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Investigation of Nonlinear Propagation and Chirping of Short CO2 Laser Pulses

Section 1
INTRODUCTION

Under the sponsorship of the Office of Naval Research, United Aircraft
Research laboratories have been carrying out an experimental program to generate
short pulses at the 10.6 ;, wavelength, to study the propagation and interaction
0! these pulses with amplifying and absorbing media, and to investigate flowing
metal vapor lasers as sources of radiation in the blue-green portion of the spec-
trun. In the early work under this contract new methods gf'Q-switching and mode-
locking conventional low pressure COé lasers were developed and pulses as short
as 1) nsec were produced. In the course of this work, basic studies of the CO
luger, such as the influence of diftusion on the saturation intensity and thé
vhrlority dependence of the gnin, were performed and lead to a better understanding
of' CO laser dynamics. The advent of the electrically puléed atmospheric pressure
CO la«er increased the available bandwidth from 60 MHz to 2-3 GHz. leading to the
possibiLity of subhanosecond pulse generation. Self-mode-locking was e%tensively
studied; and, realizing that reproducible pulse generation would require an active
modilator, a low insertion-loss Brewster angle acousto-optic modulator was developed.
Pulses of 1.2 nsec duration uand peak powers in excess of 20 MW were generated. For
the datection of these pulses a tast photon-drag detector was developed. A sinéle

pilue selection from the mode-lotked train based on gas breakdown in a pair of cells

wis cxplored during the current contra:t jyear, Research on metal vapor lasers has con-

centrated on a transverse evapuiction-cencensation cycle and culminated during the
current year with the development of a small copper vapor laser with a fast closed-
cycle transverse vapor flow. Pulse repetition rates in excess of .5 x 10h pps have
been demonstrated, representing about an order of magnitude increase over rates
reported prior to this work. The flow technique employed appears to have generai
applicability to a class of condensable gas laser media, especially when sealed-off

laser operation is required.



TR A T ST L N R PR ST T T TR

PPN .

IO AY o X

1920832-6

Sections 2, 3, «nd b present a discussion of the research carried out during
the current year on short pulse detection, single pulse selection, z2nd metal vapor
lasers, respectively. Details of the work carried out during the firsi three years
o this contrac* may be feund in the Annual Reports, issued in April 1971 and May
1072. A brief summery of this work 2s well as the current year's wors is given in
Section 6. A listing of the technical publisations and reports issued under tnis

contract may be founé in Section S.
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? intc two beams of equal intenzity, which are Jirected onto the detector element

: from two opposite directions. Tie key to this detector scheme is thet the sign

: of the photon-drag voltage depernds on the direction of propagation of the pulse

v through the detector. VWhen the prabe i{s centered in the optizal bridge, pocition

N 1e pulses eling from the right and tihe left o p ir the detector, com-

3 1, the pulses traveling f the right and the left overlap in the detecior, com

4 plete cencellation of the opposing voltages »nc:rurs, and a null outpatl is otserved.

2

: As the detector s moved to the left, pnsitirn 2, the right traveling pulse arrives
sarlier and the positive voltage signature otcirs at a tize 2t = 2d/c earlier then

. the negative voltage signeture. Cancellatior ¢ =ov incompletcs. TFor a short pulse

z the resulting signature is tco fast to be v.splayed Aivectly on an oscilloscope

- 2né the success of the scheme relies cn being able tc rectiiy the compounéd signa-

x

- ture with 2 fast full wave rectifier in orcder to integrete apd dispizy the outp.ut
with a slow oscillcoscope. The peak voltage is ihen ‘iversely related to the degrse

N of overlap. By varying the probe position the zothu! zilows the degree of spatiail

: ovaerlap, ané hence the pulse width, {o be measured. £ fisadvantape of this method

. is that shot-to-shot variaticons in the cperation of Liw lzser cannot be Zistingaished.

The secondé tecnnique ecploys toth 2 photon-drzg uicctor and two nonlineazr

A—ase

-
.

absorkers in an optical bridge, as shown in Fig. 2. T-v» photon-drag detecter is
centered in the opticel tricdge to give a null output whar the movable ronlinesr
) atsorter is far off-zenter. The two icdeally identizzl, nenlinear atsorbers zust
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sorption of the later portions of ine pulse frox ithe left

pulses arriving =2t the photon-drag detecicr are not fdentical, .= .egree nf zismatch
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non-null output is seen. From an analysis of this method, Gibson, et. al., shiow

that the pulse width for either a gaussian or a sin2 x/x2 pulse 1é'givén\by

(2.1)

where f{ is the distance the movable absorber must be moved from the mid-point of
the bridge to reduce the out-of-balance signal by a factor of 2. Apparently an

exacting allignment procedure is required to keep the two beams coincidentiy fo-

-cussed on the movable nonlinear absorber, an essential requirement for the success

of the method. In addition the physical restriction on how closely the optical
assembly containing the nonlinear absorber and the focussing lenses can be placed
next to the photon-drag detector is a limitation on this technique. Exact coin-
cidence of the‘twp_peams in the photon-drag detector i3 not egsentiZI, so that the
first ﬁgﬁhod discussed above, offers operational advantages, providing a fagt full-
wave di;de bridge can be realized in practice. ,

A third indirect technique for measuring short pulses at the 10.6 micron
wavelength has recently been reported (Ref. 4), wherein the electric field from a
high pouerAiaser is used to produce birefringenée in ca?bpn disulfide, which Irn
turr can modulate visible or near-infrared radiation. Tﬁe modulation of the probe
beam can be detected with the fast sensitive detectors for this spectral range
which have response times on the order of 100 nsec. Since the response time of
the molecular Kerr effect in carbon disulfide is reported to be 2 psec‘(Ref. 7,
the detection of even shorter pulses could be carried out with stréék cameras having
picoségﬁnd response times. This technigue has been demonstrated (Ref. ). using.

a mode-locked train of pulses from a TEA laser to induce birefringence in a 1l.5-cm
long carbon disulfide cell which is placed between crossed polarizers. The modu-
lation of a c.w. He-Ne beam was detected by a photomultipiier and displayed on a
7904 oscilloscope along with the output from a photon-drag defector. A comparison

of the traces shows that the strongest pulses in the mode-locked train givezrise to

a strong modulation of the He-Ne beam, but that signal-to-noise problems exists for
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the weaker pulses. Improvements in the detection schemes are expected through
the usze of a pulsed probe beam and a 10-psec streaking camera. Of the three tech-
nigues considered here this one appears to have the greatest promise since it has

the highest ultimate response time and provides 2 pulse width measurement on a

single pulse.
2.3 Design Considerations

Of the three devices considered above, the first one had not been denonstrated;
and, sinne it ¢ppeared to be the only available technique a year ago, the decision
was made to construct a device of this type. The design of such a device involved

considerations of the detector .ement itself, the diode circuit, and the optical

systems.

High speed microwave diodes have fairly low impedance allowing some flexibility
in the resistance of the detentor itself. A 30-ohm detector having dimensions of
L mm x b mm x 2.4 cm was constructed from 2 ohm-cm p-type (Ga doped) germanium.
The hole concentration for 2 ohm-cm p-type germanium is 1.8 x 101S cm—3 and ::0m the

absorption cross-section »f holes at 10.4,m (Ref. 8) an absorption coefficient of

-1
1.08 em ~ is calculated. Thus, with a 2.4 cm sample length, 37% of ths

9 radiation

is absorbed. The faces of the detector were optically polished but not antireflec-
tion coated s¢ that a front surface loss ol 36% is expected. Using this information
and the measured detectivity of photon.drag detectors (Ref. 9) a sensitivity of
0.250 v/Md is pradicted.

The key element in “his design is the full wave rectifier bridge capable o:
operating at the high frequencies cortainei in the short pulse. Low-loss x-bana
diodes are available for =such 2n applicaticn. The dicd=s used in tnis design are’
Alpha DyG18A team lead £ hLottky barrier mixer diodes. “hese ujodes have a 0.3-v
forward turn-on voltag: and typically a 3-v breakdowr voliage, giving an operating

range of 1.2 MW to 12 MW fcr the incident power of the coptical pulse. Sinrce the
inpedance o1 the diodes is indeterminate ithere is no sens2 in atlempting to m:tzh
the im idance of the detector element itself and the diode bridge in order t. re-
duce cirecuit reflections. To keep the time response of the circuit as fast as
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possible, the design illustrated in Fig. 3 was used. The detector element was

fixed to the top of a 0.025-in ceramic substrate. Picture frame aluminum cou-

tacts were diffused into the germanium detector. The tapered plarar golsd con-

ducting paths on the bottom side, as well as conducting pads on the top suria
and over the edges, were produced photo-lithographically.

sonically bonded to the conduct

The diodes viere ultra-

ting pads and to the output posts taks. Om post is

connected to the BNC output jack, and the other one provides a ground point, if

necessary, or can be used to bias the dioc:zs.

s, 0t e

It consists of a pair of 5-in
focal length lenses to focus a 0.5-in optical beam envo

{
Y LRE m % 22tor surface.
The high index of refraction of germanium converts this 300&57&6 baam i
r

into a
H : FS -1 ! -3
nearly parallel beam within the detector. /

The optical system is also shown in Fig. 3.

This device was tested with a 1.5 MW beam of 200 ne2c duration {non-moce-

locked) entering only one side of the detector. 1In tris con:iiguration an output
g K

similar to the usual photon-drag deteclor snould havz bteen seen. Instead.a large

ringing signal was observed. This may bte due to the :ac: thatl ithe power in iie
beam was not suff

ficient to overcome the forward turn-con voltage, or that additional

electrostatic and eleciromagnetic shielding is required

. Both of these possibilities
are presently under study.

