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ABSTRACT

The interaction between several pairs of coubied water

vapour lines was investigated with a compound mirror-gieting-

.grating (MGG) laser. The MGG laser allows ‘the simultaneous

and co- axi:l’lasxng of two wavelengths with the two lines

lineazLy'ﬁolarrzed paraliel or perpendlcular to each other.

~C T -

- The interactlon exéerlments was done with four pairs of
competiﬁ?@! water vapour lines; the 26.6 and 47.70, " 26.6 and
47.47, 27.97 and 47.70, and 27.%7 and 47.47 micrometer lines.
The coupled . 1ines share an upper or lower energy level so

that the, power of ‘one or the other or both lines were sup-

@
pressed when they lased simultaneously.

’ cT .

.- From interactioﬁ-fesglts of 26.6 and_ 47.70 micrometer

lines, the parallel"polerized line” coupling constant was

0.;8 ‘L0.04, and the perpendicular constant was 0.54 + 0.06. -

- The ratio of the two coupling constants, which is a ratio of

4
the’’'competition between the two lines for magnetic sub-level

population of the shared level, was egual to 0.40 + 0.14

which compares Lell with the theoretical wvalue of 0.35.

. .
- A}




Although‘ the experimental resSults of the three other

pairs of lines did no€ allow coupling constants-too be calcu-
o lated because the power change of the short wavelengths was
,‘to small to measure with the experimental no;;é, the power of
longer wavelengths were suppressed, demoﬂstrating that the
lines was coupled. For two of the pairs, the coupling depen-
ded on the felative _polérizaiion of the lines: the 47.70
miéromé%er line was comp&etely suppressed whenever the 27.97
micrometer line lasedf The relative suppression with respect

to polarizgﬁion of the 47.70 micrometer (ine by the 26.6
i ]

micrometer line was consistent with the expected results from

- the given assignment of energy- levels, while the suppression

L

.of the 47.70 micrometer line by the 27.97 micrometer line was
-_ L ]

opposite to what was expected.

L
° -

The single line two perpendicular polarization mode con-

“-trol features of a compound mirror-grating-mirror (MGM) laser
were also investigated: the output can be in one or the other
or, both modes. The resonatéf!s polarization properties are

dde.in part to’ the\ dif%erent effective phase change upon

a

reflection £rom the - resonator;s grating for - radiation
i/ ’parallel and perpendiculdr_to the grating lines. This can be

expressed as, a. difference in the effective optical plane
- . . i ' ‘
positions for the two polarizations. From the simulfaneous

a————

measurement of the modes with the displacement of the

_resonator mirrors, the optical plane difference was measured



»

to be 17 + 1 micrometers for the 30 micrometer blazed grating
used. The ratio of the optical plane difference to the groo&e

depth of the grating was 0.32 + 0.02, in fair agreement with

-

the theoretical calculated value of 0.21.
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CHAPTER 1

INTRODUCTION

This thesis is concerned chiefly with the investigation
of coupled transitions in the water vapour laser in the far

infrared region. ° $pecifically, the coupled transitions

studied share an upper or lower energy level, and thus they
are in competition for laser gain. The ultimate purpose is
the measurement of coupling parameters of pairs of lines, the
effect of the relative polarization of the two lines upon the

>

coupling, and the testing of energy level identification.

Sincé many lasing media can operate on'séveral simulta-
ﬁeous lines and modes, and sincé for most scilentific experi-
ments single line and mode laser operation is usu;lly
prefegred, numerous optical teéhniques\have been developéed to
force single 1line and mede opergtion of lasers. Among these
technigues are the use of a grating or prism in the resonator
cavity, dielectric thin f£ilm coated mirrofs with high
narrow-band refleétivity,‘ or intra-cavity “Fabry-Perot
resonators for mode and frequency discrimination. All of

these simple any relfﬁbie. techniques above have been used

with good results. In the far inffaréd, the lack of low loss

o
~

rr
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transmission materials restricts severely the optical.cavity
arrangements possible. For this reason, the use of gratings
as mirror and output coupling elements is preferred.

In order to carry . out this program, a special type of .
laser resonator was néeded. A compound double grating cavity

laser was devised which al}ewed-the selection of specific
v

pairs of lines to underqo s;md@taneOus or a&f‘}nate lasing
,4:‘ i
with controlton the relative golarlzatldnsx o >

\Jﬁ
r\. .
' PN 5 .
. ¥ ;

< 7
The operation of a modifted-compound grating . .resonator

in single 1line 1lasing was first studied. The modified

resonatof allowed control on twozperpeﬁdicular polarization
reboﬁator modes operating on the:same transition. Expefiments
were ‘carried out to iﬁwestigate the .interactionfeg the two
perpendic&ﬁar polarized resonator modes . with the. lasing
medium. A grating diffraétion model for differe;t rediation
pélarizations was used to explain the interaction between the
two perpendicular modes. A significan€ characterist#é of the
qretiﬁg is thg difference in effective phase chande upon_®
reflection and diffraction of the incident radiation for the
two pdlarizations parallel or perpendicular to the grating
lines..This characteristic is important in-“the ‘operation of

the compound grating resonator.

)

The c¢oupling s of several pairs of water vapour laser
'*

lines was‘then studied with the compound grating laser. These




] | 3
coupled lines were gﬁ- coﬁpetition‘for-‘lgser gain. Coupling
gonstants were calculated from the f;actiSnal change in the-

. lasing power of a pair of iinés when operating simultaneocusly
as comparéd to operating separately. The interrelation of the
couﬁiing with the relative polarization of the two }iﬁes was
also studied and analyzed. Since the tﬁeoretical'gpupling/w\__,,-—
coeffitients depend on the characteristics of thé enerqgy

.

levels involved, the experimental coupling values tést the

energy level identifications.:

water vapour was chosen fer the dJoupled transition
studies because it has over ,a‘»huadred_ édlsed " laser lines =«
sﬁanning°the range from 7 t& 220 micgbmeiers‘under electric
discparge excitation. Many pfafthbggo line; tharel a common ;'
energy level either in cogpétgtionoor casgsde'(Bened;ct et

o

al., 1969) so that waQSL‘QApéﬁf is -an. excellent medium for -

this type of study. - ,’y”‘ )

” r

G

e -

- . N
Tl < o - , .
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CHAPTER. 2
THEORY OF COUPLED OPTICAL RESONATORS

wWater vapour, like many other laser media, has many lines

that can lase simultanecusly with an ordinary two mirror

’ = -

obtical°§esonator.‘0ne method of forcing the laser to operate
on a single line is the use of a grating as oné of the end
mirrors. In this chapter, the theory'of a mirror-gratiﬂg {MG)
laser cavity will be described, a§ well as the theor& twi
versions of compound grating cavities. The first coﬁpoupd
resonator version'a}iows polarizatjon control over the laset
radiation, while tﬁe second d63cri5éd configuration ;llows,in
pchtice.two and only two laser 1lines ‘to operate‘:imulta—
o

neously when the gain_of‘the lines permit.

()
A\

2.1 NIRROR-GRATING RESONATOR

@ £y

In a simpie- mirror-grating AJMG) laser resonator (see
fiqﬁre é.;), the grdting is set:in thi Lit;rpw'configutat{on
for tﬁé desired wavelength.ﬂ‘The :esoqator grating acts as a
frequency selective mirror' (éranpen, 1965). To reduce the
losses tb -a minimum, the grating must® be chosen so that only
the first and zeroth ordé; of diffraction are possible for

. C e -
the design wavelepgth, and the facet angle of the°grating

v

-

should be equal or nearly se to the Littrow.angle. .

-
- 3

.
t
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For a specific wavelength, the angle of diffraction from

a grating in the Littrow configuration can be calculated from

theé grating equation
nk= d( §in(\9) + sin(@) ) (2.1-1]
where n is the diffraction order, Ais the radiation wave-
1en;th,: d is the gréting line spacing, ¥ is the angle of
incidence and ¢ is the angle of diffraction. Both ¢ and ¢ are
méasureq from the normal of the grating and are positive on
t?e same side of the normal. '
For. the first orde{;iittrow configuration,
. . ‘
and
VY=o LT

o) ;hat

——

X= 2dsin(¢) | \l

For example, ihg _Littrow angle of incidence for a,
“grating with rulingfséacing of 33.33 micromeﬁers for radia- .
tion of 27.97 micromé%ers*(é strong water vapour laser 1line)
is 24:83 degrées.'The above grating is referred to as a 30
micrometer grating because the Littrow angle for 30 microme-
ters is equal to tqé blaze angle ;f the grating (26.74 de-
grées).

-

Because of the grating echelette geometry, laser

H



.
-

-

' . C.
radiation from a cavity containing a grating is linearly

polarized (Hoekséma ‘et al., 1969, Brannen, 1965). The

polarization is cahsed by the different grating reflection
coefficients for ;adiétion'paralloa and perpenéicular to the
grating rulingf. SpecificalIy,. for a grating in the first
order Littrow configuratioﬁ déd'aﬁ angle of incidence of 23.5
degrees, about‘ 98 percent of the radiation polarized perpen-
~

‘dicular to the grating iines is

¥

diffraéted in first order
back down the resonaton: axis with 2 pefcént in the zeroth
order. For parallel ,pqlariéed. radiation approximately 65
percent is diffracted into the first order and 35 percent in
the zeroth order (Brannen and Rumpbold, 1969). The parallel
polarized radiatioA wiii not lase because of the large‘
reflection into thé/zeroth order‘, and so only the perpen-
dicularly polarized mode laseg.' Often, the small amount of
perpendisular radiation that }s diffracted into the zeroth
ofder is used as éhe laser_output.

