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>, reflectivity ry and rj in Rigrod's analysis are replaced by the
-.dashed boxes in order to take into account the various dissipative
' losses.r The ga.m length is assumed equa.l to the caplllary

E:merimental apparatus and method of analysis- the mlrrors of

Perari:efer definiﬁon's:’j rp is the fraction of the ‘mcidentviuteusity. e
I, coupled into the power meter whereas r; is the partial con-
tribution due to a reﬂection off a bingle surface of the coupling

=APcwer ccupled‘ into the uxeter‘vereue ;;late angle“\cf' incidence for '
. an average tube pressure of 35 2 torr and several values of dis-

charge cun'ent

'Dependence of sma.u signm gain on discharge current and

pressure
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b eAIN AND SATURATION INTENSITY IN HOMOGENEOUSLY—BROADENFD L

o

GAS LASERS APPLI(,ATION TO A WAVEGUTDE "02 LAS mR

S Marcatin and Schmeltrerl proposed the use of a hellow dlelectric waveguide
" to conﬁne and guide the radiation in a gas discharge taereby taking a‘lvantage of
/the inverse relationship between gain and bore diameter in gaseous lasers. 2
. .. SmithS first applie- the technique to helium-neon lasers. Bridges, Burkhardt
" i .. and Smith4 and Jensen and Tobin® have since reported cperation of two inde-
. pendently-bui't waveguide CO, lasers.. Recently Smith® et al. announced that = _
" high pressure waveguide CO, laser had been successfully mode-locked. The -
" . present authors wish to report the results of measurements made of the unsat- o
- urated gain coefficient and saturation power of a water-coolzd, flow-type wave-
o guide’ CO, laser at various total gas pressures and discharge currents using a-
method which makes full use of the gain saturation eqations of Rigrod T

. ‘ . ,EXPERIMFNTAL DETA"

\.,

g . \1!»1\,.“ %

o A;,The waveguide laser tnbe used in this experiment 1s shown in Figure 1 IR
Er; The capillary had an inner bore diameter of 2-mm and an overall length of 12, 5 o '
k. . The toteal tube length was 22 cm with opposing salt Brewster windows at ‘

o the ends. Excitation was by DC discharge using a hollow cylinder nickel cathode N
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and a I-mm diameter tungsten anode through a 600 KSZ ba]last resistance. The
non-optimized gas was premixed at a CO,: Nj: Heratioof 1: 1 4 ' ‘I‘he gas

pressures were observed at three points m the system' K

' '_._ 1) ° ata control box separated from the tube input by approximately 1 7
‘metersof4 25-mmIDtuning L

’ ag found: that the tube pressure varied significantg at each of these points
‘The pressure differential acrosgs the tube was between 7 and 12 torr and in-~

‘: creased with increasing average tube preasure. Furthermore, the pressure - \
reading at the input to the tube was reduced by between 8 and 5torr when the A

discharge current was turned off while the pressure at the output remained rel-

atively constant. The flow rate was also affscted by discharge current. The -
results of the pressure and flow rate measurementa are shown in Table I :

The resonator consisted of two gold-coated mirrors having 52. 4 cm radli of
: f curvature ‘and mounted on tri-directional translation stages. The mirrors had

. .. .. angular contro_l» as well. The centers of curvature were situated approximately-
Eor o 1.0cm irto the guide from the flared ends since the latter arrangement seemed
b7 1 to glve wptimurn coupling between the resonator and the waveguide. - External -
“coupling was achieved by means of a germanium coupling plate 5-mm thick and
_mounted on an angularly calibrated turntable, ' The power ocutput from one side
of the plate was olLserved as a function of plate angle using a'CRL Model 201
power meter. The experimental apparatus is shown in Figure 2 along with var-
“{fous parame ers defined in the following section. The plate angle was varied in
" half-degre e iteps, With each reading, the power was optimized by making fine

tion and cavity lengih changes caused by plate rotation..