2.4 Sumnary

The limitatiors -oi' direct detection schemes have been considered brieily and
three indirect schemes [{or measdring fne piise width of short mode-locred puleces
d

at 10.6;m have been described. Of the three schemes,

one had net reen stidied pre-

v:ouslv and the Zesigr. of sach 2 device was init!
R
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qﬂ;re 1y heing pursc.ed.
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Section 3
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PULSE SELECTION BASED ON GAS BREAKDOWN

3.1 In‘roduction

g
-

The technique illustrated in Fig. 4 was proposed as & method of sclecting

a single pulse from a train of mode-locked pulses. The e2lectrically pilsed 002

P PARRer

laser is placed in a ring resorator, together with the acousto-optiz mcdulator and

B,

Jov
K

a tvo-lens gas breakdown cell. The laser is forced to operate in a clockwise di-

foru

¥

rection by means of a unidirectional element. With no breakdown occuring in the

v

cell, the pulse train illustrated in trace {A) would be seen. By adjusting the
pressure in the cell, breakdown can be made to occur on one of the most intense

pulses in the train. Then the pulse illustrated in trace (B) is reflected irom

v
-
>
¢
M
o
<
i
B
3;‘

the plasma, exiting in the counter-clockwise direction. One advantage of this

scheme is that the synchronization protlems encountered with the use of eleztro-
optic switches can be eliminated. For this method to be useful the plasma re-
flectivity must be Sufficiently high, the beam quality o: the ejected beam must

be good enough to allow the pulse to undergo subsequent stages of ampliiication
and the ratio of the amplitude of the selected pulse to the background level muast
be high. There is very little data available on the refle:tivity of plasmas pro-
duced by 002 laser radiation. A reflectivity in excess of 10% was inferred by
Karlov, EE' al., (Ref. 10), from the modulation of a 10-ysec TEA laser pulse by an
intracavity olasmoid; howeve., this relatively ctationary plasme diifers ‘rom tne
transient one considered in the present study. With a 200-nsec pulsewidth

Of fenberger and Burnett (Ref. 11) nava measured a reflectivity of 2% from & uhydro-
gen breakdown plasma 2t a pressure of 152 Torr. The optical quality of the
reflected pulse depends on the growilh of the breaxdown plasma. ireax photographs
of the luminosity irom a ovreakdown plasma indicate {Ref. 12) a smooth growth in
both the radial and axial directions; therefore, a reascnatle bteam quality is ex-

pected. Finally, the bacxground radiation level prior to the election of the

3
E
4

B

ulse will be small it a truly unidirectionai operation 2an te aznieve
Y f

H 14

£

N
ané i1 the

Te USRI Y )

scat.er of the partially reflecting mirror is s¢mall, toth conditions teing reason-

ably easy to achieve in theory. However, after the desired pulse is ejected ‘rom

8
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the cavity the sigral-to-noise level may b. degraded as follows: The leading

portion of the pulse generating the breakdown is transmitted through the focal

region and after a cavity resnd “rip is incident once again on the breakdown cell.

If, atter the round trip time, approximately 50 nsec in 2 typical laboratory

setup, the plasma i5 still highly reflecting, another pulse will be ejected from

the cavity. However, if the plasma expands rapidly during the 50 nsec: and is

sufficiently cool, the reflectivity may be reduced by several orders o; magritude.

This problem as well as the previous ones must be subject to experimental scriuity.

A fundamental advantage to this pulse selection technique is the possibility

‘

of sharpening of the leadirg edge of the pulse by the rapid "turn-on" of the

plasma reflectivity. HNegleclting losses the index of refraction, y, of a plasma

is given by (Ref. 13)

2
w
2 p
] = - {-:.-
u 1 w) \J 1-)
w, = 56,0 /n (nin .-3) (3.2)

vhere @ is the radian freguency o° tne field, p is the piasmea frequency, n is the
D

electron concentration and e and m are the electron =narge and mass, respectively.

The reflectivity of the plasma 13 given by

12 .
(uw-1) (3.3)
F\ = 7 2
(u+l)
. . 1k -1
For 10.6 micron radiation the ragian trequency is L.79 x 19 se¢ 2nd Lhe plasma
. . . 1 -2
frequency is equal to th~ » dian frequen-~v at an eleciron concentration o 1J om 7.

At this point the index ¢f refraction becomec purely imaginary within the irameworx
of this simple mddel 2nd the plasma is 100% reflecting. However, at an electron

O
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concentration of 10 cm 3, the index of refractica deviates from unity by only

0.05 and the plasma reflectivity is approximately 6 x lo-h. Thus a factor of
ten growth in the electrcen concentration results in a dramatic increase in the
plasma retlectivity.

fstimates of the electron greth can be ovbtained by recent computer calew.-
lacions of clean-air breakdown {14). Ip these calculations z square laser pulse
and an initial electron concentration of 103 cm-3 are assvmed, and the growth of
the =2lectron temperaZure and concentration are solved in & self-consistent manner,
taking into account the various energy .osses. Results for two different field

v

values are spown in Fig. 5. For the threshold field of L.

tron temperature achieves an equilibrium value of 3.7 z L0 K after approximately

0.5 nsec but the electron concentration does not start to grow intil the electron

ture. Although this curve does not extend beyoné 2 conceniration o 17 om ~ it
appears that a time constanrt on the order of 3.5 nsec results in 2 ten-fold increase
in the electron concentration. For the higher field oi 1.17 x 137 v/cm, the steady-
state electron temperature is reached after {.0f nsec and the growth of the eleciron
concentration starts at 0.0b nsec, when the electron temperature is once again

Q

L

approximately 3 x 10 K. The ensuing exponential growth procesds »~ the higher

i8]

ate determined bty the corresponéingly higher electron tempera-.are. For a razmping
pulse typical of experimental ronditions it zan b2 argusd tiat L
ature will initially increase al a slower rate and trat the electron concentration

will not stari 1o grow antil the teagorature is on tne order o 3 x L3 K. iiow
be realized; rather, the temparature will rontinie to incresse and the time conztant

0: nanosecond duration, the time raguired for tne eleziron concentration to grow
12 -3 1S -3
e L4 - . [ re . . -
from 10 e T to 10 2 7 will he substantially shorter thar 0.3 nsez. A cor-

respondingly sharp growth ol the plasma reflectivity is expected from ihe preceeding

LI L b owlinly o L)

discussion.
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3.2 Exploration of the Ring laser Concept

A ring laser wus set up to explore this concept. Powe™ output with this

geometry was found to be comparable to that cbtained with the standard Fabry-

Perot type structures. There was speculation that the riag laser might run in

only one direction without the use of a unidirection elemeni, because of radiation
scatlering or inhomogenous excitation of the laser medium. This did nol prove to

be the case. On each firing ¢f the laser, more-or-less egual outputs were obtained

in the two peams. An attempt was made tc force the laser to run in one direction

by placing 2 partially reflecting mirror in nne of the exit bteams, redirecting a

portion of that beam through the gain medium. Even with d0% feedbacx it was not

roszible to guench the serord beam. Another possible technique, which h

h\]
0n
h1
qQ
[k}
>
o]
ot
&

been demonstrated but not tried at the time, is the use of a 2.%. prohe beam to
injection locz the pulsed laser (Ref. 15). Thus, it appeared that a unidirectional
elemeut is reguired.

At the 0.6y wavelength, a unidirection elemenl can be formed with a £dS guarter
wave plate and an InSt Faraday rotater. The principal axis ¢f .he guarter wave

)
plate is sat at 4S5 to the Gesired

polarizat.on direction. By adjusting the mag-

. <y ;. =0 .
netic field to give a &5 rotation

4
oo

r the Faraday element the net rotation of a
clockwise wave s 0o whereas the ritation of a counter-clockwise wzve 15 9)
counter-clocxwise wave will suffer 7.6% reflection lLosses at eack zir-Brewster sz
irterface ané 77.5% losses at each air-B.ewster germanium interiace, resulting ir
a 96% loss per pass. CdS quiarter -ave plates are commercially available, and anti-

reflection zcatings have been developed with 984 transmission and c.w. nower tcle-

2z saparate corporate sgonsored program. Thne free carrier concentration or itae ele-

ment is 5 x 15 m

]
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free carrier absorption, the element must te operated at 77 K. Perminant macnets
are mounted inside the nilrogen dewar and provide 2 nearly unifornm magnetic field
of b xgauss over the sample aperture of 5 mn. With 2 field of 4 zzaus: a smaple
thickness of 1.5 mm gives the reguired hio rotation. Bulx atsorpticn and 2% losses

at the anti-reflection ccated surfaces give a net transmission of 20%. The 3 mm
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aperture of the presently available rotator is a severe restriction, saking i
difficult the allignment of optical components, already complicated ty the lateral ;\
shift introduced by the Brewster angled modulator. As 2 result, t.e ring resonator E
approach was abandoned for the present time in favor o: a more direct technique, 3
employed external to the laser cavity, E
3.3 Two Cell Methiod 4
The two cell method is illustrated in Fig. . The mode-locked train o: pulses, ;
tllustraced in trace (A), is incident from the left and czuses treakdown in the first 3
cell which, eliminates all sabsequent pulses, as shown in trace (B). This cut off 3
pualse train is incident apon a2 partial reflector and 2 portion of it goes on to z ke
second treakdown cell. TIf the focal lengths of the secon¢ lens is judiciously %'
chosen (or the pressure in the cell correctly adjusted) breardown can be made to £
cccur on the leading edge of the last pulse in trace {B). The reflected pulse, ?
trace (C), exits at an angle to the incident team. To reduce the bacxground, the ?
leading porticn o Llhe pulse, which is transmitted through ilhe ‘ocus, is prevented ;
‘rom reflecting back through the ortical system by using a2 light dump. Thus, the 3
breaxdown in the first cell eliminates the trailing portion of tre pulse train, and
the breaxcdown in the second cell eliminates the leading poriion of the pulse irairn, ;
leaving only the desired nulse which is 2lso shorteneé by the twu breazdown prozes.ies. ;
With this tecnnique the ratio of the reflectecd pulse to the background radizt:or ;
leval depends exclusively on the quality of the optizal components, in particalar, ?
or the anti-reflection coatings of the last lons. 3
. At this point it is use:rul to 4igrass briefly and discuss some razunt mezsare- é
ments of air treakdown thresholds (Ref. 17). The prediscted threshold for STP air j
breazdown s 3 x 197 H/cmg {(Rer. 17), indapaerndent o! bteam size !or d.amaters suai-
fiziently large that the dit:asion of :res alectrons out cf the brezdiown region ;
m be neglected; however, until reentl, measurements of 2ir brezzdown tnresnolds E
have shown an inverse focal spet size denendence, similar *o itnat snown in zirve (E) 1

of Tig., T with A threshold for large heam diameters two orders of magnitude Lower

ot
)
-
e ]
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recognizes that particulate matter of micron end ssbzicron
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23 -
dimensions present In the atmosphere at typical concentrations of 107-10 em

initiate breakdowr. at these lower intensity levels. Canavan (Ref. 18), hes pre-

sented an explanation of the inverce diameter dependence in terms of the probability

of finding a particle in the focal vclume, with larger particles assumed to ir‘t.:ite

e

treaxdown at lower intensity levels. For particulate initiated a2ir breaxdown 2
very weax pressure depenéence is found (Ref. 1G). To measure clear-2ir breasdown,
iltra-pure bottled air was used, and particulate matter was removed by passing

the gas through a 0.02

\n
s

micron filter. & thoroughly scrubbed braaadcwn cell was

used and a fresh gas Jill was uvsed for each laser firing as psrticulate mattler is

