mirror, the power of the emitted pulse was measured to be of the
order of 30MW. The energy of the pulse (~ 2J) measured using a Gen-Tec ' .

joule-meter confirmed the power measurements made with the aid of a cali-

brated photon drag detector.
The high reproducibility of the single longitudinél mode operation -
at these power levels can be gauged from the results of 100 consecutive

shots in one run, where no more than 107 showed detectable modulation. - A

typical examplé of the reproducibiiity is shown in Fig.6.2(c) where two out
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of twelve consecutive shots showed mode beating. The laset pulse width

was determinéd by toe ratio of partial pressures of nitrogen and carbon
dioxide in toe gas mixturef It could be adjusted in the range 60-200ns

by varying the ratio PN /PCO from %’ for the lower value (Fig.6.2(a))

to '% for the 1onger pulse (Flg 6.4(b)). .The absence.of-any pulse tail
(Fig.6.4(c)) for all the gas mlxtures used - by contrast Wlth the f1nd1ngs
in the case of the stable resonator described in section 2.4,7-shou1d be
noted. When the M, was replaced by a flat fully reflecting mitfor,:the
emitted power increased three-fold (~100 MW) but at the oxpeose of a siight

"modulation (Fig.6.2(b)) indicating a decrease in the pulse mondchromaticity.

6.5 MULTI-LINE SINGLE LONGITUDINAL MODE PULSE.S

The previous chapter indicated that for increased efficiency in the
amplification of nanosecond CO, laser pulses, multi-line emission is
required. In order to assess the possibility of achieving single loogitu—
dinal mode multi-line pulses, a 5mm thick KC1 etolon was inserted between
the M, and M, nﬁrrors; It was found that by tuhing the KCl etalon,
double- or, occasionally, triple- rotational line emission could be obtained,
while the TMR maintained oscillation on a siogle longitudinal mode on
(203)

each line. A similar arrangement has been used- by ANAN'EV et al

restrict the number of oscillating modes on a neodymium-glass laser.

. Using this arrangement, oscillation was found to be possibié on only
the three strongest lines of the 10.4um band - the P(20), P(18) and P(16).
This; however, was to be expected since the sméll signol gain of only these
three lines (see Fig.5.1) satiofied the oscillation condition.(equation (6.5))

due to the very high loss of the TMR.

A CO, laser spectrum analyser (Optical Engin. Model 16-A) was used to
resolve the spectral content of the emitted pulses. It was observed that

when the intensities of the emitted lines were unequal (a situation indicated

- 118 -



(a) Puisa tW~DoisS le-Rogowski

osc¢llfator sig”l
Increased gf 'the
a result a 4: 2 |$2r

- 119 -






B
|
;

o

i
i
|
1
|
]

‘4



by the relative intensities of the incandescence induced by each line on
the graphite screen) the ﬁemporal profile of the lasér pulse”sh;wed two -
and occasionally three - distinct peaks separated by aé much as 90dhs
(Fig.6.5(d) upper trace). In order to confirm that the observed pulse was
the superﬁdéition of two - or three - independent pulées; eaqh'oﬁe corres-
ponding to a different 1£ne; the spectrum analyserlwas-cqnﬁértea inté a
monochromator. Thié was effected by‘alioﬁing the‘ra&iatioﬁAof‘pn1§'6ﬁé
line - P(18) - to be transmitted ﬁhrough a slit made on tﬁe aﬁprbﬁriaﬁe
position on the calibrated screen . The phOtéﬁ drag de#eééor! PDJ,'moni--
tored the total pulse; the PD2voh1y fh;'P(IB) line.- The outputé.of-boﬁh

detectors were displayed on a doublé:Béam.dscilloscope ( Tektronix 7884).

It can be seen that, depending on the extra loss introduced by»fhe
etalon on the P(20) line, it can be made to appeér simultaneously with
Fig.6.5(a), before Figs.6.5(b), 6.5(c) or after-Fig.6.5(d), the P(18) line;

in every case, the more powerful line was the first to be emitted.

Therefore, it is clear that in order'ﬁo achieyevany Beneficial effeét
from multi-line single lbngitudinalimodé dpération in ;He amplificatioﬁ of
naqoseéond co, 1ésef pulses, it is essential_thét.equalisatisn of.the>inten-
sities of the emitted lines be ensured sincé thiSAentails'their~§eﬁpora1

overlapping.

Although, for the present arrangeﬁent of theinIR, oscillation was - -

confined to only the three strongest lines, it could - in principle - be

i

extended to other lines of this band, or even the 9.4 um band, by substitut-
ing a diffraction grating for the M, mirror and the etalon. ‘\

6.6 SMOOTHING THE TEMPORAL PROFILE OF THE
DOUBLE-ROGOWSKI MODULE OUTPUT

(103)

It has been reported that the modulation of the emitted pulse can

be minimized by injecting radiation from a CW CO, laser into a TEA laser
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using a stable resonator. An attempt was made to apply this technique to
the Double-Rogowski module described in section 2.4. For this purpose, a
fraction GvO;ZW) of the radiation emitted from a commercial CW CC2 laser
(Apollo-XB) was injected into this module and the emitted TEA pulse - the
time profile of which'iS'shown in Fig.6.4(a) - was monitored ;éing a GeA
photon drag detector. |

It can be seen that the strong modﬁlation normallykpbéerved.in the
output of this module (see Fig.2.8) has ﬁeen significantly reduceéiat;the
expense, however, of a substantial-decréase in the emitted powér{ Tﬁé*ﬁj
reason for this reduction is thatrit was found necessary tb reaucg-tﬁeA
electrical input energy in this module if the CW laser was to have ény
significant effect upon the temporal profile of the TEA pulse. .It was also
found that unless the CW laser emitted the P(20) liné,.the-injected radia-
tion had no effect whatsoever on the Double—Rogowski module. Ovérall,. o
therefore, this technique clearly lacks most of the advantéges'iﬁherent'in

"the TMR.

6.7 FURTHER APPLICATIONS OF THE TMR

\

A single longitudinal mode operation is essential for the generation
of nanosecond CO, laser pulses in the so-called optical free-induction decay

(100)

method . The large cross—section and the high power emitted from the

TMR would be found highly desirable in this method. -

An application requiring smooth temporal profile is the generation of
nanosecond C02 pulses using a method reported by ALCOCK et a1(103) in which
fast switching can be obtained by reflection of the CO, laser radiatioﬁ
from optically-induced carriers in a polycrystalline Ge plate.  The CO,
‘laser fulseé used in this method had been smoothed by the earlierfmentioned

CW injection technique. It is believed that the advantage offered by the

TMR single longitudinal mode laser over the CW injection technique could
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benefit the application. The required plane polarized pulses can be easily

obtained through the introduction of intra-cavity Brewster angle windows.