One effect which must 'be'kept in mind is the lasing of
strong lines whose wavelenétbs aré.simple integral fractions
(N2,N3 and so forth) of.the design Qavelength corresponding
to higher order of diffractign from the laser grating. In
these cases the polarization efféc;s.are not as distinct. For
example the 27.97 micrometers l;ne lasing in the fourth.order '
~of the 118 micrometer gratgng has almost no prefered polari-.

. L A8
zation.




2.2 COMPOUND RESONATOR

In the diffraction of polarized radiation by a grating
the effective phase chgnge upon reflection is different for
radiation polarized parallel and perpendicular to the grating
grooves. Thus the effective optical plane of the grating is
located at different distances from the grating surface for
parallel and perpendicular polarization. Because this grating
characteristic 1is important in explaining some of the
features of the compound grating resonator, it will be
discussed in the first parts of this section. The second and
third part describe the two versions of the compound grating
resonator used in the laser for the thesis. The final section
is a derivation to calculate the optical path difference in
the compound rescnators-arising .from optical plane position

differences.

2.2.1 OPTICAL PLANE POSITION FOR GRATINGS
' The interaction of polarized radiation with a reflection
echellete gr;ting is a wvery difficult theoretical péoblem
even though the scalar diffraction equation 1is well known.
Experimentally, gratings shéw quite different diffraction
intensities depending on the relative polarization of the
incident radiation to the grathqg lines (Petit, 1980).
N\
The phase change of radiation diffracted and reflected
by a grating is important in undeéstanding the laser polari-

zation properties using compound grating resonators. From the




basic boundary conditions of‘ radiation interacting with the

conducting surface of the grating, the phase change will
" depend upon the relative polarization of the incident

radiation (Petit, 1980).

I.H Hutchinson (198la, b) has written two of the few
publications on the polarization reflection phase difference .
of gratings, and the properties imparted from this difference
to optical properties of grating laser resonators.! Hutchin-
son (198la) used an echelette grating as a resonator element
normal to the optical axis. The laser radiation wavelength
was at léast twice the ruling spacing, so that only z2ero

'

order diffraction was possible.

Hutchinson observed a heterodyne signal between two
laser modes polarized parallel and perpendiéular to the
grating lines. He deduced that the optical length of the
resoﬁaﬁfr for the two modes was different, and therefore the
aptical planes of reflection of the grating for the two modes
were separated. The optical plane is defined as the location

of a hypothetical plane mirror providing the same reflection

1]

1 an analogous phase change relative to the polarization
of the incident radiation can be found in strip gratings.
Strip gratings are made up of identical parallel strips of
metal equally spaced either free standing or supported by a
dielectric material. When strip gratings were used in far
infrared laser resonators, similar types of results were
found as those above (Whitbourm and Macfarland, 1986, Veéron’
and Whitbourn, 1986). Theoretical calculation of the polariz-
ation dependent transmission, reflection-and phase change of
strip gratings can be done using transmission 1line and
characteristic impedance models (Compton el al., 1983)




path as the grating in the far field. The plane 1is a way of
modélling the reflection polarization phase difference of the
grating as an optical path difference. From the frequency of
the heterodyne signal and the resonator length, Hutchinson
was able to calculate the differgnce of the optical plane
positions. Hutchinson used the frequency difference between

polarization modes for the measurement of plasmas densities

(Hutchinson, 1982).

He also calculated the grating optical plane_gifference
theoreticd&ly (Hutchinson, }23&2), the results being in good
agreement with the experim;ntal values. Hutchinson ca}culated
the optical plane difference with respect to the polarrzation
by matching the "Rayleigh" expandeq radiation wavefunction
just inside and outside thé'grat%ng boundary. His calcﬁla-
tions were normalized to the groove depth ?ﬁﬁthe grating
(distance between top and bottom plane of the rulings), and
he defined an optical plane difference coefficient, , as :the
ratio of the optical plane'difference to the groove de;EE{;He
calculated that the coefficient was equal to about 0.213, and
that the the coefficient changed very slowly to a minimum of
0.167 for .very long wavelenéths with respect to the'groove
depth. In Hutchinson's calculations, a symmetrical triangula?
rule profile, blazed at 45 degrees, was assumed. Hutchinson
maintained that these results would also héld for gratings
blazedrnoé too far of 45 degrEeq.‘Experimentally, he found

only 20 percent difference between the theoretical value and




the experimental value of the optical plane difference for a

grating blazed at 24.5 degrees (Hutchinson, 198la, b).
/)

Fof.both types of compound grating resonator described
in the following sections the reflected radiation is not
normal to the grating, and for the first type of resonator
the incident wavelength is approximately the same length as
Athg grating line spacing. However, the opti;&l'ﬁléne~m94el
outlined above is useful in explaining char;cteristics of the
resonators. From experimental re;ults with a hirror-
grating-mirror resonater a measure of the optical plane

t
difference was calculated (see chapter 5).

2.2.2 MIRROR-GRATING-MIRROR RESONATOR

If a mirror 1is placed in such a position that the
radiation diffracted into the ieroth order from the grating
of an MG resonator is reflected back to the grating and hence
dowﬁ the axis of the 1laser in phase with the first order
reflectL@n, the parallel polarization mode will have small
éhough losses so that it can lase as well (see figuré 2.2).
This mirror:érating-mirror (MGM) , configuration allowé the

laser action with both polarizations ahd still maintains-

“frequency selective characteristics (Brannen and Sarjeant,

—

1970). 2

2 1t will be shown later that the wavelengths longer

than a critical value will be completely reflected from the
primary grating. The “MGM configuration then can act as a
resonator for these long wavelengths. This wavelength
lasing can be controlled by an iris placed. the: optical
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For both polarizatibn modes, the additional mirror
creates a secondary resonator that couples with the principal
resonator. The effect of the coupled resonator is especially
important for the barallel polarization because a large
fraction oﬁ radiation 1s reflected 1into the secondary

resonator.

Theory ;hows’ that the secondary cavity mod;lates the
quality factor, Q, of the primary resoconator, the Q depending
on the relative phase of the 'two resonators. The primary
resonator Q modulation depth depends principally on tﬁe
' degree'of coqpling between the two resonators. The modulation
alég‘dgbends on the rehative phase of the resonator modes. In
tﬁé cougiéﬂ ;avity, the effect of the second resonator onn

the. di'fferent resonator modes is illustrated in figure 2.3.

In addition to the.fréqucncies existing in tlre uncoﬁpled
primarg_ resonator, additional frequencies exist 1in the
coupled resonatox. They &epend on the length ratio of the two
cavities. For example, if the length ratio between the t;o
caQities is 1/5, the modulation period wiil be six modes of
the coupled resonator, which correspon&s to five resonator
modes in the uncoupled 1long resonator. This 20 percent

‘increase in the number of modes reflects the overall degree
\

cavity so that the losses for 1long wavelength aremtoo great

to support laser action.

-~
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of increase in resonator length.

when the dncdupled resonant frequency o¢f the second
cavity is eqqal to the uhébupled resonant frequency of the
first cavity, the compound }esonator ;ill have the largest Q,
and there will be no frequency shift. For modes of one order
greater and lower than the unshifted mode (mpde where the
resonant frequency of the primary agd secondary cawity are
equal), little frequency shift is noticed between the coupled
cavity and the unéoppled primary cavity. (Choo and Brannen,

1

1971, Kleinman and Kisliuk, 1963).

. Because of the opticai plane difference of the primary
grating, G;, for the two polarization modes, the coupling
effect of the secondary mirror for the two pol;rizations will
not .be in phase. In other words the optical length of the
secondary cavity is Tnot the séme for the two polari;étion
modes Secause of the optical plane difference of the grating.
A more detailed discussion of the'above resonator feature and
how this relates to the characteristics of the laser can be
found in chapter 5 on the experimental results of the MGM

laser.

¢

2.2.3 MIRROR-GRATING-GRATING RESONATOR

A compound grating resonator can be made to lase selec-

tively on two laser 1lines by replacing the secondary mirror

of MGM resonator with a grating. In order to have independent

L3
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control of the two wavelengths, the wavelength of the second

laser 1line 1is chosen longer than a critical wavelength
)é= d{1+sin(¥)) so that only the ze}o order diffraction is
possible from the primary grating, G;. The primary grating is
as usual in the Litttow configuration for the first wave-
lengéh. The primary grating acts as a specular mirror for the
second laser 1line. In order to 1limit the sécond line to a
specific wavelength, the second grating is set in the Littrow
configuration for that wavelength. The second grating, Gy, is
also chesen so that only the first and zero orders are

possible (see figure 2.4).

For a given incident angle for the primary grating, ;i,
the critical wavglength can be calculated f£from the grating
eguation.

nXx = d({ sin(¥)) + sin(oy) ). (n=1)
o« . ‘
-Since the incident angle, Y;, is constant then
as >\increases, sin(@y) -> 1l'or @1-> 90o
and the critical wavelength will be

o

Ae = d(1 + sin(¥)))

For example, using as the primary grating the 30
micrometers gratimg specified before (ruling spaéipg of 33.33
micrometers, Littrow angle of 24.83 degrees for 27.97
micrometer radiatidn), the critical wavelength is 47.33

micrometers so that all wavelengths longer than 47.33
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.micrometgrs are completely reflected 1in zero order into the

-—

secondary cavity.