N

driven from the lens a1id the cell wzlls by the impinging racd:z"ion. The laszer used
in inese measurements was constraineé to fundame:tal mode operaticn fo avoid the
large spatial fructuations foun: with multi-mode beams. [Lenser of various ioc2

lengths were us:3 to focus the radiztion in the sreakdown ceii and the foczl spot

gerce o! the laser beam. Under these conditions iLhe datz shown by curve (4]} are

measured. For the largest veam diameter a threshold i. zgreement with the predicted

0

lean-zir thresheld is observed. Tor smaller focal spot sizes the ihreshold increases

and 3 diffusion-lize fit to the dniz can be =ade; however, the §'f“usion constant

aktove atmospheric gressure, cnly & weas preisare dependence i¢ observed. A cironger

pressure dependerce would be expeciad ror pulses of ranosecond duration (Rei. 2D).

extremely sherp. 1Irn -~ontrast to tnis ihe rreasdown provability of laboratory air

3

is more graGwil, increasing from 1% to 100% for & three-fold Increase in the intensity. g
i3 3

£

H
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The success of the pulse selection mothod requires reprodicitle s

-

e
treaxzdown thresholds in tue two cells; therefore, irom the preceed

it is clear that clean air conditions are essential.

cole ol

L

MW“‘%“~;mwr "( "

In the first combination, a pair of 3.7-.m focal lengih lenses 2are used i

2 ¥ The first experiment wazs condutted without the Ilrst rell in order to men

22ll, followed by 2 2.5-cm lens in the second cell. I the seconc coxtination,

Tre pulsewidth is 200 nsec, giving a pezk power of T.2 M. As disctusseé above il

In the experiments to be descri:2c below two combination ci l2nses veie used.

roir of §.k-cr lenses are usad in the first cell, followed Tty 2 3.7-cm focal lerngin

lens in the second 2ell. For a laser with & 1 mrad beem divergence, the rec.ired
. 11 2 ) 2
inte~sities for clean-air breakdow: are 1.03 x 1% #/em ., 6.2 x 137 ¥W/em , and
. 2.3 x LOl '.'/cm2 in order of incr.2asing focal gih. The reguired izser pouer
é levels are 2.9 !, 3.67 M, and 0.7k v, respectively.
: 3.k EZxperimental ieasarement of the Plasma Reflentivity
This method was tested ty using the self-mcde-loteé pulise train from 2 -m
% long heliczl pin-type TEA laser. The laser cavily consistes of f-m radius o
=% sarvatire totally reflecting mirror and an 50% refilecting I1at outpat mirror. it
3 an £ = aperture directly incide the ilat mirror for mog: salectio Witn teis
' configuration & pulse emergy of 3.0k ¢ ané 2 beam divergence o 1 =rad g ottalre..

E tne plasma reflectivity. Typizel resalis are fsnown in Fig. 2. The | [ret trmze

3

- - - = - . . Fd - < %

3 sa0ws tne incident galse 25 monitoren 1t posiiion L {see Fig. £). Tne second irarce
E $50ws the reflected pualse feen by tne detestor 2t position 2. This trace ona =5
%3 nses/co szale, shows the self-mode-10 -3 siristure on i%e pualse train ani the

L

: e, b 3 T Yo yen ” g $oed 1
c § rupt arn-cn” of lh.e plasma re:lectivity, the actual "turn-on” neing limited

; t, the response of the jetector (-2 :s2c. 13-90 risetime) 2nd tne 150 MHz tand-
o
&3

£ A % "% : H eriom - - & 5 3 .t

: wiAtr of the oscilleszope (~2.L nsex. 13-93 risetizme) givines 2 combtined risetime
H

1 of approximately 3.1 nsec. Trne magnitude of tne plasma refleltivily cvan te esti-

- L [52] : L] . - - - v
mated froz these trazes. The incident gulse was transmittied throagh the SOf teaco

3
4
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splitter 2ad a 90% attenuator was placed ir front of the detector to prevent sat-

uration. Thus

(0.5) (0.1) P
P

1.5 volts (3.&)

30 volts

The pulse incident upon the breakdown cell and the reflected pulse undergo 2 50%

reflection loss at the beam splitter, thus

(0.5)R (0.5) P =0
0.3 (3.5)

R =

By carefully adjusting the position of the detectcr, a reflection signal level
approxinately twice “hat shown in the trace could be obtained; tanus the L$ value
is low and & may be more 2ppropriate. This L-8% reflectivity is smaller than

the previously reporteé value of 10% (Ref. 19). Under the tightly ‘ocussed con-

ons of this experiment, the curvature of the expanding breazsdown plasma may
not be perfently matched to the optics and so only a portion of the reflected
radiation is re-collimated by the forussing lens. The use of longer fcczl length
lerses, other types of ga3s, or higher pressures ray resuit ip an improved reflec-
tivity. In Fig. 8, trace B, z small sigsal level (~0.02v) is seen prior to the
slasma reflectivity, giving a signal-to-noise for the present arrangement of
¢

approximately 15. Tnis background signal level is apparently due to non-gerfecti

4

anti reflection coatings on the lens a2nd ccsld be reduced by specifying more exact-

ing tolerances for the anti-reflectiorn co02tings, designing a lens with surface

e reflected beam to have a bteam gur - %y cosparatle
the guality of the reflected oesm -as carriaé out

ossible to locate the

o}
4]
R
v
b
o
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m
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5 meters away fro: the breaxdown cell. Since the team reflected frox the

15
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plasma was not perfectly coincident with this allignment beam a L-in focal length

2}

virror was used to focus the radiation onto the detector element. Thne reflected

o

signal was clearly picred up in this manrer and sigral levels as high as 2 volt

=4

(&)

were measureé when the detector was prorerly centered. Secanning the detector,
“he signal was found only over 2 3J-mm range, equal to the diameter of tne detector

element. Thus the focussed spot size of the reflected beam must be less tnan 1l mxm

[ 5]

and hence its divergence iz inferred to be less than 1) mrad. Tnis test has shoun
that the reflected signal can be propagated over 2 2.5-m path and thaat the diver-
gence is less than 10 mrad. Fuarther worx will be reguirec to see whether the
divergence is equzl to the 1 mrad divergence of the incicdexl beam.

When the first breakdown ~7ell was placed in the optinal train the following

(o)
otservations were made. Breakdown occared in the first cell agproximately SJ% of

simultaneous occurence of brearzdown in tne two zells was onls 2hout 1 out of 53.
Breakdown at these [lux levels reguires 2 particle for its initiation, 2nd in

either cell the prebability of finding 2 particle of the reguireé size is only 0%

3y
o+
©®
9]

enough to initiate breakdown in the second cell. Increasing tlhe pressire i tne
1

Laser of 75--m a~tive length. At tnis point the rirst hreisdown cell is intreiized,

sity suffizlently telow the pezx that ihe transmitted pulse is n0 longer intense

g L s

¥
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through the amplifier and incident upon the 50% beam splitter, followed by the

.“y

second breaxdown cell. A 3.7-com focal length lens is us2d in this cell. The
reflected beam is propagated over a 2-m paih before being received by the detector.

The Santa Barbara gold-doped germanius detector and the Tektrcmix LSL oscilloscope

oy Ll i) el gl

were enclosed in a shielded box to prevent r.i. pickar Irom the pulsed lasers. The
10-m racdius of curvature wirror and the l:1 ielescope of the first treaxdeown cell
combined to keep tne beam confined to a diameter of 1 cm or less cver the T-m
optical path.

Tne expected amplification per pass can be estimated from the folliowing

expression developed for a two-level system (Ref. 21).

1 - exp (-2EO/ES)
E-E = 5giLE - $E_ 1n

3.6
s 1 - exp (-231/25) (3-6)

where BE , E , 2nd ES are the output, input, and saturaticn energy fluxes, respec-
o i
tively, g is the szall signal gain, ard L is the length of the ampliifier. The
o
9.9L-J input beam, with an approximately b mm diameter, has an input energy flux

of about 0.5 Jjfez, eguzl to the satsration energy flax. Using the expression
sbove, first and second pass amplifications of 3 z2nd 1.£ respectively, are expected
for a goL product of b, typical of the solid-cathode double-discharge operation,
giving a cozbined emplification of L.3. 1In the actual case, zedifications of the
atove expression are expected since the tearm profile is gaussien, rather than the

anilormly illazinated case treated amalytically, a2nd the beaw is expandin

(1]
th
'd
1

™
oy
P
r-l
oH

2s it proceeds through tne amplifier. Experimentally, 2 rirst pass asplificat:on

veaz ‘s reduced to approximately LJ% of its twe pass valae, that is to 1 J/ex , so
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this cell reguires S.7L MW, the teaw has enough pcwer to allow & certain =argin for

LA

shol-to-snct variations in the ope:ation of the oscillator and the acmplifier.

Breasdown in this cell was observed better than : of the tice, the nisses being

F - CA R AP
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criugsed by erratic performance of the pin-type laser. Breakdown in this cell pro-

* dices a saw-tooth pulse of 0.74 MW peak pover and 100 nsec base. Neglecting

pialze charpening in the amplifier, the factor of 2 gain in the third pass com-
_pansnte for the 0% reflection loss of the beam splitter and the above deseribad
saw-tooth pulse is incident upon the second cell. Breakdown in this cell require:
a nower of 0.67 MW and shoulil occur at the 90 nsec mark on the caw-tooth, resulting
it reflected pulée of 10 nsec duration, Breakdown in this cell was anlso observed
ta'tor than 90% of the time nd with few exceptions, ! breakdown occured in ane
call, it occured in the other. 1In practice the self-mode-locked structure on the
o0itput pulse and shot-to-shot variations in the performance of the amplitier
rodl“les the arguments presented above. Approximately 60% c¢f the reflected pulse:
ronrist of A 20-90 nzec slice of the incident pulse and contains gseveral self-mod..-
Lorind ﬁblses ¢t nearly equal intensity. In the remalnder of the cages, a ningl:
prtse 18 reflected from the cell. Typical reflected pulses are shown in Fli. L.
1: trace (A) a single mode-locked pulse is extracted and from the rinpging observ. .
o the trace it can be inferred that the acztual pulse is considerabley funter thon

.1 ngec response time of the detection system. Tracas (B), {C), and (D) chow
1., 20, and 50 ncec slices from the incident pulse, 'These trace:s also exhibit

i rast "turn-on” of the placma reflectivity,

Grenter control over the width of the selected pulse could be achiaved by {hu J
‘ollowing modification to the two-cell arrangement., Tasic to the :hange i(n the
olivination of the third paass through the amplifier, -iince It Introduces an ande
nirable yar!ability in the intensity of the pulse incldent on the second cell, ¢ -
10 shot-éo-shot and spatial variations in the operation of the present amplifier,

r* tour pnsses are made through the amplifier the 0,0h-J pulse should be umpllitiri
v, u fartor of 17 nnd the peak intensity increased to 2.4 MW. Then, using a nate

n' i-ce lenses In tne first cell, & pear intensity o' 4.9 x 109 w/cma would 1
ot*ained, whereas h.YH x 1.09 w/cm2 18 required for clenn air breaxdown. The pour
“nhenn ity of the transmitted pulse is 2.2 MW and, after reflection from a 507

heim splitter, 1.1 MW would be available for breakdown In a second cell. Breawdiwn

‘v i second cell with a 13-cm lens would require 1.07 MW, Hence with truly cle

18
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~

air breakdown a good control over the pulse selection should be possible with this
arrangement. Fine tuning, if required, could be obtained by making use of the weak

pressure dependence at these focal spot sizes.