The data relating poer output to incident angle was in.erpreted with the

aidT of & set of theoretical equations derived by Rigrod Because of a variety

e of dissipative losses and the inclusion of the germanium plate is the coupling
-~mechanism; the mirrors of reflectivity ry and r; in Rigrod's analysis were

- each replaced by one of the dashed boxes in Figure 2. Dissipative losses com-

> ‘mon to both ends of the resonator include absorption in the mirror surface,

T TN i Sty et e e ik

Iy s e

-“-adjustments to the mirror behind the coupliig plate to correct for beam transla- S

' idiffraetion loss, Brewster window s_catterin'g and absorption, astigmatism Lo
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caused by the Brewster window, 8 and poss!ble reﬂective losses at the end of the
S - capillary due to the abrupt change in the boundary condition or imperfect cou-~
. . pling between the resonator and the guide. ‘The insertion.of the germanium cou-
pling plate introduces additional loss at one end ot' the cavity‘ At this end the

S “effective reflecuvity" can be written as .
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Fxgure 2 Emerimenmt oppamfus and mefhod of unalys;s- fhe mirrors of reﬂech-
; i ty-and-ry irs Rigrad's analysis-are replaced by the dashed boxes-in -
i L or er to take Info-accourt the various dtssxpuhve losses, The go in
, : .: length is cswmed equo! to fhe ccpnllary lengfh e
F where t, 18 the fractional transmission of the power exmng t.hrough the caplllary-
f - ‘resonator "junction", t, the transmission through the Brewster window, t, the
% transmission of the germanium plate, ry, the reflectivity of the mirror, and t
& " the effective coupling of the returuing vadiation into the guide. It i3 assumed
t ' in the present anslysis tiut the d!sslpauve 1osses common to both ends of the .
; gulde are equal Hence. . G
: V’ ‘ol
£ * et @)
. it-—: ‘ - . . . N - menn e -
E where the "a's" are the appropriate fractional lossea. If the latter losses are
S - ‘assuroed indlviduany small eo that second order terms cap. be ignored we can
.% : write R SIUPTI : e : Loy
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where ap is tba addluona.l absorpﬂon in the germanium plate snd r is the trac-
“.tion of the tncident power coupled into the meter, It must then be remembered
“that more than one reflected beam i3 responsible for the power observed at the
_meter since reflection can also take place at the back surface of the germanium
plate as in Figure 3. An expression for rp which includes both the multiple re-
ﬂections and net abso*ntion in the plate s = -

(8) L-&.(l--zrs (o» e—!ad(e)} P
1..;92 (a) e-z«H(BT ~>: IR

P .'5,
Vg

 RAYS INDICATED BY DASMED LINES DO NOT

"~ -CONTRIBUTE SIGNIFICANTLY TO THE.OUTPUT .
"+ BUT HAVE BEEN INCLUDED IN THE CALCULATIONS
- OF TOTAL REFLECTED AND TRANSMITTED POWERS

F cgure 3 Parameter deﬁdiﬁon& ro is the fraction of the incident intensity lo

to a reﬂechon off a smgle surfece of the couplmg p'ore.

(1-a¢) (1-ap-rp)2 : (s). a

£ F 2003 s ok &

. whare the iractional power reﬂracwd oif a slngie eurface at an 1ncidence ang ¢
andtefractedangleaia givenby9 R y . : o

coupled into the power meter whereas r, is the partial contribution due

Lo 2l b s Bl b e




where tis the plate th!clmess and thé refractive angle ¢ ls determined from ..
~ Snell's Law,  For germanium at 10,6 micrometers, the index of gefraction is"
equal to 4.00310 and the power coefficient is 0. 055/cm11 The tranamission of

.'Ps (1-a)) -(1~ab)u [802 +2n VA (0) rz] 2p (6)
: : [Vrl (ﬁfﬁ"' V——l [I-Vrl ©rr l -

where Ps ia the saucraﬁon power, go 13 the unsat:u-ated galn coefﬂcient ] 13

- the effective gain length and the quantities r; and rp are functions of the plate. -

angle 6. The guantities 1, and rp can be constdered data since they are directly
calculable from the observed incidence angle § via eguations (5) throngh (10).
' We wish to choose the parameters P; and g, such that the mean square > deviation
‘between the observed power and the pcwer calculated using equation (11) is a