As has been seen in section 3.11, the smoothness of the laser pulse
emitted by this oscillator was crucial to the accurate measufement of the'
delay time, the jitter and the threshold energy for gap breakdown invthe
LTSG.

This device may aléo be applied to laser—plasma iqteractién studies,
where the smooth temporal envelope.of the incident pulse prdvides a reference
for interpreting amplitude modulatlons imposed on the reflected pulse(204)
In fact, the single longitudinal mode 1laser, described in this chapter, has

already been used in such an application at Culham Laboratory(zqs)

6.8 CONCLUDING REMARKS

In éonclusion, it has been shown experimentally that by the addition
of a third reflectdr, a TEA CO, telescopic iaser amplifier can be converted
into a high power oscillator operating on a single longitudinal mode. Thg
output power was found to be more than one order of magnitude higher than
that obtained from laser oscillators employing a stable 1:esonator(70 82 85)
This considerable improvement is aécounted for by the fact that-the funda-
menfal transverse mode can be arranged to occupy the whole volume of actiQe
ﬁediﬁm in an unstable resonator, whereas the mode volume of a stable-résona—_
tor — used in the other methédé - is striétly iimitéd, resulting in a sub-

stantial reduction of output power..

Temporally smooth pulses with peak powers of 14MW have been observed

(72)

using an unstable resonator with an SF; cell in a grating-tuned cavity' /.

A further important feature of the three-mirror resonator is the low
: ' ’ J

v

divergence ~ 5%X 107" rad of the output beam, which equals the'difffaction—

limited divergence of the conventional telescopic resonator. As has also
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(203)

been noted .by ANAN'EV the angular divergence remained close to the

diffraction limit whether the M, was a convex, plane or concave mirror.

The simplicity of the described method as well as the anticipated
high spectral purity and reproducibility of the emitted pulse should also
be recognized as advantages of this method over others currently in exis-

tence.
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CHAPTER VII

GENERAL CONCLUSIONS

7.1 INTRODUCTION

The principal findings of the research undertaken are collectively
summarised in this chapter, although they have already been separately

discussed in more detail in the relevant sections.

The application of these findings to a lérger system — TROJAN —
OPALS — is also discussed and a brief outline of the system's design and’
assessment of the main problems which need to be resolved in order to

achieve the intended performance are presented.

7.2 SYNOPSIS OF MAIN RESULTS

Experimental investigation of the operational characteristics of
the laser modules used has shown that both the emitted power of the TEA
CO, oscillator and the small signal gain of the amplifier are qptimiéed
when two conditions are fulfilled:

(a) a6:1, CO,:N, mixture is used; aﬁd_

(b) the helium concentration is kept as 1ow'as'possib1é

A while still sustaining an arc-free discharge. ‘

The introduction of organic vapours (trietﬁylamine,‘tripfdpylamihe)
into the discharge permitted.smallér concentrations of helium to be used,b
as a result of which greater peak power and gain were recorded. Fur£her—.
more, the introduction of the seedant sﬁbstantially improved the normally
poor spatial uniformity of the active medium of the Double-Discharge module

(sections 2.4.7, 2.4.8, 2.5.3).

A single longitudinal mode osqillafor was developed with an output
power in the range of 30-100MW. The single longitudinal mode operation

is the result of coupling two unstable resonators sharing the active medium
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whose individual diffraction loss exceeds the available gain preventing

them from oscillating independently.

CO, laser pulses of sub-nanosecond duration were achieved using the
self-mode~locked output of the Double-Rogowski.modﬁlé and an électro—optical
shutter. 1In ofder to attain sub—nanosecond»rise timefthebléser—frigéered
spark gap had to be pressurized to 9 atm; and to be charged tora_voltagé
as near the self-breakdown as possible. The Signalébackéround,noisé:ratio
of these pulses was limited by the residual birefringence of fhe eiéctrq—
optical crystal. AlthoﬁghieXtinction rétioé of fhe-o;der of‘3><103 ﬁere
obtained, pulées &ith higher extinction ratio (>10°%) “are required for
amplification in the enlarged system (OPALS-TROJAN)Acﬁrreﬁtly‘uﬁdér<c65f
struction. This requirement necessitatéd the introduction of an additioﬁai
crystal and polarizer in the electro-optical shutter df this system. An .
improved version of the laser-triggered spark gap haé also béen &eveloped
which is capable of operating at higher voltage (30kV) éﬁd,ﬁéessﬁre (15
atm.) while its stainless stéei targef electrode.sﬁould cbhtriﬁqte to a

shorter delay time (section 3.13).

The saturation énefgy,density'forksingle-line pulses of durafidp’
1.1, 20 and 70ns was measured to be.BbmJ/cmz, ¥OOmJ/cm?‘and.180mJ/cmé;
Using a telescopic amplifier, - O.ﬁ.]/litre y¢erebexfrécted by ]'mJ; 1 ns
single line inpﬁt pulses. This represents more fhap 507% of the enefgy

available to an infinitely strong pulse E ., =Eg.0Q = 0.93J/litre. The

0
electrical input energy density was 100 J/litre and therefore the amplifi-

cation efficiency of nanosecond single-line pulses was n=0.57." AT

Multi-line input pulses resulted in improved amplification efficiency.
The output of the telescopic amplifier was increased by ~ 30% and ~ 50% for
input pulses containing two and three lines respectively. It is therefore

evident, that, even with multi-line input pulses, the nanosecond pulse
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amplification efficiency using double-discharge, TEA co, iasers is less
tha£ 17. However, higher efficiency (~ 2%) is expected in the OPALS -
TROJAN systeﬁ (see section 7.3). Finally, it was shown that the use of
multi-line input pulses minimized the pulse-broadening experienced by

single-line pulses.

7.3 FUTURE WORK
The central concern of the work reported in thié-thesiS»has been;

the reliable generation of nanosecond CO, laser pulses and their effiéiént
amplification to gigawatt power levels. The further amplification of these
pulses to intensities appropriate for laser-induced fﬁsion studies, suggests
itself as the logical progression of this work. Although the findings‘of
this reseafch can be directly apﬁlied to the larger system, the question

of optical isolation, whicﬂ could easily be circumvented in Fhe oriéinal

system, will demand solution before satisfactory operation can proceed.