3.6 Summary
~

This éecfibﬁ ﬁas.presénted a discussion of pulse selection based on gas
breaké&@n. An exploratory study was made of the proposed scheme based on break-
down in a unidirectional ring laser, which indicated that additional optical
~omponents would te required to achieve the desired unidirection operation. The =
“easibility of the method was then examined using a two-cell arrangement extern&ls»'

to the laser cavity and the following characteristics were deteriilned. ' <

(1)’ The plasma reflectivity of air at atmospheric pressure was L- &
‘Yor a laser pulse of ~100 nsec duraticn,

(2) The reflected beam could be propagated sevg%al meters and appeared
to have a divergence comparable to the incident beam.

L4
(3) The ratio of the signal to the background level was 15:1, The
S background level was controlled by the reflectivity of the lens .
in the second cell. Methods of reducing this level are discussed.

(4) The reflected pulse exhibits a sharp leading edge, faster than the
time response of the detection system. A simple analysis indicates
that the reflectivity should increase three orders of magnitude in
one generation time. This time is at least 0.5 nsec and may..be ’
shorter for a fast ramping pulse of rmposecond duration.

Reprdéucible operation of thetzxa-cell method requiresﬁslean gaéses 12 the
breakdown cells and an oscillator-amplifier arrangement is used to ‘achieve the re-
guired flax 1§vels. Single pulses of nanosecond duratién have been extracted from

the self-mode-locked output pulse; however, due ‘o shdt-to-shot variations in the
operation of the oscillator and the amplifier, control over the width of the extracted

rulse i3 not yet possible. .

" Additional study of this attractive pulse selection techniqué will be carried
out. “"The suggested modification to the two-cell method should allow a greater con-
trol to be exercised over the width of the extracted pulse. This arrangement will ’
also be studied with mode-locked pulse trains using the acousto-optic modulator

developed, earlier under this contract. Other gases will be used to examine the
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plasma refilectivity with a view to obtaining a higher refiectivity than the
present 4-8%. Finally, having established the validity of the concept, con-
8i =ration should once again be given to the proposed ring laser arrangement.
The most important feature of this pulse selection technique is the sharpening
of the leading =dge because of the rapid "turn-on" of the plasma reflectivity,
a feature which may find application in laser-induced fusion. As a result, an

effort will alsg be made to use one of the methods discussed in Section 2 to re-

v

solve the selected pulses.
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Section L

METAL VAPOR LASERS WITH CLOSED-CYCLE VAPOR FLOW

.1 1Intrcduction ™

1

,/Metal vapor lasers have attracted considerable interest by virtue of their
polential efficiency and high peak power output in the visible part of the spectrum,
partizularly in the blue and green regions of interest for underwater applications.
Tre copper vapor laser, for example, has exhibited efficiency in excess of 1%_w}tt
tans of kilowatts peak power at a wavelength of 5106 x. However, the copper'laéer,
like most olher metal veapor lasers with comparably high potential efficiency, is
oi tne cyclic type in which laser action is self-quenching due to termination of

the lasing transition in a long-lived metastable state. In such lasers it is

nreassary te substantially remove the metastable population resulting from a pre-

‘viwms output pulse before lasing can again be initiated. This requirement sets an

apper Limit on the pulse repetition rate and thus on the average power attainable
for these lasers. For example, experimental evidence suggests output degradation

3

a' pulse rates greater than about th Hz in typical lead vapor lasers, about 10
2 in copper, and 102 to 103 Kz in thallium. On the assumption that these limits
ar> imposed primarily by insufficient interpulse metastable depopulatier:, it can
he expecfed that enhancement of the metastable depopulation rate should signifi-

santly increase the attainable repetion rates. It is thus of interest to consider

. iha nossibility of using rapid vapor flow across the laser channel as a means ot

<nhancing metastable removal rates, and thus maximum laser pulse rates.
5.1.1. Description of Evaporation-Condensation Flow Cycle

In the case of materials, including metals such as thallium; lead; mercury nd.
sopp.r, which evaporate from and condense to a liquid state at conveniently attaina-
vl temperatures, a particularly attractive method of obtaining rapid vapor flow i:
or.: involving a continuous evaporation-condensation cycle such as is used in orid!rary
diritusion-type vacuum pumps. In essence, the cycle involves heating a liquid.te
produce Vapor which streams rapidly to a cool surface, where it condenses. The
condensate then returns to the ﬁeater, e.g. via gravity flow, for re-evaporation.

-
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One way of pplying such a cycle to flowing vapor in a laser is tp use a
laser discharge tube having  hot sidearm (evgporator) at one end and a cool .-
arm (condenser) at the other end, with the sidearms ccnnected by a liquid return
pith. However, such a longitudinal flow configuration has the disadvantage of

raguiring gas to flow the entire length of the laser tube before it is 2ctually

¥

removed from the optical path. Flow velocities must then be inordinately high
to achieve useful removal ra*tes. This problem can be overcome by flowing the
vapor transverse to, rather ihan parallel to, the opt:'al path. If a narrow ais-
charge channel is used, rapid gas removal can be effected by means of relatively
lou flow velocities.

One method of obtaining transverse vapor flow is to place the working materi:l
(T+nd, copper, etc.) on the bottom of a simple cylindrical laser tube and then to
veat tne bottom of the tube, while cooling the top, as indieated in Fig. 1l. The ;
material melts and evaporates from the bottom, with the vapor rising to and cou- ‘
aerciner at the top, and the ~ondensate flowing down the tube walls for re-evaporaticn.

In estimating the flow rates to be expected i.. configurations of the type stowvwu
e Fig.’ll, it {s useful to consider the case of an evaporating plane surface
~onmrated from the condensing surface by a distance not significantly larger than
t. maan free path of the vaporized metal ntoms. 1In 1he cuse o. 2opper, which
ot "nlerest because of its green radiation and high etficlency, strong laser =mir-
vion nas typleally been otserved a2t copper pressures as low 123 10-1 Torr, correaponi-
‘v Lo a mean free path of the order of 1 centimeter. Under these conditions, t-
man rree rath criterion stated above is approximately satistied for evaporator-
~ofidenser spacing of the order of 1 om, and the rms velocity (Vrms) ol atoms nmiovie
:rom evaporator to corndenser is determined simply by the temperature of the evap-
orating surface in accordance with the exprecsion {Ret, 22)

y

OXod

. '
* - J -2 h i
»’ms 2(kT) m (h.1)

“« 5

wherae k 1s the Boltezmann corstant, m the atomic mass. and T the evaporation tove - -

o] -
nture. For a temperature of about 1h20°C, corresponding to the assum=a2d 10 l.WCr~
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copper vapor pressure, Eq. (4-1) gives Vrms’* 105 cm/sec. Thus, for an evaporator-
condenser spacing of 1 cm an atom spends typically about 10-'5 seconds in the laser,
i.e., tre gas in the laser is changed ot a rate on the order of lO5 times per
second..'In this case, the maximum laser repetition rate without output degradaiion
should approach I.O5 pps, an increase of about two orders of magnitude over the
rites suggested by available data for non-flowing copper vapor lasers. It should
e noted that vapor pressures in excess of lO-l Torr, which may be required for
muximum laser efficiency, may reduce the flow effectiveness, due to collisions
‘te~tween atoms in the vapor. However, the operation of the evaporatiou~condensa£ion

~y~2le remains essentially unchanged.
4.1.2 Review of Experiments with Low Temperature Metal Vapor lasers ;

Although lead is inherently less efficient and spectrally less cesirable (red
a1 blue laser outputs) than copper (green output), its low evaporation temperature
meadie it-é more practical vapor for initial work with the evaporation-condensation
tlow cycle. A laser configuration was designed and constructed making uge of the
dng‘red transverse vapor flow along with other features such as multiple low in-
duntance transverse discharges, and high temperature materials resistant to ther-
=21 shocr and to cracking by solidification of the molten metal. With lead as the
s> medium, proper operation of the flow cycle was confirmed and laser repetition
ritar in the low kilohertz range were obtained, limited only by the de-ionization
rat- ot the cpark gap used in the discharge pulsing circuit. Problems with syrn-

~~ronization of the multiple transverse discharges were largely over come by use of

. r»parate, simultaneously switched capacitors driving the individual discharge

eLcttrpdes. ,
Thallium was found to lase better in the above apparatus than in a conﬁenfional,

no.-ilowing, longitudinal discharge configuratiorn. Reliable data could not be

ohtiined with thalliuwm, however, due to rapid coating of the electrode insulators

with a conductive deposit which short circuited the discharge pulses. This was

1.0l as severe a problem with lead, which produced a non-conducting deposit con-

sirting of émdll.separate droplets.
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Attempts to obtain laser action in bismutn and antimony, neicher of which

has yet been reported to lase, were unsuccessful, probably due at least in part

1o the polyatomic nature of their vapors, in contrast to the monatomic vapors of

usual me*al vapor lasers.

In work with the "low temperature” metals indicated above, it became apparent

that large differences in both physical and atomic characteristics of the various

i:
x
o

metals would make it difficult to achieve a single optimum laser design for all

metals.

TR

Consequently, it seemed reasonable at this point to proceed directly

toward work with copper vapor, which is presently the most promising candidate for

el'ficient, high power operation.

T, W WY

W

.2 Copper Vapor Iaser Development

Initial work with copper, using apparatus similar to that used with the low

/’Eewp

concentrated on development of a laser configuration for use specificarly with

2ture metals, provided additional evidence that subsequernt work should be

cpper. For example, it was found, among other things, that copper was even worse

thap thallium in forming conduciive deposits on the electrode insulators, and that

tnz surface wetting characteristics of liquid copler caused it to creep up and out

of metal toats of the type used with lead and thallium. Conseguently, it was

necassary to ma<e major alterations in the earlier laser design.
4.2.1 General Design Considerations

The basic design problem in the present worx is tc achieve a laser configure.ion

incorporating all of the following features:

71) Rapid closed-cycle copper vapor flow transverse to the laser axis,
mak ing use of a continuous evaporation-condensation flow cycle.