l—a,) (1-ab) 1/1—‘2 [g02+ Qn Vr, (0 )rz] rp (0 )
WCNCIRC R TNOT R N

'where the sum is over the n data po!nts ts!'en ata particular pressure and disu N
charge cu"rﬂnt. The min.:uum is found in the usua. way by setting the partial
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o A computer program calculated the best estimate of P and gg from the data
- . based on the algorithm provide 7 by equations (13) through {16) and then plotted
t+ .7 - the theoretical curve (using the best estimates) against the observed data. One
3 difficulty in applying this technique to the waveguide laser was the uncertainty
) B "in the amount of coupling loss between the resonator and the guide presented by
1. theterms a; and a; in equation (4) and the resulting’ qncerta;nty fn ry which
A .appears as a "known" quantity throughout equations (16). This difficulty would
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" be virtually non-existent in a similar study of gain and gain saturation charac-
‘... teristicsin standard lasers where the other losses appearing in equation (4) can
"~ - be estimnted reasonably well, To circumvent this problem, r, was allowed to
. vary through a wide range (0.85 to 0.98), The average mean square deviations
* .. . obtaincd with each value of r, for each of the data sets corresponding to a par-
I ticular pressure and current setting were then compared This procedure in- -
. dicated that ¥, = 0.96 was a reasonable choice that allowed gooc agreement be-
o tween theory and experiment over the total data set. Since the reflectivity of a
S gold mirror is about 98-percent at 10.6 ‘microngl2, this leaves an additional
loss of 2-percent due either to imperfect coupling between the waveguide and
- - resonator o1 to the astigmatic effect of the Brewster window gin.:e.the other
o ¢ losses, such as diffraction losses and absorption i'l the Brev'ster window, are
17 . much smaner in'magnitude. The sample graphs ia Figure 4, showing the
LT L 4greement between experiment and theory, were obtained at an average tube

Co 'pressure Of 85.2 torr, The different curves correspond to different dxscharge .

<. Y. currenis.
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IV RESULTS AND mscusqon . B n }' .
T Figure 5 shows ‘the dependence of the unsamrated gain coefﬁcient on current
-l and pressure. At an average tube pressure of 20.2torr, the small signal gain -

_ appears to have- a broad peak in the current range between 3 and 5 milliamps. R
The cirves at 28,0 and 35, 2 torr almost coincide, indicating a probable maxi- ' ' )
mum of the small signal gain in this pressure region. This is further suggested = A
by the fact that as the pressure was increased to the 70torr range, the power ' o
-~ - level ‘vas seen to decline. Bridges% et al. observed a peak small signal gain i

’ " at a pressure of 40torr for a 1-mm diameter bore waveguide CO, laser at 29°C. . ‘
»" Perhaps more significant -is the fact that, at the higher pressures, the small
" -pignal gain decreases monotonically as the discharge current is varied upwards
- from 3 milliamps. Clear experimental evidence for this is the steady narrowing
* . of the power curves in Figure 4 as one goes to higher currents., Thus, the un- .

ln e K b e

Bot B e i e e i 2 S s ks

!
)

.. saturated gain coefficient, which initially increases with increasing: current2 5-17 .. - ‘ o
. peaks at current levels belovr 3 milliamps in the wavegulde laser as compared . _
.to a typical value of 101a2, 14, 15 in gtandard CO, laser amplifiers. The o
decrease in gain at higher currerts has been attrifuted to an increase in the

axial gas temperature.13-14 1t is clear then, from the experimental data pre-

: -gented, - that in the case of glsag or pyrex capillary tubes (which have a high ‘ L MR
radial thermal impedance), gas teinperaﬁ.\te is a serious limiting factor., : B 3

"~ Bridges4 et al.” have suggested the use of hrgn thermal conductivity BeO cerainic - e
capillaries. A greater portion of helium in the gas mixture might also allewate N

. the problem to: some extent
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rent. Thesolid lines correspond to ths thecretinal curves generaied us=
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Figure 6 illustrates -the dewendence of the saturation inténs ty on disc‘mge.
,current and tube pressure.. "To obtain the values shcwn, the saturation poier
‘P4 derived from the data has been. multiplied by a factor. of 118 to take into-ac-
‘count the zero-order Bessel Function fleld Qstributios of the dominant HE,; 18,19 -
waveguide mode. " Although' the sat-~ation parameters reported here would ‘be . ~
“.considered large by the usual atandards20-23, they are consistent with the. rough

- valua of 2100W /cm? previcusly reported bv Bridges4 et al., for a 1-mm eia- .
.meter bore waveguide CO, lager at 20°C.. -The latter authors suggest thet the .
Iarge values of saturation pararieter may. he due primarily to reduction cf Afe-