<]

An important feature of a compound grating resonatdr is
- > L]
the use of the primary grating as a short wavelength filter
for the long wavelength laser line.
s -
For certain lasing media such as water vapour, there is

such a 1arge number of laser lines that occasionally a long

_wavelength line may be close td an integer multiple of a
shorter line. If a simp}e MGAiresonator is used and if the
short wavelength is a strong line, the short wavelength can
lase simultaneocusly with the 1long one. In such a case, a
compound mi;ror—grating—grating_ (MGG) resonator can be used
to eliminate the short wavelength. The primary gratig,is
«.chosen and set in such a way that the short wavelength will
be diffracted into several orders while-t?g_long wavelength

will be reflected off the primary grating as if it were a

s

flat mirror.

For example: the 118.6 micrometer iine‘of water vapour
is almogg an exact multiple of the 39.69‘micrometer line, and
often, wheﬁ_ the laser \is Aligned wigh.a grating blazed fof
118.6 michmeters, the lasér will also-lase on 39%.%9. microme-
ters line, unless the curreht is restricted. The twin grating

compound resonator can eliminate this problem by usiﬁg'ﬁa 30




micrometer grating as the primary grating and 118.6 microme-

ter grating as the secondary grating.

Py
~
N

The second laser 1line eXxisting in the coupled MGG
resonator will also be linearly polarized be;au§e the second
grating is also in the Littrow configuration and it has
sin.\ilar properties as explained‘efore. However, there is one
major difference between the polarizations' caused by £he
first and second grating. The polarigation of the first laser
line is determined by the setting of the primary grating. The
relative polarization of Fhe second line is either perpendi-
cular or parallel (or in a‘sgecial case, Dboth) to the lines
of the primary grating depending on the relative angle of
second grating lines to the first and was partly controlled
by the rotation of the second grating about the optical axis.
The polarization features of the second laser line are a
function of the difference in the optical plane positions of
the pfimary gratiné for the two polarizations and thus the
difference in optical' path length for the two polarization
modes. Experimental results demonstrating th;s polarization
feature, and a more elaborate discussion‘log the optical

mechanisms involved can be found in chapter 6.

2.3 OPTICAL PATH DIFFERENCE
ASs described in the two previous sections, ra&iation is
reflected off the primary grating of the resonator along two

- different optical paths depending on the polarization of the

Y
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radiation. Assuming that the model of a constant or slowly

varying optical piane difference 1is valid, and dependent
mainly on the groove depth even when .the zeroth order
diffraction is reflected off at some angle other than zero
(as assumed in Hutchinson;s derivation), then the optical

path differenee for the two polarization modes will simply
depend on the reflection angle off the primary grating and

the groove depth.

With this model, the optical path difference of the two
modes cen be easily calculated from the geometry of the laser
resonator (figure 2.5). The groove depth (h) can be calcula-
ted from éhe “blaze angle (8g) and iine spacing (d). The
grating parameters are specified for each grating.

h =.dcos(®g)sin(eg)

Taking into coﬁsi&eration the epticai plane difference

coefficieﬁt iB) and the incident angle ($ﬁ),-theloptical path

—~———
~

difference (AL) can be found as
AL = 2¥hsec(Y;) ;
AL = 2§dcos(®eg)sin(eg)sec(¥;). (2.3-1)

It 1is prebable that the optical plane diffe ‘nce
~coefficient calculated by Hutchinson is not aciurate wh the
reflection angle is far from zero, but hcpefully the coeffij
cient is a slowly varying function of the reflection angle

s .

and radiation, wavelength.
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As an example, the optical path difference can be
calculated for the 30 micrometers grating used as the primary
grating for many of the experiments done for this thesis. The
primary grating has a rule spacing of 33.33 micrometers and a
blaze angle of 26.74 degrees. For simplicity, the reflection
angle can be assumed tc be equal to the blaze angle. Since
the optical plane difference coefficient for this type of
arrangement is not known, Hutchinson's value of 0.213 can be
used for an o}der of magnitude calculation. The optical path

difference is calculated tc be 6.39 micrometers.

If the above grating setup was used in an MGM resonator
(the iris opened enough to allow the longer wavelength to
lase) the optical path difference for the two polarization
. modes would depend only on the setting of the primary
gkating, and the two modes would lase at slightly differgpt
frequencies. Thé freqﬁengy difference can be calculated frém

the following derivation.

The ratio of mode‘ frequency differenqe, Af, to the
resonator frequency is equal to the ratio of the resocnator
length difference (equal to the grating optical path diffe-
rence), ML, to the resonator length, L,

(A£/€) = (AL/L) '
) then the frequency difference is

Of = 2¥d(c/p)(1/L)cos(@g)sin(8g)sec(V;) i




Using ’the grating, wavelength and setting from the
previous example and a resonator length of 4.4 meter (the
length of the optical cavity used in the expériments for this
thesis), the frequency difference would be 9.17 MHz. for the
47.47 micrometers line, and 3.67 MHz. for the “118.6 microme-
ters line. These frequency differences can be compared ﬁo thé
free spectral range of the laser of 34 MHz and the water
vapour Doppler width of 26.1 MHz for 47.47 and 16.5 MHz for
118.6 micrometers line. The Doppler width calculations were
done at a typical 1laser medium temperature o% Goq\degrees
Kelvin. From the above derivation, it can be seen that the
optical plane difference of a grating could be measured using
a heterodyne technique as performed by Hutchinson (assuming

that a fast enough detector is available for the wavelength

- and power of the laser line).

It is interesting to note that the frequency difference
bgtween polarization modes depends on the angle of reflection
and type of grating used. A resonator could be designed where
the frequency difference between the polarization modes is
continuously variable And controlled Dby th; angle of inci-
dence on the primary grating. This fesonator design would
allow more flexibility in the frequency difference than the
design used by Hutchinson which has only a fixed frequency
" difference for a specific grating, resonator, wavelength

combination.




CHAPTER 3

DUAL LINE INTERACTION

In. the ‘%revious chapter, it was shown how tWwo laser
lines (and only two) were made to operate simultan§ously. If
the two chosen lines have no common iasing level(;hen there
wil% be little or no interaction between them, and both lines
will operate independentiy. However, if the two iasing lines
db shﬁre a level, either in competition or in cascade, then

the effect of the interaction can be utilized to obtain

' characteristics of the levels involved.

In this chapter, a model of two-line coupling is descri-
Bid. Ff&m the model, a measure of the ﬁwo-line cdoupling can
be derived and expressed as a constant. The relative polari-
zation of the two-line effect on the coupling is also explai-

ned.

3.1 MODEL OF COUPLED TRANSITIONS
The different types of coupled transitions that share
the same level can be seen in figure 3.1 where cascade and

competitive transitions are shown.

24




(a) Cascade

\

»

(b) Competitive

(c) Competitive

Fiqure 3-1
Tynes of Courled Transitions




A model for the coupled transition has been derived from
a semi-classical treatment of the problem (Najﬁ;badi et al.,
197%). This model is an exten#ion of Lamb's semi-classical
derivation of competition between two modes in a two level
transition (Sargent et al., 1975). An outline of the deriva-

tion of the model can be found in Appendix A.

Since all the coipled lines used in the experiment were
competitive types, the coupllng{%pquatlons used are for
competitiv;"lines. The equatiohg”‘can be easily adapted to
cascading transitions by inverting the sign of the coupling

coefficient.

Since Fhe transition rate in laser acfion (stimﬁlated
emiss{on) isvrelateQ to the 1line intensity in the/iaéing
medium (electric field strength squared), it is natural that
the coupling is expressed as a constant multiplied by thé

intensity of the other line. The coupling takes the following

form kuajmabadi et al., 1975):

H.

= I31(a1-P3I1-81717) (3.1-1)

4o

1

I; = Ip(ap-BpIp-8317) (3.2-2)

where a; and a; are the net gains of the laser for the
transition 1 and 2, PB; and B, are the saturation parameters
of the transition f and 2, and 8;; 1is the cross saturation
that couples the intensity of transition 2 to transition 1,

and ©;; couples transition 1 to 2.
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Tﬁy—explicit forms of ay, a3, By, By, ©;2 and 835 invol-
ving the electric dipole matrix coefficient, population
inversion, frequency offset of resonator modes £from the
transition line centre, decay rates of laser levels, Q's-of
; . \

resonator modes and frequencies of the laser transitions can

be found in the paper by Najmabadi et al and in Appendix A.

For the coupled laser lines the steady state intensity,

il(Z) = 0, can be found from equations 3.i-l’and 3.1-2 to be
I, = ;l(al - (812/B1)1; (3.1-3)
I, ="az/By - (821/B2)1; (3.1-4)
Hence -

I; =4m)/B) - (&2812/B81B)) + (8;2621/B1B2)1)
I, =%,/B; - (a1831/B1B)) + (831817/B1B8)1;

A

so that 5
I ="(q4f7EI{/(1=c)

I, = (ap'/B3)/(1-C)
where ajy‘and aj'are defined.by

a1'= a; - ©1322/8

ap'=dp - 82101/R)
_ and where a coupling constant, C, between the two transitions
is (Sargent et al., 1974, chapter 9-2)

C = 8,2621/B182
This coupling constant i4 a measure of the coupling

between the two transitions and its value will determine
whether the ‘two modes can simultaneously lase or not. In t@e

case of weak coupling, C < 1, one or the other or both lines °



can lase. Wwhen C'= 1 the coupling is neutral, and when C > 1
the coupling is strong and one or the other lines will not

lase (Sargent et al., 1975, Najmabadi et all, 1975).