~~
N
~—
':-‘:

feans for introducing a reasonably uni:crm, spatially confined,

apidly pulsed electrical discharge in the flewing vapor.

]

ssage of the laser beam through the electrically

’3) Provision for pas
without allowing copper to escape from the flow cycle.

excited vapor

(k) Protect..n o: hot materials from oxidation and from other effects of
atmospheric constituents.
The problem is somewhat similar to that of designing 2 C

v02 laser with closed-cycle
transverse {low, but with the added complexities asscciated with use of vapor which

2k
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readily condenses to an optically dense and electrically conductive coating atvaﬁy

o
. temperature lower than about 1500°C, and which tends to react with, melt, or

otherwise degrade many ordinary optical and constructional materials at higher
temperatures,

In developing the flowing copper vapor laser configuration it has been con-
venient to consider the vapor source and the laser channel as somewhat. independen:
entitiez. The vapdr source consists of a container (boat) for the molten copper
and a heater to evaporate the copper. Provision is included for passage of vapor
*rom the source and for return of condensate to the heated region. The laser
channel comprises a region bounded by walls sufficiently cool to ensure conden-
sation (but not solidification) of copper vapor entering the region from the
vapor soﬁfce. This results in essentially unidirectional vapor flow to the chan-
nel wall and thus provides the desired rapid removal of spent atoms from fhe active
1ncer volume. The channel walls are shaped to induce gravity flow of the liquid
-endensate back to the source and must also provide for the introduction and con-

" nement of a suitable electrical discharge and for through passage of the optical
roan, This is to be accomplished without allowing loss of copper vapor or condern-
sate and without:permitting excessive discharge pénetration into'the vapor source
region. The entire assembly of vapor source and laser channel is to be suspended
! 1n evacuable chamber provided with optical access ports, electrical feedthroughs,

vacuum and gas backfilling facilities, etc.
“.22.2 Vapor Source Design

0f primary importance in developing the vapor source is the choice of material
for containment of the ligquid copper. Since the copper i{s to be evaporated trom
thir container, the material must withstand a minimum of 1500 to 1700°C wi%nout
reriting with or dissolving in the copper. Attempts to use readily avallable re-
fractory metals.such as tungsten, molybdenum and tantalum have resulted in attack
and eventual destruction of the refractories by the copper. High temperature
~eramics appear to better withstand the molten copper, but the hard ceramics such

az alumina (wnd also quartz, though its melting point would at best be marginal tor
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of the ceramic as the copper solidifies and contracts on coolirg. In addition,

by

ave exhibited adequate resistance to the molter copper and to cracking during

o

to prevent short circuiting of heating element. These factors, along with the

t'.e copper. Only resistance heating techniques have been investigated to date,

ing with either grarhite or tungsten a2s the resistive heating =2lement material.
T -

the heater to tne liquid copper. Several approzches tried to date are discusued

talow.

(the 2¢ction causing copper to creer out of some metal boats) would zllow use of

with the rest of the laser remaining just hot enougi. to prevent soiidification.
Attempts were made tc employ this .echnigue using a2 tungsten rod heater in con-
Jinrtion with twisted wire wicks of tungsten, molybdenum, or tantal.uz. Of thare

wir< materizls turgsten and molybdenum provided adequate wizcking action and re-

I 2azn ~ase, however, not only the wick, but also tne adjacent neater material,
wis rapidly erodecd away by the hot copper. Erosion was substantially less :or

26

very large currents, it hac been more convenient to use some form of indirect hea

ne provlem then is to find a suitable means of tranzferring sufficient heat from

~his application) are apparently wet sufficiently by the copper to cause cracking

the hard ceramics are not well suited for laboratory fabrication into any but the

~ooldown, while also providing good machinability and ease of fabrication. Boron

boat. Also important in the vapor source design is choice of a method for heating

alt:ough electron bombardment, induction heating, etc., mighl be reascnable alter-

nittives to consider. Since direct resistance heating of the copper would reguire

simplest forms. Of the readily available materials, only boron nitride and graphite

n‘tride has the advantage of being a better thermal conductor and better electrical

insulator than graphite, making it easier to obtain uniform heating of the boat ang

ia~t that molten copper seems to fall away more cleanly from walls of boron nitride

than from those of graphite, have made EN the material of choice for the evaporating

Tt was hoped earlier that the surface wetting action of copper on solid meilals

relractory meizl vicks to draw molten copp2r from a reservoir to the heating element

This would have .required only the heating element lo rea:h evaporatior temperature,

~ilted in successful laser operation using multiple transverse c¢ischarge excitation.
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tantalum wicks, due :rgely to the reduced degree of surface wetiing and the
resultant lack ol adequate wicking action.
Heat transfer somewhat similar to that provided by the wice technigue can

also be obtained by us.ng heater elemenis which directli’touch the molten copper.

=i

rn this case the contact area must be small and each contact point must be associ-
ated with an electrically separate pool of copper in order te prevent short cir.

s &

2ilting of the heater. Alternatively the heater might be coated with a high
2

E,e"l'\c

cf
13

3
1]
[t}

lectrically imsulating coating with high thermal conductivity andg
1 thernal expansion coeffirient matching that oi the heater. However, such a

roating has not yet been found. Tests with the direct contact heater technigue
< 1iferad from problems in addition to the required complex multiple-pool boat

~onYiguration. For example, the relatively low thermal conductivity of graphite
~eters and minimal graphite surface wetting by the copper, coupled witlr the
wececsarily small contact areas made it difficult to transfer sufficient energy

“rom reater to copper. Tungsten heaters on the other hand have nigh thermal -2on-

ads

activity and are easily wet bty copper, leading tc good heat trinsier characteristics.

However, the tungsten was again rapid

[

y eroded by the copper and the wetitd
tl=o cavsed copper to creep out of the reservoir aziong the hezter suriace.

ine multiple cogpper pools required for direct contact heating fan he avolidaa

17 placing the heater just above the ligquid sarface, buat siil

vapor source, thus preventing céirect short zircuits wrile sti
ronduction) fro.. neater to coprer, and inis reg.ire
Lealers in this gecmelry have suifered again rom heater srosion and creep-out o!

sonper, especizlly where drops of corndensate fzll bacs on and wetl the heater.

yiiphite heaters seem not to be limited by tnase groblems, an

11t ndaguate vapor for laser action. However, as wis Indizatel in the last
seoerting period prolonged graphite heates operation resulted in 1 tuin sarbon
roating on Liquid <opper surizzes. This coating appeareéd 1o retlard evaper:tion o

opper from e vapor sour-~ and to intrease its tendency to ccllelt on intorior

3
f}i
El
i
3
E
g
3
b
E




- TET
o T T R AT I A 2 2 B TS I ST SR ST B

&

- - _— e - me w g g T TRy T

1920832-6

surfaces of the vapor source and the laser channel, leading eventually to blockage
of the vapor flow and ~f the laser optical path.

In the present reporting period these problems have been overcome by replacing
the internal graphite heater with an external, resistively heated tungsten strip.
Earlier tests of external heaters had resulted in rapig neater ftailure. However,
this was due primarily to lack of sufficient heater area, necessitating very high
temperature operation in ordger to provide the desired heat flux. 1In the present

design the effective heater surface area is comparable to the external surface area

Q
=,
I~
v
i
t
s
g

or source, and the vapor source is at least several times larger trhan in
earlier designs. This results in radiative transfer of at least an order of mag-

nitude larger heat flux, at temperatures low enougnh that no heater failures have
7et bteen observed in normal operation. The increased size of the present vapor
source makes heat shielding more important, though not unreasonably difficult.
Adeguzte shiela:.:g is obtained using four to six layers of thin refractory metal
sneats (e.g. tungsten) arouné the vapor source assembly. The geometry of the
redesigned boat, as in previous designs, has been chosen to satisfy three basic
ariteria. First, the depth from vapor port (at top of source) to the liguid copger
suriace should be al least comparatle to the source width. This restriction enf.ires
asgontially upwaré directed vapor flow into the laser channel, simplifying the
asravention of copper loss from the channel. Second, the surface area of copper ir

rontast with the boat must be large

17

nough to provide adeguate heatl iransier to

tre copper at reasonable values of heater temperature. Third, the top port, turough

aser channel 2nd ~ondensate retuirns to the zourze, should

.-y

wr.lcn vapor enters the

e

be gm2ll erougn to concentrate vapor outflow in the ceantral region o: the laser
*hannel bat large enough to simultaneously allow return of molien copper to the

~avasorator. The boat wall must be reasonatly thin, to maximize through-wall heat

T Wa

onauction to the copper.
2.7 [Iaser Channel Design

As in the ca f the vapor source, the materiazl of construction for

leser channel s'ould: (L) exhibit high resistance to hot copper vapor and lig:id.

)
X3
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(2) ve moderately easy to fabricate, and (3) have ralatively high thermal
cornductivity, to improve distribution of vapor-borne heat to outer radiating
surfaces of the channel. It was initially thought that the channel material must

also be electrically insulating, to simplify proper containment of the electirical

y

dis~harge; and boron nitride appeared to be the material of choice. However,

oxperimental tests with boron nitride showed its thermal conductivity o be
marginal for this application. In addition copger was found fo condznse as drops
xnd vlobs on the boron nitride, often falling or blowing (due to the high velocity
vapor flow) through or even out of the laser chamnel, and occasionzlly bloecsing

the optical path entirely. These problems nhave now teen obviated by ihe empirical

yote

-

H
%]

-

digrovery that discharge confinement is not greatly aliected by use of non-

lating channel materials. It is ip fact {ourd that sheet tungsten or molybdenum
oromotes uniform condensation into a sheet of ~olten copper which returns smcothly
110 g the channel walls to the bozt; and the relatively high thermal condu.ctivity,
arpecially of tungsten provides much improved heat transfer charcieristics.,
Since the laser channel is to act as 2 cordenser for the _opper vagor, it
is made of a sepzrate piece of material, relying then cn a joint o: relatively
nigr thermal impedance between source and laser channel to minimize neat con-
tiction from source tc channel. Under these conditlons the cnznnel is neated 2l-
~ost entirely bty condensation of the copper vagor and zazn be dimensioned such

that neat radiated from tle outer surface of the channel balances that delivere~

2ylindrical (paraliel to the ortizz2l axis of tha laser) but with a downward slope

of the nottom sur:ace from botn ends towari the reniril vapor source. f[acx of

dictates that the 2ylinder le op=2n 2t botl ends to a2llow tnrough pussage o! tre
i2g5ar team. However, since tne channel surfaces are ~ool enoagh not to re-savaporate
~opper, it is possibie to minirmize copper loss bty uiilizing the 4direntional {iow

~harcteristins of a relatively deep and narrow vapor sour:e. as greviously ind!-ited.