THE OPALS - TROJAN system whose constructioﬁ is almost complete ét
* Culham Laboratory, has been designed to register an output of 206-—400 oW
and consists of: |

(a) a single longitudinal mode U.V. preionized‘oscillator;

(b) a double electro-optical shutter; |

(c) two U.V. preionized atmospheric pressure pre—amplifiers,
each with an active medium of 5% 5x 100 cm®. and one of

which takes the telescopic form described in Chaptér IV;

(d) a 20x25x200cm® e-beam sustained amplifier capable of
operating at a pressure of two atmospheres.
L. S . Sysrent
The expectation of higher efficiency in this medwte is based upon

the following premises:

(a) in the U.V. preionized (OPALS) and e-beam sustained .(TROJAN)
- co, laser modules, a higher percentage of excitation energy
is stored in the upper vibrational level.(section 1.3);
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(b) ' the main laser amplifier (TROJAN) operating at 2 atm.

reduces the rotational-relaxation time, tR;’ and

(c) a helium—free mixture whlch has been found to be compatlble

(207)

with this module further reduces the value of tR (see

section 1.4.4).

Simple calculations using equations (5.2), (5;3) aﬁd (5.4), which
were found to be in good agreement with the gxperiﬁental‘résults“(see |
section 5.4), and the typical value of d0==0.04 cm'l'inértéte that a 1 ns,
IOnUchz, three—line pulse can extract 6.6 J/litre. froﬁ TRCJAN operattng
at 2 atm. and filled with a 4 :l; CO, : N, mixture. The typicalveléctrical
- excitation energy for this devite is>A'150.I/1itre-atﬁ. and, thereftre,

a ~ 27 ns -pulse aﬁplification‘efficiency'ié possible; ﬁrovided the opticai
isolation problems —-discusséd in the next sgction —;are Qvérctﬁevwithott
a significant reduction in the energy outpﬁt of.the.OPALg-TROJAN.system.
The input beam in this amplifier willvextract from 601itrés.of its active

medium, thus indicating a potential output of up to 400J in pulses of 1ns

duration.

7.4  OPTICAL ISOLATION

The incorpération of an éffective saturaﬁlehoptical isolator into a
high-gain oscillator~amplifier C0, laser system is. essential to overcome
the problems of pre-pulse amplification and parasitic oscillations whlch
can result in premature target dlslntegratlon‘and partlal-deplétlon of the
population-inversion before the arrival of the panosecond pulsg, Further-
more, an optical isolator'is required to minimize the amplification of
target reflections. Approximately 5% of‘the energy of the pulse incident
on the target is returned by the focusing opticé into the laser system(207)
and can be amplified — due to the collisional re—populétion of the upper

1asér level — to intensities far beyond the damage threshold of the optical

components.
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In the OPALS - TROJAN system, nanosecond pulses will'traVerse the

6m — long active medium which has an overall small signal gain of 5x 108,

It can be easily shown that in order to avoid target damage (damage thres-
hold SOuJ'(208)) by the prepulse radiation,’the signal-to-b;ckground ratio
of the unamplified nanosecond pulse (with typical energy of ~1 mJ) mu3§ be
of the order of 10'!. However, it has been indicated in Chapter_III;'that
the extinctibn ratio of the double electro-optical shuttgr cén be, at best,
~ 107, Clearly a 4 orders of magnitude suppression in tﬁe small signal gain
is required to avoid destruction of the target by the backgrdunavrédiation '
prior to the main pulse, which can attain energy of the order of i J, by

undergoing exponential amplification.

A variety of saturable absorbers — including p-type germanium(74’lo?),

deuterated atmnonia(zog); a mixture of N, F,  and C,H, OH(ZIO)

— have been
used with CO, laser systems in an attempt to eliminate thé above-mentioned

problems. Additionally hot co, » acting as a narrow-band gaseous absorber
(102,199) |

has been employed to reduce the prepulse transmission while
electrically-driven plasmas, triggered after the passage of the main pulse,
have been shown to provide a considerable attenuation of-tafget reflec-

(211)

tions .

The ideal saturable absorber would be a‘gas added to the laser dié—
charge which was cabable of suppressing the small_sigﬁal gain without
appreciably reducing the energy otherwise extractable by the main laser
pulse. A preliminéry investigation of the effect of 2.5 torr triethylamine
addéd to the 1gser gas had the result of reducing the gain coefficient of
the Double-Discharge module by 25%, although, when it was operated as an
oscillator, the laser output energy was reduced by no morevthan'SZ(?ll).
The sspectral content of the emitted pulse,‘was the same — P(20) —fin both

cases.  The reasons for the small signal gain suppression are not as yet

understood, since absorption of the 10;6}m1 radiation by the triethylamine
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itself is negligible; the poséibility of new compounds forming during the

discharge cannot be excluded however.

Assuming that the triethylamihe will have a similar effect on the
OPALS — TROJAN system, its small signal gain will be reduced by a factor of
more than 200, although the:effectiveness of this additive will.depeﬁd'
ﬁpon whether a comparably low (5%) reduction in the energ& of tﬁg outﬁut

pulse can be sustained.

In order to further suppress the small signél gain, it isvsuggested
that the coﬁvex metallmirrqr of the telescopic amplifier could‘be replaced
by an equivalen; mirror made of an appropriately thick p-type Ge disc, the.
front and back surfaéés of which have anti-reflection and high—refleétivity

coatings respectively.

In conclusion, it is hoped that the present work may have made some
contribution to short pulse laser technology, and may have gone some way
towards elucidating those physical processes which determine the efficient

amplification of nanosecond CO,  laser pulses.
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APPENDIX }A'_

LIGHT PROPAGATION IN CRYSTALS

An understanding of the operation of the electro—optical shutter can
be facilitated by a brief summary of the main features of 1ightvpropagation :

in both (a) isotropic and (b) anisotropic media.

(a)  Isotropic Media

The optical isotropy of a medium is the result of ité diéiectric‘A
properties which could be described in a linear relation between anveléqtric
field E (e.g. the E field of the eiecﬁro~magﬁetic radiaﬁion iﬁcident oﬁ
the crystél) and the resultant electric displaéément D: . | 7

B-ce, k. e
The scalar quantity € is the dielectric constant, or the relative .
permittivity of the medium, while €, is the permittivitf of the'ffee space.
Using Maxwell's equations, it can be‘shdwn that electro—magﬁepic éadiation
of any state of polarization is propagated unchanged fhrough media‘fér‘wﬁich
equation (A.1) applies with phase velocity U=c/vE=c/n, irrespective of

the direction of propagation.