For a homogeneous standing wave laser with the resonator

modes at line centre, Najabadi et al. calcylated the value of
a simplifi?d version of C as -

C = (4/9)(§a8c)/ (Fp+Fa) (Fp+lc) |
where }; is the decay cdnstant of the the transition energy
‘leééi i..The simpiification made is that there is no interac-

N

tion &ween the uncoupl&.evel, a and c in figure 3.1. Any

transition between these twé levels wusually - involves a

quadrupole interaction. ’

In many lasers the values of ;he g’;i;x and saturat'a
coefficient are difficult or impossible to obtain, but the
coupling coefficient can be measured, if the laéer design
al}ows both single independent mode operation of both@lines
as well as simultaneous. lidg operation. The following
derivation shows how. »

\

If the lgser is made to lase on only line K one (1), then
I» = 0 and the sinéle mode steady state intensity of line one
‘(Ii) takes the form (Sargent et al., 1974) |

I{ = a1/B

- and similarly the single line steady state intensity of line

F
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28
two (I3) takes the form
I = ay/B3.
The equations for the coupled fd(gt}ons, 3.1-3 and 3.1-4 then
can be rewritten as ‘follows

2
1;.

Ii - (912/51)12
Iy - (851/87)1,

I

The expression can be rearranged as

T e1/B)) = (I{-1/1;
(Ié“lZ)]IJ

(82%7829
.

so that o ) \\\\\ >_;

C = 8,281/81B; .

A

»

becomes
C =9l (I{-T7)/I111(13-15)/15]"

Thus to measure the coupling constant hetween two laser
transitions, the intensities of the two lines are measured
separately (single line operatiocn) and then measured combined
(both lines 1lasing). The coﬁbling constant is the product of
fractional difference betWeen the two,m;des with the coupled

intengities as the standard.

'As descfibed in’ chapter 2, the MGG laser allows both
single line as well as simultaneous operation of two laser
lines so that tﬁe coupling - constant for a pair 6f cpupled'li-
nes can be measur®d with an MGG laser. Alsq, since the MGG
resonator controls the relative polarization of the two lines
(parallel or perpendicular to each other), the dependence of

the coupling constant upon the relative polarization can be




o,
it

found.

3.2 MAGNETIC SUB-LEVEL COUPLING

In the preceding derivation, each energy level in the
laseér transitions was considered as a singlé state, that is
non-degenerate. With molecules that have non-zero angular
momentum J (or some spin valwe) each energy level possesses
2J+1 degenerate magnetic sub-levels, m. The characternistic
values of the angular momentum, J, and the magnetié sub-_
levels, m,are integral (or half-integral 1in the case of

spin). The value of J is usually not bounded and is‘positi§¢

*
——

while the value of m is bounded between -J< m <J.

When a transition occurs between two energy levels of a
molecule, its probability depends not only on the perturbing
force acting on the molecule, such as the }lectric field in
stimulated emission, but also on the value and change of J
and m. The transltion rules for electric dipole transitions
for polyatomic molecules are AJ = +1, 0, AJ = 0 and J = 0 is
forbidden, and Amn = +1, O. The transition probability
coefficient corresponding to the angular momentum part of the
interaction (wigner-Eckart theorem) can be found in many
quantum theory texts. (Condon and Shortley, 1935, p.61,
Sobel'man, 1972, p.85). ¢ .

In ard ensemble of molecules the magnetic sub- level

population of both 1lasing 1levels are evenly distributed

\j

ot



before lasing takes place. When lasing commences, there is a

dis;ribution of sub-levels participating in the lasing
acttvity depending on the magnitude of the sub-level transi-
tion probability; That is, the lasing will occur mainly in
-the population whose transition probability, depende&t on the
magnetic quantum number, is largest. This creates a magnetic
sub-level population redistribution of both the upper and
lower levels. Some redistribution of magnetic sub-levels also

y

occurs due to collisions.
v . -~

When a laser 1s made tq operate on' two lines that share
a common leVe%, the magnetic sub:level distribution of each
line is an important factor in the degree of’goupling that
will occur between the two lines. This coupling‘eff?ct due to
the above mentioned distribution can be accounted for by an
extra coupling coefficient, C', that multiplies the single
state coupling constant (Khayutin, 1979a, Melekhin  and
Melekhina, 1973). Obviously, the maximum and minimum wvalues

of C' are 1 and 0 respectively.

For example, two lines will have maximum couplin; when
tﬁey share .the upper levels, both transitions have the same
upper J value, and the polarization of the electric field of
both transition modes are in the same direction (C' = 1).
However, the coupling will be smaller (C' < 1) if the

polarization pof the 1lines. are perpendicular to each other

because they are not competing as much for the same magnetic




sub-level population. -

As mentioned before, the distribution depends both on

‘the angular momentum and magnetic guantum number value and

their change. Transitions that are linearly polarized axe
called n transitions and coLrespond to Am = 0 while those
transitions that are .right and left'circularly polarized are
called o, and o_. transitions-.respectively ard correspond to
An = +1 and pam = -1 respectivély. In figure 3.2, the relative
transitioﬂfdis£ributions are presented for ;he combinétions
of AJ ¥‘il, 0 and of é and o, transitions, where J = 10 for
the lower level. The distributions of the o_ transitions are

the mirror images of the o, distribution.

o.(m) = o, (-m) .

The g, and o. distributions are needed for calculating
the C' coefficient not only when one or the other ‘"or both
transitions emit circularly polarized light but also when the.
two coupled lines are ‘linearly polarized perpendicular to-
each other. This can be done with a combination of the

T

quantum operator for the circularly polarized transition as

outlined below.

The principal quantum axis, often designated as the 2
axis, can be assigned to be the plane of polarization of the

first 1line. There are three independent gquantum operators,

To, T4, T-, for electric dipole transitions (Sobel'man,
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1972). The quantum operator Ty corresponds to transitions

where pom = 0  and T4+ to gm = +1. The operators T, has vector
form x#iy. It is easy to see that an operator can be created
to describe a transition linearly polarized in the x axis by
a linear combination of T, and T., Ty = (1/é)(T++T-) (Condokl

and Shortley, 1959, Melekhin and Melekhina, 1973).

From the various distributions of n, o,, a_. transitions,
it.is possible to get a qualitative idea of the relatiyg
couplind strength of two 1lines for various combinations of
transition types (AJ = 0, +1) and electric field polariza-
tions. With the laser used in the experiments, the polari-
zation af the\resonatcr modes of the two transitions ;re
either pardllél or perpendicuilar to each other. If the two
coupled transitioqs have the same AJ then the two lines
should be more ti;htly coupled when their electric fields are
parallel to each other, than when th:y are perpend%cul?r to
each other. For coupled transitions where AJ; # AJ2 the

opposite 1is true. Thus experimental measurements of the

correlation allow the assessment of energy level assignments.

Expressions to calculate the magnetic coupling constant,
C', are tabulated in the paper -by Melekhin ' and Melekhina
(1973) £for all the- various combinatiohs of electric field
pcdlarizations (circular or 1linear) and Ag& transitions. To
obtain the exgglssions for C', Melekhin and Melekhina had to

. calculate two 6j expressions for the 6 different combinations

34
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of AJ combined with the five different re;ative polarization
combinations. The original formulation of the coupling (the
6% expressions) can be found in Beterov and Chebotg?v (1974).
An alternative derivatiqﬁ of C' can also be found in two

papers written by Khayutin (1980, 1981).

\,
*



CHAPTER 4 .

APPARATUS

This chapter describes briefly the water vapour laser
system used 1in the experimental part of this study. Each
section of this chapter describes a different part of the
laser: the laser body itself, the gas induction system, the
power supply and controls, and the laser radiation detection
| system. '

' , -

4.1 THE LASER BODY

The laser- was just over 5 meters long and was construc-
ted of 100 millimeéer I.D. Kimax glass tubing, terminated by
two dissimilar optical chambers. At either end of the laser,
between the laser tube and the chambers, there were glass
cross sections used for gas input and output, apd for housing
the ground ring electrodes. At the centre of the body, there
were two more glass cross sections where two cold cathodes‘
were located. Electrically the laser was divided into two
sections connected in paréllel, so that an electrical
discharge would ideally strike from each cathode to " the ring

anodes, located in the end cross sections-(see figure 4.1).
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The central discharge configuration had two important
advantages over conventicnal end to end electricalldischarges
in lasers. Firstly, both end chambers were at ground poten-
tial, facilitating adjustments that had to be done while the
laser was operating. Secondly, the electrical noise produced
by the central discharge congigu;ation was low for the pulsed
current discharge.‘ln the far field/ the fields generated by

the two opposing pulsed discharges cancelled each other:

The cathodég were made of aluminum, and were 80 millime-
ters long and 25 millimeters in diameter. Each cathode had a
20 millimeters diameter hole drilled 60 millimeters into the
end where the discharge originated The cathode was attachéd
t0o the glq?s cross section faceplate. The cathode design
proved toc have good discharyge characteristics over previous
designs, especially at 1low gas pressure (1 to 2 Torr of

elium).