29
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With this ag_roach most vapor hits the channel surface directly a

o

o
[é]
<
1]
ct
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m

port, immediately condenses on the surface, and eventually slips do

By bl

toured surface into the source for re-evaporation. Refractory metal wics«s are

ey

O L I

found to assist the return of condensate to the boiler, tut these have rnot been

hod i 8

necessary in the present wor«. BExperimental tests indicate that relatively little

il nd b

copper is lest from the chaznnel ends with this type of configuration.

g

One of the protlems in cdesigning the laser channel is that of introducing

Iy

,

and confining an electrical discharge suitable for laser excitation. Discharge

electrodes must be introduced in such a2 way that most of the discharge eneriy
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serimental tests it nzs been focund that sush

e 0o R 0 i

gty
g8l 1 0

(vapor port) to the source

B A

diameter ang

i
i

o a2

i

L of coprar ztoms .nder
low vagor pressure conditions. However, this approach was only partizlly =.-cess{.l, 3

aven at low copser vapor pressures, due to tne presencze of resig.al gar atons
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may evolve from tae hot laser materials or may enter the enclosipg vacuur chamber

via small leaxs, garxet outgassing, etc. Direction-changing collisions of copper

atoms with the residual gas atoms resulted in eventuzl conper cozting of even the
test shielded@ insulators. At higher copper vagor pressures where the assumption

cf straight line atomiec flight is no longer wvalid, even in principle, insulator

coating was so rapid as to make even brief laser operation impractical.

The second, and more successful, approazch to the copper =ondensate problem

is tased on the experimental observation that {at least on scme substrates) the

usual uaniform vapor-deposited copper fil~ tends to breax into separats droplets
it the substrate temperature is suificiently above the copper melting roint.

Bororn nitride and, to an apparently greater extent, quartz are among the sub-

strates showing this behavior. As a result it (= possible to prevent forsation
of conductive coatings on insulator surfaces by .eeping the

e
e itempe

the melting point of copper, bult still below the eva. orztion tex

relatively gooé édroplet forming and croplet shedd
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heice for electrode insulators. However
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; inc to perform satisfactorily with 2 lon;

electrodes have been inserted cither througl the top wall or through

of tre laser chaannel, with the former technigur usual ; having th i

Counhi
R

otscuring less of the laser channel cross-section. 1 eitner case impinging copper

vapor provides acdeguate heat

i

ing to promote ine desired croplet formation on tu2

insalator surfaces.

L.2.5 Design Details of Operational Co
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Tre boron nitrids boiler {s 2.5 c¢m square by 7.5 ~m deep, with U.25 cx

3

\

thiock walls and with a slightly constricted top opening to direct vapor into the

~rapnel. The extarnal resistance heater is a $ mil thisx by 2.

N
o
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ren
[
®
.
lad
»
&l
3
n
ct
o
3]

strip mounted close to, b.t not touching, the boiler walls. The heater-boiler

assembly is heat shielded by several lavers ot refractory met
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appears to be hest, although molytdenum and tantalum have also teen used.

Tre laser channel consisls of a voro:r nitride base, tapered inside to prerote
‘low of condensate to the boller, and a refractory metal rcoof serving as trne ron-
wnsing suriace. Tungsten appnears to te ithe best roof material In terms of re-
sistance to attack by the copper ané o! high neat conductivity. However, molybaen.z
is more rezcdily worked, and more available, z2né o:fers adeguate periormance for
Iaboratory purposes. Tentaluz is too rapidly zttaczed to be wsefllil here. Tne
laser channel assembly is about 4 cx long, with 1l to 2 cx transverse dimensions.

electrod~ insalators protrude a :ew =illizelers tnroug.
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Vapor ioss from the laser channel ends is relatively small, since the boiler

walls direct the vapor toward the channel roof, where it condenses and returns as
Aliquid to the boiler, rather than undergoing rapid gaseous diffusion out the

channel ends as in conventional "oven-tube" lasers. As a result, the laser can:

be operated fbr'short periods of_time even with no buffer gas. ﬁoﬁevér, it is

f&und that addition of a small amount (les: than one Torr) of argon butfer gas
provides a significant additional reduction of ouf-diffusion. This small amount

of buffer gas appears to have negligible effect on the copper vapor flow as long

as the copper vapor pressure ic sufficient to displace buffer gas from the flow
region. .Even with buffer gas, it is observed that vapor diffusion begins to
noticeably cloud the laser windows within a few hours. However, t.iis can ‘be
prevented by circulating the buffer gas slowly past the window surfaces. 1In the
present work this has been accomplished by slow infusion of argon across the windows
while pumping on the chamber to maintain an equilibrium buffer pressugngf about
0.75 Torr. However, it is felt that simple convective buffer flow would probably
be adeguate in a suitably designed chamber.

i

With buffer gas flushing the windovws as indicated above, the laser can be

-

operated for periois of at least eight to ten hours without attendance. At the
end of thig time no clouding of the windows is apparent, and the laser output
axhirits no noticeable degradation. The copper level in the boiler has usually
dfoppedisignificantly during this period, howeter, and is replenished at the ené
of the run. Lifefime of the laser itself is now limited by pitting of the externzl
boron nitride boiler surface, which results in loss of copper through tne hroiler
valls after a Tew tens of hours operating time, It is felt that a better grade
of boron nitride (commercially available but considerably more expensive) might
increase this service life significantly. Alternatively the boiler and heater
surface areas might be increased to permit adequate heat transfer with lower heater
temperatures, thus reducing thermal gradients in the boiler walls.

Based on the transverse dimensions (1 to 2 cm) of the laser channel ané on 2

o .
copper vapor temperature of about 1700 C, the time required for substantial purging

and vapor replenishment in the laser channel is estimated at 10 to 20 microsecondr.

*

3L
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Thus the flow should be sufficient to prevent laser pulse degradation at repetition
rates to nearly lO5 pps. As a test of repetition rate capability, the laser was
double-pulsed by means of two identical, parallel-wired capacitor discharge circuits
with independently triékered spark gaps. The delay time between pulses was variable
over a range corresponding to repetition rates from zero to more than lO5 ppS.
Osciiloscope displays of the laser output showed that up to a rate of at least
5 x 10 pps the two electrical pulses produced virtually identvical laser output

pulses of about 25 nsec duration (FWHM), with pulse energies up to a few micro-

joules. Even at somewhat higher rates the laser pulses appeared to be identical

when both pulses were recourded. However, at these higher rates the second laser
pulse was seldom observed at all, due apparently ito discharge of the second electri-
¥ cal pulse into the metallic laser channel roof. It is thought that ions carried to
f the electrode insulators by vapor flow following ~he first pulse, are not fully

recombined when the second electrical pulse arrives, so that these ions guide the

sl g

second pulse along the insulators to the roof, These observations appear to be
consistent with the vapor replenishment rate estimated above.
An attempt was-also made to run the laser continuously at high repetition rates

using a single free running spark gap discharge circuit. Due to deionization

» Y
eanAtere by

limitations of the spark gap (even with gas blast assistance), operation was not
reliably ach}eved at pulse rates higher than th pps. Up to this rate, however,
3 no degradation of peak pulse power or pulse duration was observed. An oscilloscops
photograph of a typical output pulse is reproduced in Fig. 165.

The laser described nere has heen opsratéd on the 722G 2 laser transition of
iead, as well as on the 5106 X and 5782 X copper lLines, although the thernal
design is far from optimum for the relatively low melting and boiling points of
lead. It is thus anticipated that the vapor flow technique used here should also
te applirable to other gaseous laser media which condense reacily to the liquid

3 state.

L.k Summary :

Work with several "low temperature" metal vapor lasers, and with a variety of

configurations for operation at higher temperature, has led to a practical design

35
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for copper vapor laser operation utilizing fast closed-cycle transverse vapor

flow. The flow is produced by means of an evaporation-condensation cycle with

gravity return of the condensate.

A small laser of this type has been operated
L
at repetition rates in excess of 5 x 10 pps--avout an order of magnitude greater

; than rates reported prior to this work. Service life of the laser is limited to 2

A few tens of hours due to degradation of the vapor source.

However, improved ma-

terials now availatle may prove more durable. Although Lhe present demonstration

WTE

model laser is small and relatively inefficient, the design appears to be readily

; scelable for increased power and efficiency.

It may be noted that the closed-cycle evaporation-condensation :low cycle

emproyed here is also applicable to other gaseous laser media which condense

readily to the liquid state. The technique is especially appropriate for

applications where sealed-off laser operation is require-.
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Section 5§

The papers and reports listed belc..

1960

Siith, D. C. and J. H. McCoy:

Marcus, S.:

PUBLICATIONS AND TECHNICAL REPORTS

nave resulted from research investigation
sponsor2d by the Office of Naval Research under the present contract.

Effects of Diffusion on the Saturation intensity

of a CO, Laser. Appl. Phys. Letters 15, 282 (November 1, 19%69). (UAR-H218).

Two Saturable Absorbers for Extending the Wavelength Limits of a

Fassively 2-Switched 002 Laser. Appl. Ph's. Letters 15, 217 (October 1, 1969).

(JAR-H23L).

McCoy, J. H.: <Continuous Passive Mode Locking of a COp Laser.

Letters 11, 353 (December 1, 1969). (UAR-E230).

Smith, D. C., S. Marcus and J. H. McCoy:

. Phys.

Semi-Annual Status Report lnder

Contract NOOOiLk-£9-C-0308 for period April 1, 1969 to September 30, 1969.

{*:AR-+#920832-1).

A0

[

“iarcus, S. and J. H. McCoy:

Junvary 1, 1970). (UAR-H263).

3247V s T

Meley, J. Y.: Passively Q-Switched NoO Laser. J. of quantum EZlectiron.

= 7 {September 197C}. (UAR-J17).

-2-0308 for period Octouer 1, 1

Zmith, D. C. and F. J. EBerger:
“veited Tlectrically Pulsed 002
{UAR-J247T).

. ) ., . R o e aZaaa e
- e s 2 . e

y 2. C. and J. H. McCoy: Semi-Annual 3tatus Report Under Contract
c %0 to March 31, 1970 {UAR-JG2083202).

Mo je-iockinge of an Atmospheric Pressure
EEE J. uantum Electron., 28-7, 172 (April 1971}.