(b)  Anisotropic Media

Equation (A.1) cannot describe the dielectric propertiestf effhef an
isotropic electro-optic material, when an electric field is pfésent,’br any
natural anisotropic medium. - To describe the dielectric properties in either
case, a new relation Between D and E is requiréd in thch each coﬁponeﬁt
of D= [D1’ D, , D3] is linearly related to all three compoqents of

E=[E,E,,E,]

D, = go(€;E) + €;,E, +€3E;) A
D2 = s:o(z-:uE1 + 822E2+€23E3) oo (AL2)
Dy = g (g4 E] + £,E, +€4,E,)
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The nine quantities Eij are constants of the medium. In order to
describe the dielectric properties of an anisotropic medium, it is necessary
to specify the nine coefficients €)1 812;..., which can be conveniently

written in the form:

[eiJ

€31 E32 Eay |
The quantity [Eij] is the dielectric tensor of the medium.

When equation (A.2) insteadkof (A.1) 1is used in conjunction with
Maxwell's equations, it can be shown (reférence'(lSB) p.671) that the struc-
ture of the anisotropic medium permits two linearly polarized plane elecfro;.
magnetic waves, with their directions of vibration mutuallj perpeﬁdiculaf,
to travel with two different phase velocities in any given direction of
propagation. The directions of the two permitted linear polarizétionslare
determined by (a) the structure of the medium, (b) the’direction of propaga-
tion, and (c) the direction of the external electric field. Plaﬁe électro-
magnetic waves, linearly polarized'élong either of these directions, will
emerge from the medium unchanged — just as if they had_traversed an isotropic
medium - and, for this reason, they are often termed the privileéed directions.
If.x and y den&te the privileged directions for éropagétion along an axis z,

then, x,y, 2 form a Cartesian system of coordinates.

Plane electro—magnegic waves 1iﬁear1y polarized along an'arbifrary
direction in the x ,ylplane, will, in general, emerge from the medium ellip-
tically polarized. This could be visualized if it were assumed that the
electro-magnetic wave was resolved into two 1inéarly4polarized components
with their directions of viBrétidn along x and y. The two components which
travel with velocities U, and U,, being in phasé initially, will devéloﬁ

a continuously growing phase difference as they traverse the medium. These

_]32_



components emerging from the anisotropic medium, will retain their phase
difference as theypropagate in the surrounding isotropic medium and, there- -
fore, the electro-magnetic wave that results from the recombining of the

two out-of-phase components is elliptically polarized.
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APPENDIX 'B'

LIST OF SYMBOLS

Einstein coefficient for spontaneous emission

absorbed fraction of incident radiation; .also laser beam
cross section ' ' :

mirror radius

rotationdl constant

capacitance » ‘ _
velocity of light; also sﬁecific heat of targét elecfrodé;'

centrifugal distortion constant; also electrode épacing-f-:
in the telescopic amplifier; and diameter of laser beam

electric displacement

a point group

fringé sﬁacing; also spark gap sbacing;  and etalon thickness
laser energy; also electric field »
extinction ratio of Pdckels cell

extinction ratio of electro-optical shutter; alsd'saturatibn
energy parameter L e e

extractable optical energy from amplifier
rotational energy

effective saturation energy ﬁarameter

-total fiow rate (&/min) of the laser gas

net round trip gain

resonator g-parameter

Planck's constant

intensity of CW laser

rotatipnal quantum number )
thermal conductivity of target electrodé
roots of the seculér equation . '
thermal constant of the target electrode
resonant exchange rate constant
vibrational relaxation-rate constant
Boltzmann partition fraction

rotational relaxation~rate constant

laser cavity length; also -length of-electfb-opticalncrystaI;
also inductance. ;

length of active medium
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angular momentum quantum number

collisional partner M; also magnifieation of the unstable
resonator; also molecular weight

monochromaticity factor

number of plates comprising the polarizer
vibrational population
retational'pOPuiation

number of electrons 1n the LTSG
equ1va1ent Fresnel number

photon number den51ty

gas pressure; also degree of polarisetion
laser power

P- branch v1brat10na1—rotat10na1 tran51t10n

. partial pressure of addltlve e'

‘number of round trlps for osclllatlon bu11d-up

resistivity of target electrode

mirror radius of curvature

R-branch vibrational-rotational transition
reflectivities of linearly polarized radiation
GaAs electro-optieal coefficient =
electro—opticel tensor '

LTSG constant

" translational temperature of gas; also- transmlttance of

an electro-optlcal shutter or etalon
melting p01nt of.targetvelectrode
rotational temperature

time

>de1ay t1me

time requlred for heatlng target electrode to 1ts meltlng
po1nt

" formative time

laser pulse duration

rise time of electrical pulse
rotational relaxation time
phase velocity

voltage

self—breakdown‘voltageb

" half-wave retardation vdltage

vibrational quantum number of N,
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avalanche velocity
streamer velocity

characteristic impedance of transmission line.

Townsend first coefficient .
small signal gain coeffielent

.Eigenvalue determining the power loss, 6, per'round trip
-(8=1-[¥]* | D
vibrational inversion population density

pulse-broadened line width

rotational inversion populatiOn density; also round trip
output coupling; -and phase difference between two ortho-
gonally polarlzed waves - :

dielectric constant
pr1nc1pal dielectric constants

quantum number of the three CO, normal.modeé of‘vibration;
also principal refractive 1nd1ces- h ' ’

laser efficiency, also refractive index ‘
angle of divergence; also angle of incidence
Boltzmann constant

wavelength

optical frequency

frequency of the three fundamental modes of vibration

‘density; also reflection coefficient in a transmission-line
'st1mulated emission cross—sectlon '

‘lifetimes of upper and lower vibrational laser levels

angle between the transmission axis and -one of the pr1v1leged
directions; also wedge angle SR : -

mole fraction of component in a gas mixture

angular frequency

‘lowest transverse mode spot size
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The operating principles and performance of a simple three mirror telescopic resonator for generating temporally
smooth laser pulses of at least 30 MW peak power and controlled duration in the range 60 to 200 ns are discussed.

We describe the reliable generation in a single lon-
gitudinal mode of smooth CO, laser pulses with
> 30 MW peak power, which is believed to be the
highest reported output for a single mode oscillator to
date. A simple three-mirror system is used in a coupled
unstable cavity arrangement (see fig. 1); this has the
advantage of a large aperture for potential scaling to
higher powers and is of very simple construction [1].
One application of this device is to laser-plasma inter-
action studies, where the smooth temporal envelope
of the incident pulse provides a reference for interpret-
ing amplitude modulations imposed on the reflected
pulse [2].

The optical system is shown in fig. 1, and consists
of two unstable cavities coupled by the small convex
mirror M; and sharing the same active medium. Each
cavity has a loss which slightly exceeds the available
gain and therefore neither can oscillate independently.
The design of the cavity defined by the mirrors My,
M, has already been described in a telescopic ampli-
fier application [3]. The radius of curvature of the
third mirror M3 was so chosen that the cavities M,

* On attachment from Royal Holloway College (University of
London), Egham, Surrey, TW20 OEX, UK.