RIS

AN
T,

N\

ot

‘glon, r&ther than to a simple increase 1in pressure and the resultant {nerasde in
the colheiona.l relaxation rateg. The data in Figure 6 indicates, howeve.r ,” that
‘ata tvmeany optimum onerai,ﬂnk current of 8 ma for this pressure- range and
-tubse t.he saturation parameter iz a strong function of presgure and risez ata -
‘rate of 50 watts per. cm2 per torr if one assumes a linear relationship beta ‘een
eamraaon parameter and tube pressure at constant discharge current "‘Exis .
would, imply : satumﬁon pemmetec of about 500 watts/cm? at a pressure of 10 ;
‘torr where a large number of seasurements have been made.24. The latiar.

oty

bor¢-ginplifier tubes. - Christensen24 et ai., and also Smith and McCoy?29 ! have
cantioned that due to diffuefo: of excited CO,; molecules into ard out of tis

beam radius,. Ia the present swinsriment, the probe beam radius is dete"ﬂ_ﬂined S
by the'i/e] power peints ‘of the dominant HE“ waveguide mode’ which, for & a-mm
diameter capillary, ylelds a rz sher small effective radius of 0.55-mm;" ruxtra- -
‘polation of the results in refsreuce 24 indicate that the use of a 0.55-mm ;srobe
‘beam vsould have ylelded a veluo 28 high as 200 watts /cm? atthe 10torr pregsure -
a value still substantially smalicr than the projected value of 500 watts/ca?
based on extrapolation of the pregent data;- The discrepancy is. further com-
_pounded by the fact that the datz in referen:e 24 was taken at a relatlve:.y high
.discharge current of 26 ma." ¢ would eeem. therefore, that radial diffusica of
‘excited CO, molecules into t!*f: heam. although important, cannot totally occount
for tm. large mcree.ee in sawmﬁon parameter. This is further evidence that
‘the laxge saturation intensities observed for waveguide CO, lasers are heavily -
"dependent on wall collisions ::r,,d/or rapid ﬂow rate as suggested by Bridggs md
his co-workers.4. ' :

".Ths optimum discharge current was observed to rise from 6ma at ec. 2

-_preseure was increased to re.zgnly 0. torr. The power level (from both cides

of the coupling plate) dropped £ 150 mllliwatts at the higher pregsures from its
_peak of 1,5 wails at a proseurs ; of 35 2 torr. ‘At the peak power pomt the tube
voltage was 4900 ‘velis and the d:echrge ‘current was 9ma W EeT b o

times by wall colll sions and to {he short dwell time of the gas in the active re-- . |

measmemente were taken, howsver, at higher discharge currents and ii )ﬂrge R

ﬁbeam, the meaeured satoration mtenuity is inverlely -dependent on the. pr-mo A

torr to 9me at 35,2 torr and tr2an decrease again to a value of about 3mea as the - ‘
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KT ,The numerical values £or the unsah.rated gfam coefficient and saturation
parameters reported hers.were used to predxct the power output (at optimurn
i-counnug) exnected for a shorter tube (shown: in Figure 7) at a particular current
- of 8ma and pressure of 35.2 torr.. The second tube which also had a 2mm
bore, was assumed to have a gain length of 5cm (includes capiliary and 5.7°.
- flares) and a one way dissipative loss of 4% as ectimated previously. The pre~

_‘ - "watts, -The agreement is remarkably good when ¢ne considers the rather arhi-

| - trary definition of gain length and the fact that the flow rates varied slightly in’
.. the #wo tubes. . The small tube was opemted at average pressures as high as 68
2 'torr where the power Ievel dropped to. 145 miwiwatta at an optimz.m current of

M easurements of the small signal galn and samrat‘on intens tty of a wave-
guide [ole)y Iaser under various pressure and discharge current conditions have
- been made.  The method i3 an extensiun of the varisble joss approach used by. -
- Wittemar12 aud makes fulluse of the Rigrod equations for gain saturation by allow-
7"+ - ing the estimates of g, and P, to be based on an arbitrarily large number of data
T points. . The gain measurements clearly indicate that, for pressures greater
: than 28 torr, temperature effects degrade the small signal gain at dlgcharge
'currents as low as 3 mimamps. ~The unusually high sawratiovx mtenslties can-
-not be explained sole S by pressure and diffrglon eifects. *
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