. letters 16, 11

Self-Mode Locking and Saturatior.-Pulse Sharpeninc
i a Rcetating-Mirror Q-Switched 30? laser. Appl. Phys
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Smith, D. C.: Velocity Dependence of the Gain of a CO, Laser. IEEE J. Quantum
klectren., QE-7, 459 (September 1571). (VAR-J279).

Smith, ©. C., P. J. Berger, C. M. Ferrar, S. Marcus, and J. H. McTor: Annual
C.mmar: Report tinder Contract NOOO14-69-C-0308 for period April 1, 1970 &o
March 31, 1971. (UAR-K920832-3).

Zerger, P. J., and D. C. Smith: Gas Breakdown in the Laser as the Limitetion of
Pfulsed “igh Pressure CO, Lasers. Appl. Phys. ietters 21, 167 (Augusi 1972).
{ran-ihk),

Flynn, J. T. and P. J. Berger: Acoustic-Optic Modulator Design for a High Power
Mode-Locked CO_ Laser. Proceedings of Electro-Optics '7Z2 East, (December 1972).
(UAR-LLST).

Berger, F. J. arnd 2. C. Smith, C. M. Ferrar, J. T. Flynn, and F. K. Cheo:
S:zmary Report Under Contract NOOCLL-€9-0-0308 for period April 1, 1371 to
March 31, 1972. (UAP-1920832-L).

inr.ual

Flyrn, J. T. and P. J. Berger: Acoustic-Optic Modulator Design for 2 High Power
Mode-Locked Ly, Laser. Interim Report Under Contract NOOO1L-69-C-03C8, Novemner
1972 (UAR-L920§32-5)

1373

T
i

2rrar, C. M.: Copper Vapor Laser with Closed Cycle Transverse Flow. Submitieg
tor publication in IEEE J. Quantum Electronics, Mareh 1973.
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Section 6

YT

AESEARCH SUMMARY

The research carried out under the present Office of Naval Resezrch Coniract

has resulted in nine journal publications, and these as well as other results are

revieved briefly in this section.

Two New Passive Q-Switching Agents

R AT (R VT

Q-switch./ng the laser cavity with a saturable absorber is an efficient method

AT IRy

of obtaining short, high-power 002 laser pulses.

Prior to the work done under
this

contract, sulfur hexafluoride and boron trichloride had been

reported in the
literature as being efficient passive Q-switiching agents for several CO laser

Lines. 1In the present program two new gases, chlorotrifluoroethylene (C F_Cl)

ar! d.fluorodichloromethane (CF _C1 commonly known as Freon-12), have been

for passive Q-switching of the CO? laser can be passively Q-switched

is-
. R
~overagd

Furiher, passive Q-switching on the P-branch of the 9.k micron band was achnizved

‘or Lre {irst time. These new Q-switching agents are not only usefvl in the

~xperiments carried out under the present contract but will also prove of value

n high resolvtion investigations of transient phenomena in absorbing media. Tnisg
DADSY 217

H =]

rzeareé in the October 1, 1969 issue of Applied Physics Lotters

Q-Switzking in NBO

10045 laser a¢tion of CO_ and R20 molecules in a COz-H? mixture gas

Lasar 13s teen reported in the literature (Ref. 23). Mok amddiilonal wores is nesded
tc determine the feasibility of obtaining ¢.bstantial power simultaneousiy
I Veren

it molecular gases in a common discharge. By using z segmented discha.ie
Yo, however, the two gases 2an te isolated and ‘he mixtures adjustied

speration.  Simultaneous os+illation on N O and CO oflters a possible in-rease
tapdwidth through the intermix o ﬁ,o and CO l~ree whi~h do not «~om

e individual molecules. Cince wQO nas nol been subiected
~riersive investigations given CO_, there is little information avallarle on (ir

|
3
%
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‘pulsing behavior. 1In view of this, a preliminary study of the pulsing behavior

oﬁLNEO has been initiated. Using SF6 and Freon-12, passive Q-switching of a N20
laser has been observed for the first time. Phase-locking of two transverse modes
during Q-switched operation of the N20 laser has also been observed for the first
time. A paper entitled "Pressure Q-Switching in N20" has been published in the

September 1970 issue of the Journal of Quantum Electronics.

Continuous Passive Mode-Locking

Uncer the present contract, mode-locking has been investigated as a means
of obtaining short, high intensity pulses at the 10.6-micron wavelength. Mode-
locking of the Coszaser has been reported in the literature using SF6 as 8
bleachable absorber (Ref. 2k). 1In their studies, optical cavities of up to 16
meters in length were used to reduce the axial mode frequency separatién. In
thile"manner, three or four axial modes were above the oscillation threshold. The
CO, laser at a pressure of 10 torr has a half-intensity line width o! 50-60 MHz
1né. except in very long cavities, only a :ew axial modes are contained within
this bandwidth. It is of interest to determine the effect of locking more tham
1 ew axial modes of a 002 lacer, and pursuant to this objective, an optical delay
line was constructed and incorporated in the laser resonator, producing a L%-
weter-long cavity. With this cavity length the axial mode-spacing was 3.3 MHz,

and it was anticipated that 10 or more axial modes could be locked in phase. Be-

cause of the increased cavity losses due to reflections in the delay line, only

2 iew of the modes near line center were observed to oscillate, These modes were

locked in phase producing 60 nsec half-width pulses at 300 nsec spacing. Contrary
to crevious experiments, this laser was mode-locked on a continuous basis, pro-
ducing a continuous train of uniform amplitude mode-locked pulses. The difterznce
between this experiment and previous ones is that the several modes locked in phase
in this experiment lie on the relatively f'lat portion of the gain protile near the
menter of a gaussian line and are simultaneously above the oscillation thteshold.
thus enabling the laser to continously mode-lock. With shorter laser cavities, us,

tor example, those used by Wood and Schwarz (Ref. 2k), the modes are farther :ro:w

Lo
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the line center where the gaussian gain profile drops off sharply and Q-switching
3 is required to increase the gain of the modes above the oscillation threshold.

This research is described in detail in the December 1, 1969 issue of Applied

Tt A

A

Physics Letters in a paper entitled "Continuous Passive Mode-Locking of a CO_
c

- Iaser."

3 Self-Mode-Locking

In addition to the passive mode-locking with bleachable absorbers, self-mode-
locking of a 002 laser nhas also been observed. This was achieved with a rotating

mirror Q-switching laser and the resulting 10 to 12 nsec pulses were the shortest

CO2 laser pulses directly observed to date. The decrease in pulse length below
4 the normal CO2 line width limit of about 20 nsec is attributed to a saturation

broadening of the pulse spectrum. The laser output consisted of a train of pulses

in a Q-switch-type envelope, each pulse separated by the round trip cavity transit
x time. Cavity lengths from 5.5 to 19 m were used. The initial pulse in each train
was acout 25 nsec wide. The subseguent pulses were observed to decrease suacces-
sively in width until a minimum width of about 10 nsec was reached.

: The evclution of tne pulse train can te explainad in the following manner:

4 During the time in which the laser is misaligned, a high population inversion

: tuilds up in the normal manner. As the mirror comes into alignment, the gain o:
several modes is above threshold due to th.s large inversion. If the cavity lerngin

is such that the modes are properly positioned or the gain profile, then a mogda-

MieZon v

lecked pulse, whose width is delermined bty the oscillating mode spectirum, will

Al

develop due to the mode interactions in the laser medium jtself. As the pulse
intensity increases, it becomes sulficiently nhigh withia the cavity so that the
leading edge begins to deplete the available inversion as it is amplified. Since
: the pulsewidth is shorter than the rotational relaxaticon time, the available In-
version Is only that of the single transition on which the laser is oscillat rg.
The trailing edge of the pulse thus sees a much smaller inversion and is only
slightly amplified, resulting in pulse rarrowing, Suflicient time exists between
pulses for the restoration of a population inversion by energy transfer from the

by

i3
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half-width of 5 nsec were obtained with a gas pressure of 450 torr and a 2.2
meter cavity leagth. These pulses represent the shortest self-mode locked CO_

I
pulses that have been observed to date. More detailed data is contained in the

United Aircraft Research Laboratories Report J24T7. A paper entitled, 'HMcode-Lock-
ing ot an Atmospheric Pressure Cross-Excited Electrically Pulsed CO9 Laser," was

published in the April, 1971, issue of the IEEE Journal of Guantum Electronics.

Effects of Diffusien on Saturation Intensity

The capabilities of a laser osciliator or amplifier can bte specified by tne

small signal gain and the saturation inlensity cf the laser medium. Measurenments

were made of these twe parameters in a flowing gas, electrically excited CO_ laser

amplifier. It was determined tha

ct

the saturation intensity (i.e., the intensity
regiired to reduce tie gain by a factor of iwo) was strongly dependernt or
size of the beam, a result which »as not expecied nor predicted

theoretical model. From these measurements it was shown that the intrease irn
satuaration intensity with decreasing beam size was due to molecular éiifusion

o7 excited CO2 molecules. The diffusion of molecules was sufficiently fast to
e Important in maintaining the laser inversion in the presence o: stimiiates

eunision. A simplified theoretical model was

4
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molszilar 4iffusion andé explained guslitativaly tre dependence of saturatiorn o

Velccity Dapendence of ine G:in o: 2 £0, Iaser

@

periments were carried out to oxamine the elle:ls o1 gas ilow e

-

1
totn the direction and magrnilude, on the gain of 2 cw 602 laser teum. The gar

valocity was varied betweer ~ O and 17 m/sec in a 2.% meter lon
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G alectrically excited 302 laser amglifier; and the gain of 2 2.2% »m dfametsr
1

e probe laser was measured as a function of the Inpit intensity. The near .vo-
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ments yielded the small signal gain and saturation intensity of the laser as a

function of gas velocity. The small signal gain increased with increasing gas

velocity whereas the saturation intensity decreased. The optimimn output of the

laser is proportional toc the product of the small signal gain times the satura- :
tion intensity, and this product was found to be independent of velocity within

the experimental error of the measurements. The most interesting results were

obtained for the intermediate flow velocity where the gain was observed to be

a function of the direction of propagation of the os~<illator beam with respect

to gas flow. Effectively, the saturation intensity was greatest for precpagation

[

n the direction of flow. The velocity dependence of the gain is attributed to
the dissociation of 002 into CO and 02. For dwell times in the laser of ~ one
second, there is an axial gradient in CO which leads to an axial gradient in sa-
turation intensity. It is most efficient to propagate in the direction of in-
creasing saturation intensity which is the flow direction. Details of the
experimental results and their interpretation zre contained in the techniczl

report, "Velocity Dependence of the Gain of a COé Izser,"” which was published

in the IEEE Journal of Quantum Electronics, Vol. QE-T, September 19TL.