~ 7
My M

Fig. 1. Optical configuration for generating a single longitudi-
nal mode (not to scale).

M, and My, M3 have the same diffraction losses. Some
of the radiation leaving M; , M, is returned by M3,
and vice versa, so that the nett loss for a resonant
mode of the combined cavities is less than that of the
independent modes (resonant feedback) and oscilla-
tion can take place. The frequencies of the 10ng1tud1-
nal modes differ by

Av=c2AL

where AL is the difference in length of the two cavi-
ties, determined by the position of M3. By adjusting
AL to make Av equal to the frequency range over
which the gain exceeds the loss of the three-mirror
cavity, we can ensure oscillation on a single mode
within a given rotational line of the 10.4 um band.
The optimum setting for reliable single mode opera-
tion of our system was found to be AL =~ 25 cm, giv-
ing a mode spacing Av =~ 600 MHz in a cavity of maxi-
mum length 1.5 m.

Examples of generated pulse shapes are given in
fig. 2, recorded with a Rofin 7415 photon drag detec-
tor and Tektronix 7904 oscilloscope combination,
whose frequency response was checked with M3 re-
positioned to give beating between two adjacent
modes, for which a maximum modulation depth of
~ 60% was observed at 600 MHz. Operation on a sin-
gle rotational line was confirmed using a laser spec-
trum analyzer (Optical Engineering Model 16-A). The
figures shows: (i) a smooth pulse of 30 MW peak
power and 70 ns FWHM with a measured energy of
2 joules, and (ii) a 100 MW pulse with slight modula-
tion, reflecting the generation of two or more modes
at the higher pump energies involved. The high repro-
ducibility of smooth pulse generation at 30 MW can
be judged from the results of 100 consecutive shots in
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Fig. 2. Output pulses from the telescopic resonator: (i) 30 MW
with smooth envelope (20 ns/div); (ii) 100 MW pulse with
some modulation (50 ns/div).

one run, of which no more than 10% showed detecta-
ble modulation.

The laser pulse width is determined by the ratio of
the partial pressures of nitrogen and carbon dioxide in
the gas mixture, and can be adjusted in the range 60
to 200 ns by varying the ratio Py . Pco, from1: 6
for the lower value to 4 : 3 for the longer pulse.

In conclusion it has been shown experimentally
that by addition of a third reflector, a TEA CO, tele-
scopic laser amplifier can be converted to a high

PHYSICS LETTERS

6 September 1976

power unstable cavity oscillator operating on a single
longitudinal mode. The output power was found to be
more than an order of magnitude higher than that ob-
tained from laser oscillators employing a stable reso-
nator [4—6]. This considerable improvement reflects
the fact that the fundamental transverse mode can be
arranged to occupy the whole volume of active me-
dium in an unstable cavity, whereas the mode volume
of a stable resonator is strictly limited, resulting in a
large reduction of output power. A further important
feature of the three-mirror cavity is the low divergence
~ 5 X 1074 rad of the output beam, which equals
the diffraction limited divergence of the conventional
telescopic resonator [1].

Temporally smooth pulses with peak powers of
14 MW have been observed using an unstable resonator
with SFg cell in a grating-tuned cavity [7]; however,
no information was given on the reproducibility of
smooth pulse generation in this case.

We wish to record our appreciation of the keen
interest taken in this work by Dr. V.I. Little, especial-
ly the many fruitful discussions we had about it; our
thanks to Drs. T.K. Allen and L.J. Spalding for their
support.
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A gigawatt CO, Iaser with telescopic amplifier ' e
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The first production of gigawatt pulses from a 1-m CO, telescopic amplifier with megawatt input is
reported. This device has been used to generate 1-J pulses of 830 ps FWHM from a suitably gated source.

PACS numbers: 42.60.Lh, 42.60.Cz

I. INTRODUCTION

The power output of a gated CO, laser oscillator for
generating pulses 1 ns in duration is typically about 1
MW. To increase this to the gigawatt region for pulse
injection to a typical amplifier chain, a preamplifier
with a power gain of ~10° is required. This, in turn,
needs up to 3 m of active path in CO,, =3 using either a
one-pass multistage system or else arranging 2—3
passes with partially overlapping beams in a single-
stage amplifier.*% In each case the result is inefficient
extraction of the total stored energy, and attendant
problems of beam divergence and mode control. These
limitations on the preamplification of nanosecond
pulses to gigawatt powers can be overcome, in princi-
ple, by the telescopic amplifier, ® in which the weak
input beam is simultaneously expanded and amplified
while preserving its mode structure. With a reflecting
telescope arrangement full use of the stored energy
can be achieved, because the design combines adequate
beam expansion (magnification M~10) with high over-
all gain (triple pass). The system is ideal for raising
weak signals to high power in a single stage, and can
be adapted to match a wide range of weak sources (os-
cillators) to large laser amplifier systems. It has pre-
viously been employed on neodymium lasers for gen-
erating millisecond pulses with energies of several
hundred joules. " In this paper the design and perform-
ance of a 1-m TEA CO, laser telescopic amplifier for
producing gigawatt pulses of nanosecond duration is
described. ' ‘

Ga As Pﬁckels'

- Brewster angle Brewster angle
. Ge plate . Ge plates /

The use of unstable resonators in high-power oscil-
lators was first described by Siegman. ? Of the various
possible configurations, a confocal system, i.e., ‘
telescopic resonator, has the advantage that it provides
a collimated output. Furthermore, in high-power sys-
tems it is clearly good design to arrange for the com-
mon focal point to lie outside the cavity so that the risk
of optical breakdown is minimized. For this reason
an unstable configuration on the positive branch of the
stability diagram was chosen for the present work. The
optical cavity (see Fig. 1) is effectively a Cassegrain
telescope in normal adjustment. Parallel light, enter-
ing from the left through a hole in the concave mirror,
traverses the central part of the active medium to
strike the convex mirror. After reflection the light re-
turns as a diverging beam to the concave mirror, where -
it is reflected as an expanded parallel beam for its third
and final traverse of the active medium. This arrange-
ment also achieves optical matching of the output to sub-
sequent amplifying stages of larger aperture than the
input beam, without the severe loss of intensity normal-
ly associated with a passive beam expander.