The ring anodes at either end of the_laser were made of
[¥] U ]
aluminum tubing, 50 millimeters 1long, split down the length

to ease insertion. The anodes were at ground.

Ideally the electrical discharge current should be the

same for both sides of the laser. This was only found when‘

the water vapour, concentration was very even along the length

of the laser, or the water vapour concentration was low. Any(

ss
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1

imbalance in the water vapour comcentration would iﬁtensify

the discharge in the low water vapour pressure side. The
discharge would' continue to favour .that side after the
concentration became homogenecus or when the_  vapour concen-
tration was reversed (within limits). With limited success
for low to medium concentrations of water vapour; the
discharge <¢ould be balanced by wrapping gfzunded aluminum
foil to the body of the 1laser. This balancing technique did
not work with typical helium water vapour pressure used in
the experiments (4.5 Torr of heliuﬁ and 1.0 Torr of water
vapour). Perhaps the solution to the uneven discharge problem
is to use glow discharge cathodes. The one sided discharge
generated enough laser power to carry out the experimenss.

Y The laser resonator cavity consisted at one end of a
spherical 100 millimeter diameter gold over nickel‘mirror
. (mirror radius = 8 meters), M1, and at the other end by a
coupled grating system. (See Appendix B for coating methods)
The 100 millimeter mirror had a 2 millimeters diameter radia-
tion coupling hole in 1its centre, drilled with a dlamon@
embedded hollow drill. The mirror was held in a gimbal mount
attached to a translation stage inside‘; cylindrical aluminum
chamber 300 millimeters 1long, 300 millimeters in diaqpter.
The rear access plate of 'the ehamber had a 25 millimeter
diameter polyethylene window aligned Qith the mirror hole.

Vacuum feedthrough controls for the mirror were also located

on the rear plate. The exterior micrometer used to position

v
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the translation stage could be motor driven for constant .

velocity translation of the mirror. '

The principal grating and the secondary optics at the
other end of the 'laser resonator were located in a vertical

aluminum cylindrical chamber, 495 millimeters in diameter and

40

55 millimeters in height. The bottom metal plate of the °

chamber was permanently attached to the c¢ylinder, while the
top was an 18 millimeters thick plate glass sheet.that rested
»~n an '0' ring, located jin a groove fabricated in the edge of
the chamber. The glass'pla;e allowed easy access to the laser
optics and facilitated alignment procedures (P.A. Rochefort,
1981). The principal grating, Gl1, was held in a gimbal mount.

A mirror, Mi, or grating, G2, was used as the secqndary

cptical element an& held by gimbal mount.and was attached to

a translation stage. Both mirfor mounts and the translaiiqn
" stage were adjusted' with external controls. The secondary

optical element (usually the grating G,) could. be rotated

‘ - .
about the optical axis. The worm gear of the rotation device -

was magnetically couﬁied through the top glass plate of the
chamber. The extefnal micrometer for the trafislation stagé,

similar to the one used for the principdl mirror, could also

»
be motor driven. r
L s o
H

w . .
An absgorber could be placed by means of a vacuuh
feedthrough between the principal grating Qnd the secondar§

optical element. This. allowed the 1laser to be converted

:_—__—L___ Lr L ‘ . ./———/\



easily from a compound MGM or MGG resonator to a MG resona-
- ‘-
‘tor. > .

-
-

The design of the motor drive for both the principal
mirror and the secondary optic were similar . A synchronous
motor-gear, reduced to one revolution per minute (rpm),

rotated the micrometer head by means ©f a corrugated rubber
/-l

timing belt. With the available gears an Fmt?ometers, the

translation stages could be driven at. 17.01 microns per

minute or 31.75 microns per minute. For calibration purposes,

both drives had magnetically coupied relay switches that were

activated once every revolution of the micrometer.

-
y ' -

4.2 GAS INDUCTION SYSTEM

The' laser used a flowing mixture of water vapour and
helium..The ges ﬁixture entered at the principal mirror
chamber end and exited at the graFing chamber end of the
- laser. The flow and pressure of the laser was controlled by a

combination of needlée vagves fer the gas inputs and for the
mixed gas output. The outit?‘needle valve was usually left_at
one setting while the input control valves were adjusted to
required partial pressures. Both the input ahd output needle
valves had in-life on/off toggle valves to preserve settings,

0

'and valved 6//pass lines for rapid evacuation. Gas flow rate

' \

for the laser at 3.3 torr (helium) and 24 degrees Celsius was

3.37X10°2 litres per secomd, or at 'STP 1.36X10-4 1liters per

second.




A heated box regulated to 30 degrees Celsius contained
the gas induction and the water vagour delivery systems. The
water vapour for the laser was drawn from the heated water
held in a g¥xass —flask inside the box. The water at the
regulated temperature had a VApour pressure of 30 torr while
the laser operated with partial water vapour pressures of 0.1
to 2:0 torr. There was a separate valved inlet to the flask
so that it could be refilled without having to open the box
and break vacuum seais. The helium gas was delivered from a
tank with a regulated pressufe of EOO kPa to the helium input

system.

The laser was evacuated by means of a-two stage rotary
vacuum pump. The rotafy pump had to have the air ballast open
at all times so that the water vapour 4did not condense into

the vacuum o0il and damage the pump.

A connectiomr was provided that could by-pass the laser
body and 1link the wvacuum pump directly to the gas handling
system. This allowed the direct eyacuation of thé helium and
water vapour 1lines. More importantly, when the water flask
had been refilled, this connection allowed the direct

. N
evacuation of dissoclved gases in the water.

The gas pressure was measured ﬁsing a diaphragm type

pressure meter (Baratron 222 A) with a pressure range of 0.01

torr to 10.00 torr. The pressure was read from a 10 volt full

P
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scale voltmeter. The gas pressure was measur®d at the grating

chamber away from any electrical discharges.

4.3 POWER SUPPLY

The pulse power for the laser was supplied from a
General Electric modulator originally designed to power a
radar system. The modulator consisted of three parts, a
variable DC high veoltage supply, a power modulation unit and

trigger contreol system (see figure 4-2).

The DC power supply was comprised of a va{fgble three
phase transformer that supplied zero to 220 volts to the high
voltage transformer. The AC power from the high voltage
transformer was rectified (with vacuum tube diodes) and
filtered with a high voltage capacitor. The DC.power supply
was rateq for 750 ﬁilliamperes at 12 kilovolts.

The power modulator unit consisted of a voltage doubler
coil with a hold-off diode .in series, a pulsed forming

network to store the power and/sﬂape the output pulse, and a

hydrogen thyratron high Yoltage switch, to deliver the power

to the load. The modulator could be égﬁfigured,< at a setting

of a switch, to deliver either a 1 or 2 microsecond rectangu-
lar pulse into a matched load. Since the laser was pumped by
a gas discharge, the laser's impedance was neither constant
nor well matcheq with the modulator. output impedance. -As a

result, the ‘current'pulses at the 1 microsecond setting were




1
X

about 3 to 4 miproseconds long, and approximately triangular
in shape. The typical operational peak current and voltage
for the laser with 4.5 torr of helium and 1.1 torr of water
was about 600 Amperes and 25 kilovolts. The current of the
modulator was measured using a special high speed current
tr;nsformer mounted on the output port of the modulator
(Sarjeant and Brannen, 1968 a,b). The voltage was measured
with a high resistance voltage divider in parallel with the

load.

The trigger control system was made up of a pulse
generator and a high voltage trigger circuit. The generator
used the rectified power line signal (120 Hz.) as its clock

standard and the timing pulse rate was set by dividing (1 to

99 in integer steps) the clock frequency, so that the pulse-——~

generator frequency rates were integer fractions of 120 Hz..
Also, the phase of the pulses with respect to the power mains
signal could be varied. Since the charging of the pulse
forming network of the modulator depended on what power main
phase angle the charging occurred and with the triggef
circuit tied in to the power mains, the pulse to pulse power
was as constant as possible. For all the experiments in this
thesis the pulse rate was 30 Hz..{
»

Because the hydrogen thyratron in the modulator needed a
high voltage pulse to discharge, a high voltage trigger
circuit was constructed to step up the voltage of the trigger

-
“uis
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pulse from the generator.

The timing pulse was also used to trigger the detection
system box car averager (BCA) and monitoring oscilloscopes.
Because of the large ground loops created by the laser high
peak current, the signal pulse was decoupled from the BCA and

oscilloscope circuit by means of an opto-isoclator.

4.4 DETECTION SYSTEM

The laser. radiation was coupled out of the laser, as
mentioned before, by a hole in the centre of the prﬁhcipéf
mirror and then passed through a window in thé chamber. The
output beam was—then redirected perpendicular to the laser to
a long focal length concave mirror (mirror ra&ius = 1 metre).
The concave mirror was needed because of significant beam
divergence caused by the diffraction of the radiation from
the hole aperture. The converging beam was then directed to
one of two detection setups, depending on whether the laser

was in the MGM or MGG resonator configuration.