Atmospheric Fressure Argon ané Freon-12 fasers

A cross-sxcited electrically pulsed dischurge has been 1sed successfully

2 9 to L mixture of He ané Ar lasing at 2 wavelenpih o! L.T2 ymand 2 9 to 1
mixture of He and Freon-12 at 1.59 ym. The pulses have 2 shape similar %5 the
gaip switched atmospheric pressura CO2 pulses. For He-Ar, the puals2 widti is

5.2 ysec, and the peas power is mezsJred to be apgroximately L3 zllow2tis, mu~
higher than previously reported values for the pulsed Ar laser. For the He-Frecr.-

12 mxture a peak power of (.5 =ilowatts s mezsured. This represenis a con-

siderable power increase over the c¢w lasing of Freon-12, which has been power

Limited to loss than 1 milliwatt with low pressure (<l torr) discharges. The

e W i

.e

gain of thes2 mixtures is found to be comparatle to the gain measured with the

ol

602-Nq-He mixtures at atmospheric pressure.
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Metal Vapor Lasers

cnventional copper vapor lasers employ more or less uniformly heated refrac-
tory discharge tubes in which copper evaporates slowly fi-om small pellr*< and
dirtuses throughout the tube interior. Inert buffer gas at a pressure of several

Torr carries the electrical discharge to the evaporation region and slows vapor

ﬁa

ffusion, to minimize copper loss and coating of the laser end windows. HMost
attempts to increase the average output power of such lasers by increasing tre
culse repetition rate have apparently been hindered by inadequate interpulse
removal of long-lived metastable atoms. These metastables absort the laser

radiation, causing self-termination of each pulse and preventing immediate

1]

initiating of the next pulse. Repetition rates on the order o: 133 vps are typ-
ically reported (Ref. 26) and it is found that the peak pulse power tends to

irop rapidly above a few thousand pps (Ref. 27) even when care is taken to ensurz
irat vapor pressure, temperature, and electrical excitation characteristics remzin

constant.

Under the present contiract, UARL has recently demonstrated extenéed pulse
rate capability in excess of 5 x loh pos . without degradation of pesns outpul power.
Tris has been zccomplished by developing a laser shown schematirally in Fig. 12
in whi~h copper vapor flows iransversely to the laser channel. sweepi
atoms ragidly from the discharge region. The flow is provided by 2 :ontinsous

1-condensation tycle similar to that employed in diffusion vatusum pumis.
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sequently it is small, and relatively inefficient, with peak pulse povers typically
in the 10 to 100 watt range. However, it appears that the design should be scala-
ble to crnsiderably larger size, with a corresponding increase in output power

ané efficiency. A paper based on this work has been submitted for putlication in

the IEEE Journal of Quantum Electronics.

Forceé Mode-Locking

Forced mode-locking of the atmospheric pressure L02 laser was accomplished
with a germanium acousto-optic modulator, giving a2 measured pulse width of 1.5
nansec and a peakx power of 18 Megawatts. The pulse resolution is limited by the
bandwidth of the amplif.er chain and the actual pulse wiéth is esticated to be
1 nanosecond with a peak power in excess of 25 Megawatts. Previous forced mode-
locking experiments (Ref. 27, 28, 29) were lir‘ted to peak powers of 3-k Megawattis
hecause of the high insertion loss and low damage threshcld of the anti-refleztion

coated modulators. The modulator used in this work was a Brewster an

x
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which nad a power insertion loss of only 50% z2nd withstood the full intracavity

Q.
Pes
[}

intensities without damage. Special design considerations were reguire
simultaneously satisfy the Brewster angle and the Bragg recuirement or acousto-
optic modulation. This work was presented at Electro-Optics "2 East and has

t

he oroceedings of this conferernce

Photon-Drag Detector

noje-locked C02 pulses. From 2 study of the properties of doped germanium 2

Zelection of 5 ohm-om p-typ. materizl was mzde Jor optimum sensitivity ang the

dimensicns were chosen to give 2 50 ohm element. Maziching the detecior 1o ‘0

me domzin reflectomery measurements showed a 2ir2uit response of

The sensitivity of the detector was calibrated and found to be 142 =~

oo
oo
-
“
Q
o
e v
.
.
-
LA e d e LA LY

Megawatt., Althsugh the speesd of this detector is inherently 3.2 nse>, the low
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sensitivity reguire- the use of an zmplifier
pulses on a fast Tektronic 519 oscilloscorpe
of pulsewidths to approximatelylnsec.

lse measure igue, smploying 2 photon-drag detector and 2

*n

of the photon-drag signal depends orn

Lrrough the datectlor. 17 a =mode-locked pulse
tensity puls:s andé the pulses zre incident upo
measured vo’ “age depends upon the degree of pualse overlap, 2
olay: however, if the output is rectified,

the net voltage can bte displa

slow oscilloscope and us~d to measur

®

ugzestion has not been reduced 1

The sey elenments of the desig

ne mode-loced

he direct measuresent

a2s suggestec an indirest

¢ instantaneous voltage waveform oc~ur on 2 time scale too fast :or direct gis-

'
1]
ct [+9
Q

&
v
o)
1)
c*
LY
(1]
h:
L]
P




O K do s ol et
- RS A TR 8 ST S WFW&*’:‘:?\W_ 30 L L s e SRRSO e
\\4..3'7.‘7&;*!'.‘“?%7«,;%\':' RF RN LS ST fall

M920832-6

the uniform - 2lume excitation, are advantageous for ultra-short pulse generation.

Thin Film Modulators

The high modulation frequencies, required for the generation of ultra-short
002 pulses, present technological problems for bulk modulators but can he con-
veniently achieved in theory with thin fiim wave guide structures. An exploratory
research,prcg:am was initiated on GaAs epitaxial thin films grown on n* substrates.
The cogé%ing of radiation into the films was demonstrated with germaniim prisms
giving codbling efficiencies as high as 40%. Under development is a phase grating
coupler, which will be required to launch radiation into thin films with a low
index profile. The characteristics of TE and TM modes in guides of different
tr.ickress and index profile were studied both analytically and experimentally.
It was found that the modes are most strongly attenuated in the presence of metal
electredes, which are required for active manipulation of the optical radiation.
The simultaneous excitation of two orthogonal guided modes of equal amplitude

was demonstrated, a step toward the realization of a polarization modulator.

Gas Breakdown Limit on High Pressure CO2 lasers

Gas breaxkdovwn inside the active laser medium has been observed with the
double-discharge laser and it was recognized that this would present a funda-
mental limit on the use of high pressure lasers for short pulse generation. The
18 brearzdown threshold of typical laser mixtures was measured as 2 function c¢f

team ‘iameter and gas pressure. For pulses shorter tnan $.1 ysec and heam diameters

-

arger than 0.2 cm the breakdown of itne active laser medium is decrined by an

D
sy

2 .
rergy flux of S 3oules/cm and it decreased with increasing pressure. The satur-

PRI

:tion energy of the laser mixture is 0.5 Joules/cm2 and increases with increas. .
pressure. Trese competing trends indicate that a maxinman pressure will oxist .bove
which gas breakdown will cause a terminaticn oi the laser pulse developing in the
laser medium. From a study of the amplificaiion of short pualses, it is predi-ted

that Jor efficicnt operation the pressure must be limited to 2-k atmosphere. Thi
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is a severe limitation on the use of 002 lasers for short pulse generation and
amplification. A paper based on this work was published in August 15, 1972
issue of Applied Physics Letters.

Pulse Selection Based on Gas Breakdown

The staandard method «»f selecting a single pulse from a mode-locked train

ety

employs an electro-optic shutter; and precise timing circuitry, suci: as the use

of a laser triggered spark gap, is required for the selection of 2 single intense
pulse. As an alternative to this approach, a novel method employing gas break-

down in a pair of cells has been demonstrated unider this contract. The {ocal

lengths of the two cells are chosen to give nearly coincident breakdown thresholds.
The first cell is used in transmission; the beam reflected from the second break-

down plasma is the desired pulse. Thus, the first cell clips the trailing portion

of pulse and the second cell eliminates the front portion of the pulse, ieavina
a2 single pulse in the case of a mnde-locked pulse train or the central slice
o' a pulse in the cise of Q-switched pulse. In the study nf this technique it

was found that a plasma reflectivity of 4-8% holds for atmospheris pressure air

B ALIE ot e e LA

with ~ 100 nsec pulses, the reflacted beam has rood beam guality, and a signal-

Al

to vackground ratio of 15 was typical but could be improved with a better optical
design. With clean gasses in the cells the breakdcwn thresholds are extremely

sharp, a necessary ~ondition for the success of this method.

e by e e el

The pulses selected

tv this method ranged from a single pulse extracted from a self-mode-locked train
to 2 50 nsec slice out of the Q-switched ovtput pulse of the TEA leser. Modi-
fications to the existing arrangement are under study to allow 2 greiter control
to be exercised over the width of the selected pulse.

The pulse reflected from the breardown plasma have an extremely sharp leading

edge, faster than the time response or the detection system (~3.1 nsec).

A simple
analysis indicates that the plasma reilectivity increases 3 orders of magnit.ude
in one generation time, approximately 0.% nsec {or a long duration sguare laser
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pulse at threshold. A considerably faster growth time would be expected for a
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fast ramping pulse of nanosecond duration. This is the most important feature

of the present pulse selection technique, and further study is of the risetime

is planned.
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SPATIAL — OVERLAP PHOTON — DRAG DETECTOR

(¢

a) OPTICAL BRIDGE AND DETECTOR CIRCUIT

FIG. 1
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b) INSTANTANEQUS, RECTIFIED, AND INTEGRATED VOLTAGES SEEN AT THE TWO PROBE POSITIONS
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DETAILS OF SPATIAL OVERLAP DETECTOR

TOP BOTTOM

OUTPUT POST

GOLD CONDUCTORS

1IN 777777777777, l
Wk "

CERAMIC SUPPORT
i {0.025-IN. TIICK)

DIOCE ASSEMBLY
BIAS POST

1IN, -]

(A) LAYOUT OF DETECTOR AND DIODE BRIDGE
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TN
/ BNC OUTPUT

DETECTOR
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smemeo 5 IN. FOCAL LENGTH LENSES / 3
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TWO- CELL PULSE SELECTION METHOD
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PULSE REFLECTED FROM BREAKDOWN PLASMA

T

(A) INCIDENT PULSE: 0.5 V/div, 100 nsec/div
(ATTENUATED 10x)

(B) REFLECTED PULSE:; 0.2 V/div, 50 asec/div
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FIG. 10

PULSES SELECTED BY TWO CELL METHOD
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