In the present work, care was taken to ensure that
only three passes of the active medium were possible
for parallel beams in the amplifier, in order to prevent
the onset of self-oscillation by resonant feedback in the
modified cavity. Even with this restriction it was possi-
ble for self-oscillation to be initiated by optical feed-
back arising from light diffraction at the various
apertures,

Concave mirror with
a central hole

Convex_
mirror

3- pass _amplifier : ’

|

Oscillator X/
FIG. 1. Experimental
—W— HV arrangement
Ge mirror
R=36%
Brewster angle - Laser triggered
KCl plate spark gap

Gold mirror

R=99%%
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1. AMPLIFIER DESIGN
A. Preliminary considerations -

To achieve a stable three-pass amplifier, two main
sets of criteria have to be satisfied. First, self-oscil-
lation must be prevented, and in a normally adjusted
system this means that diffraction losses have to be
controlled by a suitable choice of cavity apertures and
optical magnification. Second, the efficient extraction
of energy imposes the condition that the entrance aper-
ture 2x should be greater than or equal to the diameter
of the convex mirror, 2a;. If D is the electrode spacing
and M is the linear magnification of the system, we
have the following relations: 2x > 2a, and M =D/2a, for
normal adjustment, hence x=D/2M.

A further factor enters as a result of the geometry,
The output beam has an annular cross section with an
inner diameter controlled by 2x. Hence, the smaller
x, the greater the availability of the stored energy. If
90% of the stored energy is to be usefully employed,
the above considerations impose the following limits on
the design:

D/2M<x<iD.
Finally, a practical limit to the magnificatidn is set

by the ratio of the electrode spacing to the diameter of
the input beam: M <10,

B. Diffraction loss vs self-oscillation

According to Anan’ev ef al,® the quantity ly| which
determines the diffraction loss 8, where 6=1- [y[?,
is given by

_ In(M) In[M/27N, (0 - 1)] , )
ST N,/ S

where N, and Ngq are the equivalent Fresnel numbers of
the resonator and of the entrance aperture, respectively.

1n|Y|

For a telescopic resonator, N, according to
Siegman!? is given by

N, =(a2/22L)(M - 1), ‘ )

where A is the wavelength of the cavity radiation and L
is the length of the cavity. Anan’ev ef al.? gives

¥ M-1
M=o - | ®)

Using Egs. (2) and (3), Eq. (1) becomes

In|y|= [111(M) In (%{) W——l%-——f)]

(4a? -1
x [m (‘;11‘) M] : - ()
The quantity vy was first determined experimentally
for an existing telescopic resonator with M=2, 875,

L=1.25 m, and a;=8.35 mm, for a discharge region
with dimensions 1 mX49 mmX49 mm.

The input aperture radius x for which self-oscilla-
tion ceased was determined by placing a nonreflecting
carbon disk cover the pole of the concave mirror to
simulate a circular aperture whose diameter could
readily be adjusted. The diameter was increased until
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FIG. 2. Graph of relative self-oscillation energy vs hole size,

.

the system just stopped oscillating with the amplifier
fully energized. The effective value of x was thus found
to be 16 mm. :

In Fig. 2, the normalized oscillator output energy is
shown as a function of the ratio x/a,, where a, is the
radius of the concave mirror. Using Eq. (4) and the
confocal condition a, = May, substitution of the appropri-
ate values of L, ay, x, and M for A=10.6 pum gives
Inlyl=-3.78. This figure specified the diffraction loss
of the cavity used and enabled the parameters of any
other similar cavity having the same diffraction loss to
be calculated, thus allowing more convenient values of
M and x to be determined. A combination of M and x
that satisfied both the condition M < 10 and the inequality
D/2M<x S-}D, and at the same time gave a value for
Inlyl=-3.78, was found to be M=T and x=5.4 mm,
For optimum power output, 2a, =D =49 mm, deter-
mined by the electrode separation in TEA geometry.
Thus, @, =24.5 mm and a; =a,/M=3.5 mm. Simple
telescope theory then gave 2917 mm for the radius of
curvature of the concave mirror and 417 mm for that of
the convex mirror, requiring a cavity length L =1,25 m.,

C. Parasitic oscillation

Having eliminated self-oscillation in the amplifier,
a parasitic oscillation was observed which was inde-
pendent of the cavity mirrors [Figs. 4(a)]; in fact, it
persisted when the latter were removed. This oscilla-
tion was traced to the reflection introduced by the mir-
ror mounts. A covering of carbon paper over the mounts
effectively eliminated it. When the switching system
isolating the oscillator from the amplifier was removed,
the parasitic radiation from the amplifier section re-
sulted in a reduction of up to six times in the peak power
of the oscillator, as measured using a photon-drag de-
tector. This reduction in power was found to be roughly
proportional to the intensity of the parasitic oscilla-
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FIG. 3.
different intensities of parasitic radiation from the amplifier.

Reduction in oscillator power vs delay time for

Curve 1 , no feedback; curves 2 — 4 increasing feedback.

tion in the amplifier, measured when the amplifier alone
was energized. However, when this parasitic oscilla-
tion was completely suppressed, as described above,

the presence of the amplifier had no effect upon the per-
formance of the oscillator. In Fig. 3, the normalized
peak power of the oscillator is plotted against T, the
delay time between the firing of the amplifier and the
oscillator, for four arbitrarily chosen values of the in-
tensity of the parasitic oscillation.

The final elimination of both the parasitic and self-
oscillations of the amplifier was checked using a
General Technology calorimeter capable of measuring
integrated energy densities down to 0. 05 mJ/cm?.

1. EXPERIMENT

The experimental arrangement for generating and
amplifying a nanosecond laser pulse is shown schema-
tically in Fig. 1. A fast electro-optic switch was used
to select a single pulse from the oscillator output and
transmit it to the amplifier, where three passes were
made in the active medium via the Cassegrain telescope
system. The oscillator was of the Lamberton-Pearson
type!! with two Rogowski profile electrodes of length
700 mm and spacing 25 mm. The optical cavity was
formed by a 99% reflecting concave mirror with a
radius of curvature of 10 m and a Ge flat antireflection
coated on one face. These were arranged to give a
cavity length of 1.35 m. A KCl plate set at the Brewster
angle was placed inside the cavity of polarize the output
and increase the power reflected from the first Ge
polarizer., An intracavity diaphragm of diameter 9 mm
restricted oscillation to a single transverse mode. Us-
ing this arrangement a self-mode locked pulse train
was generated, with individual pulses of ~2 ns duration
[Fig. 4(b)]. The modulation depth ranged from 85 to
100%, and the shape of individual pulses was not repro-
ducible from shot to shot, reflecting the fact that no
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mode-locking element was present in the cavity. The
GaAs electro-optjc crystal for selecting a single pulse
was energized by a ~2-ns high-voltage pulse derived
from a pressurized laser-triggered spark gap.!? By
adjusting the gas pressure and the length of the delay
line the arrival of the electrical pulse in the GaAs crys-
tal was synchronized with the arrival of one of the
strongest laser pulses in the train, thereby reducing
the noise level (interpulse energy) of the transmitted
signal. The selected pulse then entered the triple-pass
amplifier, whose output beam was monitored with a

(a)

(b)

EFEREREN
N

ullﬂll-

(c)

FIG. 4. (a) Parasitic oscillation: time scale, 20 ns/div.