To study the polarization interaction of the MGM laser,
the detection. system was designed so that tﬁe power of both
polarization mode signals would be recorded simultaneously.
The laser radiation was split by a silicon beam splitter, and
each part passed through a polarizer and on to a detector
(see figure 4.3a). The two polarizers were set at 90 degrees

to each other. The polarizer set at 90 degrees was for




radiation polarized perpendicular to the principal grating
rulings and the other polarizer was for pargilél radiatioen. |
The two detector signals were averaged by a two channel box
car averager (BCA) (P.A.R., model 162). The timing of
sampling gates was adjusted to measure at the‘ péak of the
integrated laser signal (see— below). The BCA time constant
for both channeis was about 1 second (30 1laser pulses). The
averaged signals were recorded on two channel chart recorders
(Wanatabe, model SR652-2).
’

The detection system for the MGG 1laser was similar to
that of the MGM, except the beam splitter was replaced by a
grating, and no polarizers were used (see figure 4.3b). The
grating was used to diffract the two lines on to detectors.
Only one grating was needed for all the pairs of laser lines
inyestigated. The grating was blazed for 78'hicrometers, had
rule spacing of 100 micrometers (10 grooves/millimetre), and
facet blaze .angle of 23.1 degrees. The §OWers of the shorter
wavelengths lines (26.6 and 27.97 micrometers) weré'measured
from the second order diffraction off the grating, and the

longer wavelengths were from the first order diffraction.

»
¥

For all the experiments, the laser radiation was
detected by a pyroelectric detector (Molectron P1-11). Since
pyroelectric detectors are thérmal detectors (Putléy, 1980),
they'pfoduce an output current proporticnal to the intensity

of radiation that they absorb, and their spectral response

a7
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ranges 1in principle from the visible, to the millimetre

wavelength region.

To make the detector very sensitive for very small
signals, a large resistance must be used as a load resistor
to the detector element. The load resistance for the Pl-11
detector elements was 100 Megohms. The high frequency
response of the detector was inversely proportional to the
detector lcad time constant. The high frequency cut-off point
of the detector element, resistive locad combination was
approximately 100 Hz., and as a result the detector system

~

integrated very fast signals. Hence, for the short laser
’

pulses from the water vapour laser (from 3 to 4 microse-

conds), the detector systehm operatéd as a pulse radiation

integrator. The maximum output signél‘of the deiector was

proportional to the total energy of the laser pulse.

To reduce the acoustic noise signal, air currené thermal
noise (which can vary the detectors element temperature), and
to limit thg wavelength range sensitivisy, the pyr‘electric
detectors are often fitted with windows. The Pl-11 Molectron
detector crystal is mounted inside a EO-S transistor package
with .the top removed so that a window can be.fitted into the
opening. About half of the detectors in the laboratory weré
fitted with KRS-5 windows and have a detection range of .6 to
50 ﬁiqrometers (Molectron, Kimmitt, 1970) and were used for

single wavelength experiments at 26.6 and 27.97 micrometers.

o .
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CHAPTER 5
MIRROR-GRAEiNG-MIRROR EXPERIMENTS AND RESULTS
The first experiment with a mirror-grating-mirror (MGM)
compound grating resonator was done by Sarjeant and Brannen
in 1970. They qeported that radiation, parallel or perpendi-
. cular relaﬁi;e to the principaf grating's lines was emitted
from the laser with the polarization depending on the

position of the secondary mirror, M;, (see figure 2.3)

(Sarjeant and Brannen, 1970).

The properties of an MGM laser were further studied in
detail for this thesis, The interaction of the two modes and
the lasing medium with respect to the length of both the

principal and secondary cavities were investigated.

5.1 MGﬁ EXPERIMENTAL DESIGN AND METHODOLOGY

Before any experiments were done, the laser system was
activated for at least an hour before commencing the experi-
ment. The laser was pulsed at 30 Hz. pulse-repetition rate,
the high voltage supply was set at 12 kilovolts and the
modulator was set for 1 microsecond pulse width. The helium

partial pressure was set at 4.6 Torr (cold, no electrical




[

1discharge) , and was very stable over the 1long term. The
water vapour partial pressure was adjusted until the total
pressure was 5.3 Torr (cold). During the warm upperiod,
coptical elements could be aligned.

" < The MGM resonator was aligned in two éteps. First, tﬂe
principal grating was aligned for maximum power on the
fundamental mode with a small 1iris aperture. Then the
secondary mirror hérizontal and vertical axis tilt angles
were setT\Tﬁe initial horizontal tilt angle of the mirror was
set from the measured horizontal angle of the principal gra-
ting with the bottom of the chamber. The initial vertical

tilt of the mirror was set by aligning the mirror with a

transparent template set upon the glass top of the chamber.

The secondary mirror was then adjusted uptil a parallel

polarized signal was found.

The first MGM experiments where done with both principal
and secondary mirrors moving simultaneously with one of the
mirrors moving much faster than the other. These results were
used to get én “initial feel for the apparatus; For the
results shown in figures 5.1 the two polarized signals were

recorded simultaneously while the primary mirror, M, was

translated continuously,with the secondary mirror, M;, at a -

fixed position. After sufficient translation of the primary
mirror, the secondar§ mirror was moved by a segrgmount to ab

new position. For the results presented *n figure 5.2 the
® .

. B

. - ®
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secondary mirror was translated continuously, while the

primary mirror was moved in steps.

5.2 MIRROR-GRATING-MIRROR EXPERIMENTAL RESULTS

The preliminary experiments with the MGM resonator were
done with the 27.97 micrometer laser 1line. This 1line is one
of the strongest of all the water vapour.lines (Benedict et
al., 196%). However, difficulties were encountered with the

experimental results.

The difficulties arose because the Doppler broadening of

27.97 micrometer water vapour line was of the order of the
free spectral range of the primary cavity of the laser

~ .
(frequency difference between adjacent 1longitudinal modes).

The Doppler broadening of the 27.97 micrometer line at a

.typical discharge temperatyre of 600 Kelvin was 44.4 MHz

(FWHM), and the free \spectrial range of the 4.4 meter long
laser was 34 MHz. Therefore, two longitudinal modes could be

.

within the gain curve of the 2Y.97 micrometer line and could
lase simultaneously. This was vekified by the 50% modulation
of the 27.97 micrometer 1line laser power as the principal

mirror of a simple MG resonator was tran$lated.

e 118.6 micromete; water vapour line was chogen for
further experiments with the MGM resonator. The 118.6
micrometer Doppler broadening under similar- conditioﬁs as

above was 10.5 MHz.(FWHM). The homogeneous pressure broade-

57
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ning of the 118.6 micrometer line was approximated to be 27
MHz. The homogeneous 1line» width was calculated from the
pressure broadening approximation of 5 MHZ/forr. Thus ‘only
one longitudinal mode at a time was within the 11826 microme-
ter line gain curve resulting in a nedarly 100% modulation of
the 118.6 micrometer 1line with translation of the primary

mirror in a simple MG resonator. .

There were a few drawbacks in working with the 118.6
micrometer line. The 118.6 micrometer laser power was not as
strong as the 27.97 micrometer line. The 118.6 micrometer
power was also limi;ed by simultaneous lasing of the 39.6%
micrometer 1line, as mentioned in chapter 2. The 39.69
micrometer 1line lased on the third order Littrow configu-
fation. I1f the concentration of water vapour got too great,
pg25> 1 Torr, or if the current was too higg, then the 39.69
micrometer line would start to lase, and 'wquid a;moQﬁ
completely'suppreés»-the power of 118‘6 micrometer line. With
these limits, the Optimum operatihg con&itionS' for the 118. 6

micrometer line could not ‘be reached. To verify that only the

118.6 micrometer line was lasinq, the power modulation perzod

w!s observed with respect to the t:anslation of the princxpa1 .:

mirror (MG resonator) , o i .

=

A8 the final difficulty 9hcbunmered, the b&ckgr@ﬁhd"‘.

micrometer. l1ine than for the 28 mLcrdﬁeter line, becaus#,thq-‘

"'

noise level of the - detectors Qaé' q;eater- fquthe,iib}él
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detector element did not have a window.

Figures 5.1 and 5.2 are sample results of experiments
done with the MGM resonator at 118.6 micrometer. (Figure 5.1
is the eiperimental result where the secondary mirror, M2,
was moved in steps, and figure 5.2 is A£he result where the
pgimary mirror, Ml, was moved in s S.) Both figures show
the siénal of each polariéation ngfmalized to their respec-
tive maximum signal. The | symbol 1in the figures refers to
radiation perpendicularly polarized relative the lines of the

‘H

_ polarized radiation. The .peak power of the perpendicular

principal grating, and the signal refers to parallel
radiation from the MGM laser was about the same as the peak

power from the simple mirror-grating laser.

As reporved by Sarjeant and Brannen (1970), the results
presented in figﬂ?és 5.1 and 5.2 confirm that the MGM
resonator can produce\/}aser radiation polarized either
perpendicular or parallel or both to the principal grating
ruling, and ﬁhat the output depended on tﬁe position of the

secondary mirror.

In figqre 5.1, the powers of both polarization modes
were modulated nearly in phase with the translatién of the
primary mirror, M,. However, the value of the peak power of
the two modes was determined by the position of the secondary

mirror. There appears to be at most a 4 micrometer offset




~

between the modulation of the two modes and there :was no°’

apparent change in this offset with the different position of

the secondary mirror.

In figure 5.2, the competition of the two polarization
.modes can bé seen down to the small scale. The figure
éémonstrates, like figure 5.1, the positional influence of
the secondary mirror on‘§h¢ power of the two modes. For both
polarization modes, at different narrow .range positions of
the secondary mirror, the power of one of the modes peakea,
such that its power completely dominated and robbed the other
mode of laser gain, and suppressing it completely (see
figures 5.2 h, i, j). The power peaking of both modes are »\/2
periodic (period = 118.6/2 micrometers), and, as memtioned
before, occur at different relative position of the secondary

mirror. The modes peaked when the resonant frequency of the

secondary cavity, formed-between the primary grating and the

.
- A d

secondary’ mirror, equalgd the resonant frequency of the

primary grating (see chapter 2). This positional difference

The figure 5.2 also shows that the peak and intermediate

will be discussed be

powers of the two modes were modulated by the translation of
v
. the primary mirror. Again it can be seen that the power

modulation of the two modes are nearly in phase.