(b) Output pulse from the self-mode-locked oscillator: time
scale, 10 ns/div. (c) 1~GW amplified pulse with instrument-
limited width: 1.3 ns FWHM; time scale, 500 ps/div,
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photon-drag detector (Rofin, model 7415) and the pulse
intensity profile displayed on a Tektronix 7904 oscil-
loscope [Fig. 4(c)]. The recorded width of 1.3 ns
FWHM included the rise time of the detector (0.6 ns)
and of the oscilloscope (0.8 ns). Assuming a Gaussian
profile, the actual pulse width calculated from these
values was {=830 ps FWHM. The pulse energy was
measured using a General Technology pyroelectric
calorimeter. Because of the finite contrast ratio (sig-
nal/background noise), the measured energy contained
two components: the energy in the short pulse and that
of the amplified noise. The latter was measured by
disconnecting the trigger of the electro-optic switch,
thereby making it inactive, and firing both oscillator
and amplifier, This energy was then subtracted from
the total to give an output pulse energy of 1 J. Similar-
ly, the energy of the input pulse was found to be 1 mJ.

Thus, the triple-pass amplifier had an energy gain of

1000, The peak power of the amplified pulse was esti-
mated from the response of the photon-drag detector
and found to be ~1 GW. Comparison with the input of

~1 MW (1 mJ, 1 ns) shows the close agreement between
the energy and power measurements of the gain for a
nanosecond pulse.

1V. CONCLUSIONS

‘A triple-pass TEA CO, telescopic laser amplifier
has been developed with an energy gain of 1000 for
millijoule laser pulses of ~1 ns in duration, compared
with a gain of 20 for the same device operated as a
single-pass amplifier, Pulses with > 0.8 ns width and
1 GW peak power (total energy 1 J) were obtained
from an active length of only 1 m for an input power
of 1 MW.

The design of the amplifier both ensured optimum
energy extraction and eliminated the problem of self-
oscillation caused by optical feedback from diffraction

1298 J. Appl. Phys., Vol. 4i, No. 4, April 1976

at the edges of the telescope apertures. The problem
of parasitic oscillation in the amplifier, which initially
caused a large reduction of the oscillator output, was
overcome by minimizing the specular and diffuse re-
flection from the window and mirror mounts.

Triple-pass amplification of the kind described in
this paper could well be used to advantage in larger
high-power laser systems; in particular, electron-
beam—controlled CO, 13 and glass disk amplifiers,
which have active media with respectively higher and
lower gain than that of the medium used in the present
work,
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Abstract During the operation of a high power pulsed
COq laser system, damage was observed to a GaAs
modulator crystal. The cause of the damage was possibly
the creation of wedge fringes within the crystal. Wedge
fringes were also formed in the system by a Ge polarizing
plate. This note describes how the formation of such fringes
can be avoided and also how they can be used to measure
small wedge angles over long path differences.

Since damaged components in a laser system limit the per-
formance of high power lasers, it is of critical concern to make
the optical element of the laser less susceptible to such damage.

The use of optical components made of material with a high
refractive index—like Ge or GaAs—as beam splitters, win-
dows, polarizers and electro-optical modulators of the laser
beam usually results in the formation of undesirable sharp
fringes.

Usually these fringes are of equal thickness (straight line
wedge fringes) which occur when the two surfaces of the
component are inclined. Generally in such components the
locus of the points of equal thickness, which represents the
edge of the wedge, forms an angle with the geometrical edge
of the component i.e. a rectangular plate. As a result of this,
the fringes which are produced on transmission or reflection
appear to rotate when the angle of incidence is changed, that
is the angle between the plane of incidence and the straight
line fringes appears to change (figure 1(a)).

Using these fringes the generally very small angle ¢ of the
inclined surfaces can be calculated by measuring the fringe
spacing d. For normal incidence ¢ is given by:

b=2A/2nd )
where ) is the wavelength and » the refractive index.

Recently this method was used (McLeod 1974) to check the
parallelism of glass blocks with a He-Ne laser.

/N

©)

Figure 1 Wedge fringes on COz laser components

(a) Rotation of fringes with varying angle of incidence;
(b) Effect of back surface finish of Germanium plate on
fringe visibility: from left to right, incident beam, reflected
fringes (both faces polished), and smooth reflected beam
with matt back surface; (c¢) Effect of applied voltage on
fringes produced in GaAs electro-optic crystal—voltage
increasing left to right from zero to quarter wave value
(12 kV em~1). Incident beam on far left

In a TEA (transversely excited atmospheric pressure) COz
10-6 um laser system for producing short laser pulses by
electro-optical means, a germanium plate was used to produce
linearly polarized light by reflection. This light was then
incident upon a gallium arsenide crystal.

However, both the Ge plate and the GaAs crystal produced
wedge fringes and surface damage occurred to the 50 mm long
crystal. The exit surface of the crystal was damaged whilst the
entrance surface suffered no damage. It has been proposed that
this is due to the effect of Fresnel reflection (Crisp et al. 1972).
In the case of GaAs, which has refractive index n=3'3, the
light intensity inside the GaAs at the exit surface is 4n?/
(n+1)2=2-35 times greater than the intensity inside the GaAs
at the entrance surface.

Since the fringes arise as a consequence of multiple reflec-
tion, the transmitted fringe maxima have intensity Imax equal-
to that of the incident light Jo. On the other hand when these
fringes do not occur, the intensity at the exit surface equals

962



Apparatus and techniques

I=Tly (where T=2n/(n2+1)=1/1-8 is the transmissivity of the
whole GaAs crystal).

Therefore when the incident radiation has intensity Ip
within the range Iin<lo<1-8 I, (Itn being the damage-
threshold intensity for the exit surface) the formation of the
fringes causes the damage to the crystal and this is what is
likely to have happened in the present case. Thus it is impor-
tant to avoid forming fringes in systems operating near the
damage threshold, for example where the maximum signal is
required.

In order to avoid the fringes produced by the Ge plate, its
back surface was given a matt finish using wet emery cloth.
Consequently, the fringes disappeared as is shown in figure
1() and a uniform beam of linearly polarized light was
reflected from the plate.

The fringes which are produced by the crystal can be ex-
cluded by applying a bias Dc voltage. With increasing voltage
the fringes gradually diminish. When the applied pc voltage
equals the quarter wave value the fringes almost disappear
(figure 1(c)). Consequently the disappearance of the fringes can
be used to measure the quarter wave voltage and the electro-
optic coefficient r4 of the GaAs.