As shown in figure 5.2, the secondazy cavity frequency




\--

’

for each mode equals the primary cavity frequency at two

diffe}eni positions of the secondary mirror. From measure-
ments of several experiments similar to the one presented in
figure 5.2, the peak power positional difference ef the
secondary mirror was 21 + 2 micrometers or 38 + 2 micrometers -
depending on the direction of measureéent (see figure 5.23)

(the direction of the measurement will be discussed below).

The frequency of the two modes in the main cavity can be

assumed to be the same or nearly the same so that the optical
plane;‘of reflection of the pri ¥ grating for the two modes
must not be coincident.

' )

To calculate the optical plane difference for the two
polarizations, the model of grating reflection @ described in
chapter 2 will bé\used. It will be assumed that the frequency
and phase of the two ﬁolarizations in the main cavity are the
same. The path difference, AL, from reflection from the

grating is equal.to the peak power postion difference of the

secondary mirror (see figure 5.2 3j). From th} model, the

parallel optica; pPlane is in front of the perpendicular

plane, so that wﬁen the secondary mirror travels toward the

primary graéihg thelpeak power path difference must be mea-

sured from the parallel peak power position to the perpen-

dicular peak power position. for experiments where.the secon-~-

dary mirror travelled away from the primary grating, the me;-‘
surement must be done in épposite fashion. From this prescri-

bed way of measuring , the path difference equals 38 + 2

“




In subsequent experiments, the single mode laser power

~of the 47.47 and 47.70 micrometer lines as secondary lines in

the MGG laser was compared when the radiation was parallel or
perpendicular to the “primary grating ruling. The pri&ary
grating was the 30 " micrometer blazed grating, and the
secondary érating was the 47 micrometer blazed grating, both
described in previous.secpions.‘.The experiment was done by
first méasuring the laser power with the radiation perpen-
dicular to the lines of the primary grating (the lines of the
two gratings in parallel), and then parallel to the lines.

The procedure was then repeated again. .

For the 47.47 micrometer line, the ratio of parallel to
perpendicular pdlarized power (gelatiye to the primary

grating lines) was 2.4'; 0.1, while for the 47.70 micrometer

line the ratio wis 4.1 + 0.1.

Thesé results demqnstrate that the primary grating is
more reflective for- radiation polarized parallel ‘to its
ruliﬁg lines than -for perpendiculggly‘ polarized radiation.
Thus the best design of MGG resonator for maximum power for
non interacting two:line operation Qogld be with the grating
lines perpendicular to each other. For the cases of competing
or cascading lines, coupling‘ effécts have to be taken into
account before deciaing on the optimum relative orientation

of the lager: ) - "

e e
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‘wavelengthgz

.‘ toﬁt@g lasinq line ha1f~wave1ength. . , ' -

-

’ measured the _coefficient to be equal to 0.21 -with a 26.75

-

degrees blazed grating (Hutchinson, 1981b).'Botn'coefficient
fvalueg were with qpyelenqthé mérg than twice the grating rule
spacing, and the-ra&iation wasiincident normal to the grating

(see chapter 2). The présent measured ‘coefficient value of .
0.32 + 0.02 is in good -ngreement with both the theoretical

and experimental values. From’ Hutchinson's thearetical
calculhtions The coeff1c1ent is expected to decrease to O 16

for wavelengths much longer \than the rullng.spacing The
present measured coefficient value whlch was measured with a
wavelength Bhorter than thg grating line snacing may be .

[

continuing "the theoretical’ eéghblished trend for shorter

5.3 CONCLUSION - T s
It has been shown®' that the laser polarization can be
controlled with an MGM laser tesonatoi.Alsd,the polarization

control is a. function of the'secondary resonator length and
] - . -

the ovezgll power is a function of the primary resonator

lenqth Thus a laser could be designed where lasing frequency

§
could be contrclled by maximizing the overall power, _.and ‘'the

relative polariza;ion power ‘could be controlled with the :
l - - - -
trgnslation ‘to. the secondary mirror. The trdvel of the

secondary mirror for polariza€ion switch ng is small compared -

b !
* [}

, ' J U
4"  From the_experihental results, the polarization qptical

-«
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plane difference was measured. From the groove depth of the

grating the optic;1 plane d%fference coefficient was calcula-
ted. The coefficient was found to be in good agreement with
both theoretical and experimental values, taking into account
the differences of.basIc parameters, showing that the éptical
plane difference scales'with the groove depth of the grating.

-

Experiments could validate the opfical plane model of

the grating and compare it with the results found at 11ét6,

micrometers, to find out if the optical plane difference

-,

‘varies with reflection angle or not. The experiments could
usé the three.strong water vapour lines, gﬁe 26.6, 27.97 and
33 micrometer lines, combined with the 30 micrometer blazed
grating. All three lines can lase with the graéing, and their
Littrow angles are 23.5 degrees for tHe 26.6 micrometer,'24.8

~

degrees for . 27.97 micrometer, and 29.7 degrees for the.33.0
micrometer, gibi&é’ a good variétion of angles for the
experiment with_ the same - gfatingi Since the blaze angle of
the 118 micrometer gJrating is nearly the same as the 30

micrometer grating the results from these experiments would

test the scaling of . thé grating parameters. The experiment

Qould h!ve to be done with a shortgr laser and maybe higher

\
prassures to avoid the problem of two longitudinal modes

within the gain curve, For these wgvelendths a smaller

diameter laser tube would also be. desirable (25 to 50

millimeters I.D)‘to increase the giin.




CHAPTER ¢

MIRROR-GRATING-GRATING EXPERIMENTS AND RESULTS

]
Thg mirror-grating-grating (MGG) resonator allows two

far-infrafed lines to lase simultaneously, co-axially and
with control over the relative pclarization of the two lines.
Other coupling measurements in the far-infrared have had to
be ' done with two resonators .,set in an 'X' configuration
within the laser tube (Jeffers, 1968). This configuration
does not allow the efficient use of the 1lasing medium for
interaction between’ the two lines. Also, because of awkward
optical set up, the laser tube cannot be made smaller without
making the op;ical resonator longer so that both resonator
beams wi;l fit within ﬁhe laser tube. The interaction between
two lines in an -MGG resonator 1is along the whole lasing
medium length g;lowing much greater overlaﬁ»of the medium for
the two lines and is in the centre of the optical axis where
usually there is.the maximum gain and saturation. The optical

sdt-up is relatively simple and no linitatiénlis placed on

the length to diameter ratio of the lasqi_tube.

As In the MGM resonator case, Sarijeant and Bgannen

(1970) QSmonstrated that the MGG resdnqtor would allow‘iasinq
. s

i
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on two lines simultaneously in a controlled manner.

This chapter descriP®s the experimental methods develo-
ped and used with the MGG resonator laser, the optical
‘propertiés found, and experiméntal results of simultaneous
lasing for several pairs of interacting water vapour laser
lines. ?

6.1 MGG EXPERIMENTAL METHODOLOGY

The alignment procedure €for the MGG resonator . was
similar to that‘of the MGM resonator. The only difference is
ﬂhas the lasing of the sho}t wavelength (lasing from the
_primary grating) was suppressed while the final alignment of
the secondary grating for the long wavelength was eeing done.
The'short wavelength was suppressed by de-tuning the primary

grat}ng frem the Littrow configuration.

-4

The following methodology was followed for coupled line

mteraction experiments. The short wavelength was set for

Ld

maximum power by adjusting the settings of the primary

grating, Gy, and vprincipal mirror, M;: the absorber was’

placed within the secondatf cavity to suppress the long line

from ﬁasing. The absorber was then removed and thé settings

of the second grating, G;, were adjugted for maximum powér.

This constituted fhe 1;ser's interaction configuration. The
single line power of short wavelength was measured several

. e . : ?
times while the lgser was in the interaction configuration by

~—
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placing the absorber in and out of the secondary:cgvity. To
measure the single line p&Qer cf the 1long wavelength, ‘the
primary grating was rotated slightly about the vertical -axis
so that the short wavelength would not lase, §nd then the
secondary grating was readjusted for maximum lasing power.
[ 4

Usually, in the {£irst part of the experiment the
polarization of the_two laser lines were aligned (the lines
of the two gratings . were parallel). To measure the interac-
tion of tbe two lines with the. polarization perpendicular to
each other, the secondary grating was rotated 90 degrees
about the optical axis (the grating- surface facing; up), and
' the above ;nggraction procedure repeated. Depending on the
experiment,.up io four sets of jneasurements were taken, two

with the grating rulings in line, and two with them perpen-

dicular.

In a preliminary experiment, the 27.97 and 118.6 lines
were made to lase simultan%ously. To reduce the losses for
the J18.6 line, .the 1laser igis ad to be opened fully (60
mill}meters). Because of the high gain of the 27.97 lineaand

thg large laser'aperture; thé;27.97_ transverse modes lased .