The inclination of the two faces of the GaAs crystal was
found from equation (1) using the observed fringe spacing d,
and the known values of refractive index n and wavelength A.
This agreed within 49 with the values deduced from the dis-
placement of the reflected and transmitted beams caused by
refraction in the wedge. This isa valuable method of measur-
ing small wedge angles on infrared components over relatively
long path differences—50 mm in the present case.
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MULTIKILOJOULE CO, LASER HEATING OF POLYTHENE PELLETS

A.C. Walker, M.W, McGeoch, T. Stamatakis, S. Ward, B.L. Willis
and I.J. Spalding

Euratom-UKAEA Fusion Association, Culham Laboratory,
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ABSTRACT

A multikilojoule CO2 laser ('TROJAN') has been used to heat
3-1 mm polyethylene cubes at incident intensities < 4 x

1012 Wem ©, in preliminary assessments for a laser plasma
stellarator-filling experiment. Measurements of transmission
through the resulting laser-plasma, and of refraction and
back-reflection, indicate energy losses of < 1, 10 and 3%

respectively. These and other measurements will be discussed.

To be presented at VIII European Conference on Controlled
Fusion and Plasma Physics, Prague, September 1977.

May, 1977.



1. INTRODUCTION

Ohmic-heating typically generates a plasma having an energy content of

~ 300J in CLEO Stellaratorgl) This paper examines the efficiency with which

multikilojoule 002 lasers may be used to create laser-plasmas, as an alter-

(2)

native means of filling CLEO and other toroidal traps. Earlier measurements
of reflection from plane carbon targets(s) have indicated that back-reflection
can be small, since absorption is significantly stronger than that attributable

(4,5)

to inverse-bremmstrahlung alone; the present work extends such observations

by investigating transmission and refraction losses when finite targets are
irradiated. It is hoped to use free-falling cryogenic deuterium targets(G) for
this cooperative Euratom programme, but for these preliminary assessments the

targets were (suspended) polythene cubes.

2. EXPERIMENTAL TECHNIQUE

The experimental arrangement is illustrated in Fig.l. The electrical
characteristics of the electron beam preionized laser ('TROJAN') have been
described previouslySS) For the present experiments the system was filled
with gas at one standard atmosphere, with a He:N2:002 ratio of 0:1:2; its
active volume was ~ 180 cm x 20 cm x 25 cm. An unstable confocal optical
resonator having a magnification of 2.8 was used to ensure low-order transverse
mode, gain-switched, output pulses. The initial spike typically had a peak
power of 2 30 GW and exhibited mode beating; its envelope had a duration of
50 ns (FWHM) and a tail lasting some 2 ws. The energy contained in this tail
could be conveniently controlled by adjusting the duration of the electron-
gun pulse; Fig.2 illustrates typical pulse shapes generated for the present
experiments. The incident power and energy were monitored by the-photon-drag
(P1) and large area pyroelectric (El) detectors illustrated in Fig.l; simi-
larly P2 and E2 measured the power and energy back-reflected from the target.
The effective (17 x 20 cmz) cross section of the laser beam was focused by a

4.5m focal length spherical mirror on to the target; ‘the focal spot size,



determined by a grating technlque( 7)

was 750 pm (FWHM). The polythene targets
were hand cut from sheet, and stuck with a minimum of epoxy resin to 10 pm
diameter glass fibres supported on a micromanipulator within the target

chamber at a vacuum pressure of 10~ --10_5 torr.

3.  EXPERIMENTAL RESULTS

- Energy balance measurements have been made in which 0.6 - 1.6 kJ laser
pulses, of duration 50 ns to 2 us respectively (cf Fig.2), have been focused
centrally on to both 1 mm and % mm polythene cubes. These have given repro-
ducible results showing, for all cases, high coupling of the laser energy

into the pellet plasma.

Detector E2, sampllng llght d1rected back through the focusing optics w1th
an effective aperture of £/17, indicated < 5% direct energy reflection. A
cone calorimeter, ES, placed behind the target and matched in size to the beam
diameter gave a'fespdhse fypically < 8% of that recorded with no pellet in
position, Such a device, however, considerably underestimates the magnitude
of high energy (unattenuated) pulses, because of plasma formation at its
entrance aperture. To investigate further, calibrated film was placed behind
the pellet to give a spatial measure of the energy density of both transmitted
Egg_fefracted CO2 laser radiation. (The calibration was obtained by directing
various known intensities of 10 um radiation on to the film, in vacuum, and
observing the colour of the resulting burn.) Fig.3 illustrates typical

energy density contours, derived in this way, for 002 radiation transmitted and

refracted through the plasma. It indicates that the direct transmission is

< 1% of the incident énergy; but that refraction, confined to a cone of (full)
angle S 60o contributes the major energy loss, of < 10%. Film placed at
other positions within the targef chamber gave no detectable response except
when close to fhé laser beam difectioh; indicating that additional 23257'
scattered lighi not reaching the focusihg obficé amounted to no more than

1% of the incident energy.

Detector P2 sampl1ng the reflected 1ntens1ty, showed enhanced back-
reflectlon of the long ps tail of the pulse, relative to the intense (50 ns)
initial spike (Fig.4).

4. CONCLUSION

4

These energy balance measurements demonstrate that small, submillimetre,



(CH2)n targets can be efficiently heated using (relatively slow) kilojoule CO

2

laser pulses. Measurements of total charge, using ion probes, etc., are in

hand to establish whether pre-pulses of the type discussed in ~ 100J Nd laser

heating experiments(

6,8)

will be necessary to ensure full ionization in the

present higher energy, microsecond duration experiments. (A highly simpliffed

model suggests that this practical complication may be avoidedss) or perhaps

restricted to the use of only a 10.6 um prepulse.

(9))
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FIGURE 1 Plan-view of experimental arrangement

/18 | T

FIGURE 2 Time variation of 'TROJAN' output power, using an electron beam

of (a) 0.8, (b) 1.6 and (c) 2 us duration. (Vertical: ~ 3 GW/div.,
horizontal: 200 ns/div.) :
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FIGURE 3 Distribution of transmitted

and refracted laser radiation on a
plane 7.5 cm behind a 1 mm polythene
cube irradiated)by al.5 kJ (2 us)
pulse. Numbers indicate average energy
density in joules/cm2 between contours.
Circles show cone (full) angles relative

to pellet position.

(b)

(a)

FIGURE 4 Incident (a) and back-reflected
(b) pulse shapes for experiment of Fig.3
(500 ns/div).
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