7

and could not be suppressed without the 118.6 micrometer line
also being inhibited. The 27.97 mic;ometer §utpu£ power
fluctuated severely, and would havg undermined any- attempted
correlation experiments. The design of the MGG resonator does

‘not lead to a simple solution to this problem. As the

\
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difference in wavelength of the two lines used with the MGG

resonator _lessen, the transverse mode excitation problem
reduces. For the lines studied, the difference in wavelength
and power of the two lines were such that the 1iris could be
closed enough so that transverse médes-of the short wave-

length lines were not excited.
~ 6:2 MGG OPTICAL PROPER’fIES

The primary grating 1in the MGG resonator acts as a
mirror for the second 1longer wavelength. However, unlike a:
plane mirror, the primary grating reflection properties
depend on the polarization of the incident radiation. Some of
the optical reflection properties of primary gratings were

inveétigated experimentally.

<

<

In jﬁgg;lmgg&ﬁ_g&iii the primary grating was used solely

.as a reflection element,™ certain weaker  water vapour line
used as the secondary wavelength of the MGG laser cquld not
lase, or lased with reduced power. This.result i# a;tribuied
to the extra reflectiog loép’f{om the primary grating. For
exaﬁple the 49.1 micrometer 1line could lal"in an MG laser
resonator, but‘could not lase as the secondary wavelength off'
the MGG iaéer. The power of the llsjsﬁnfcrometer ling as the
?econd line we; areatly ';eduged as coﬁpared with the power

goutput from herG laser.fln bothaexperiments, the ruling of

ﬁhe two atings were paralle] to each other.




."[

In subsequent experiments, the single mode laser power

~of the 47.47 and 47.70 micrometer lines as secondary lines in

the MGG laser was compared when the radiation was parallel or
perpendicular to the "primary grating ruling. The priéary
grating was the 30 " micrometer blazed grating, and the
secondary grating was the 47 micrometer blazed grating, both
described in previous\sec;ions."The experiment was done by
first measuring the laser power with the radiation perpen-
dicular to the lines of the primary grating (the lines of the
two gratings in parallel), and then parallel to the lines.

The procedure was then repeated again. .

For the 47.47 micrometer line, the ratio of parallel to
perpendicular polarized power (relatiye to the primary

grating lines) was 2.4+ 0.1, while for the 47.70 micrometer

line the ratio was 4.1 + 0.1.

Thesé results demqnstrate that ¢the primary grating is
more reflective for‘ radiation polarized parallel .to its
ruling lines than -for perpendicula;ly‘ polarized radiation.
Thus _the best design of MGG resonator for maximum power for
non interacting two:line operation Qoqld be with the grating
lines perpendicular to each other. For the cases of competing
or cascading lines, coupling‘ effécts have to be taken into
account before decihing on the optimum relative orientation

of the laser? ) _n



From these experimeq}al results, the ratio of the 47.47
to 47.70 micrometer sindle 1line power in the MGG resonator
could be also calculated under similar 1lasing conditions.
when the polarization of the two lines was perpendicular to
the primary grating, the power ratio of the 47.47 to 47.70
micrometer lines was 0.41 + 0.01 and when the polariiation of

the lines Qas parallel, the ratio was 0.24 + 0.01.
- ’»

»

-

Another reflection property was found during the
preiiminary MGG experiments. In these experiments, the secon-
dary grating was ;otated about thg optical axis 1in steps ;f
'22.5 degrees, starting at (0 degrees (the grating lines

parallel to eacb other) to 90 degrees. When polarization

measurements of the secondary line were made, it was found
that the polarization of the radiation was perpendicular to

the primary grating rulings when the secondlry grating was

set at 0 and 22.5 degrees, and parallel when the secondary
grating was set at 67.5 and 90 degrees. Qhen the secondary
grating wa§ get at 45 degrees, both polarization modes we
1asin§. These results were found for both the 47.47 and 47,70
_?ucyometer lines. Figﬁres 6.1a 'to 6.1c show polarization
measurements of the 47.47 micrometer ‘line wigh the grating at
0, 90 and 45 degrees. The overall lasing power decreased with
the rotation of the grating to a minimum'at 45 degfees.

when the secondary.grating was set at 45 degrees, the

relative power af the two polarizaiion modes was not consis-

-~
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tent from trial to ¢trial. This may be due to the relative

position of the secondary grating or the critical dependence
on the relative ggating angle. From observation of the lasing
signal on a dual channel oscillescope (chopping mode), no
alternation of power between the two polarization modes from

pulse to pulse was observed.

These results are consistent with the grating model
described Dbefore. Wwhen the secondary grating ruling was
either parallel or perpendicular to the primary grating, the
radiation reflected off the primary grating like a mirror. As
the secondary grating was rotated about the optical axis, the
linearly polarized lasing radiatioﬁ fromr the secondary
grating was split on the primary grating into two perpendicu-
lar polirizations [perpendicular and parallel to'primary
grating rulings), because of the polarization op£i§a1 plane
difference of the primary grating. The two pplérization modes
have an overall different optical‘ path length and so are
resonaft at sigbtlf different freqﬁgncies. When the secondagy
grating wds set at 22.5 and 67.5 degree; aboué the opfical‘
axis, the losses were téo great to sustain the parallél and'
‘perpendicular polarization modes, respectively, 56 that the
laser radiation was linearly polarized "pexpendiéularly and
parallel, respectively, but at lower pqwe;? When the secon-
dary qF;tiﬁq Wwa&B set at 45‘ degrees, the secondarﬁ radig;ion
is more evenly split by the primary gratinb, and thus both

bolnrization riodes qf the sécondarylline could ‘lase. p

.
.. ~

{ ! e




It would be 1interesting to measure the optical plane
difference cf the primary grating at the wavelength longer
than the c¢ritical wavelength. One way, other than the
heterodyne method described in section 2.4, would be to use
an MGM resodnator seét so that the short wavelength would not
lase from the secondary mirror and the long wavelength would
lase. Simultaneous measurement of the two polarization modes
. of the .longer wavelength could then be taken. Assuming that
the results would be similar to those found when the lasing
WQvelength was _shorter than the critical wavelength of the
grating, the same type of analysis as described in chapter 5
could be used to calculate the optical plane differenée~of
the primary gr;ting: ‘

)
6.-3 TWO-LINE INTERACTION RESULTS

As mentioned before, water vapour is a good 1lasing
meaium.to study interacting lasing lines. Water vapour has
many‘lines that are in cascade or in competition. Unfogtuna-
tely mahy of the 1lines have gain too small to be used in

experiments. The choice is then reduced to lines that have

good output power and share an energy level. Another practi-
cal constraint is the available grating for‘'the MGG resona-

tor.

Four lines were finally chosen for detailed investiga-

tion; 26.6, 27.97, 47.47 and 47.70 micrometer lines. These

78



(Benedict et al., 1969), common energy levels, and good power
output. Figure 6.2 shows schematically the vibrational-rota-
tional energy levels (from Benedict et al., 1969) of the four
chosen lines as well as other 1lines used with both the MGM

and MGG laser.

Unfortunately all the interacting 1lines wused in the
experiments are competitive. No suitable lines were available
for a cascade interaction experiment either because the lines
are too weak, for example the 49 and 120 microméter lines} ar
because no suitable grating was readily avatlable for éne of
the cascade transitions.

The 26.6 and 27.97 micrometer, lines lased with Jthe 30
micrometer blazed grating as the primary grating. The 47.47
and 47.70 micrometer 1lines lased with the 47 micrometer

blazed grating as the secondary grating.

Because the 47.47 and 47.70 micrometer lines are so
close, special care had to be taken to ensure that only one

line was lasing at a time. This was accomplished by closing

the iris down to about 25 mm. The long length of the la?er

also helped separate the two 1lines. The small aperture
reduced the power of both 47 micrometer lines but the power

levels were sufficient to carry out the experiments.

|
L)

80



31 .

(100)
apowW butyoiaials
OTI33umiAs TIUY

+h

z-9 2anbry

L9

(020)
apow burtpuoad

wrlz Yy
wrlQLzY

-

suoijrsuely 1ase] anodey 133eM

S

{001) 3POK
' :butyo3ails
< 21133uAS

€k

cw



25

1323

EEEFR

.n_ u_w_&._ugt.m

lll\l
I



4

]

6.3.1 INTERACTION RESULTS FOR THE :

26.6 AND %7.70 MICROMETER LINES -

The expe;imental results for the 26.6 and 47.70 microme-
ter lines were the most satisfying of the four interaction
experimenté. From the results of this pair of lines could the
coupling constants be calculased. when the interaétion
experiments were docne with the three other pairs of lines,
the lasing power of the short wavelengths did not change
sufficiently (relative to the noise} to allow.the coupling
const~nt to be calculated with the method described in
Chapter 3. The power of the long wavelength lines did change
appreciably demonstrating that the 1lines were coupled, and
the coupling depended on the polarization allowing estimates
of J values involved in the two transitions ‘(see the fgllo-

-

wing sections for more detail).

Typically in the two-line experiment the, power of the
26.6 micrometer line would decrease by about 21 ‘percent, and
the 47.70 micrometer line by 23 percent when the palariza-
tions modes of the twoc lines were parailél. whén the pola-
rization of the two 1lines were perpendicular to e;ch other,
the power of the 26.6 micrometer 1line would decfease by about
36 percent, and“ the 47.70 nicrometer line by abouf 56
percent. (For all the percentages above and following, the

single mode power of the line is used as a standard in the

calculation.)
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The parallel polarization 7pupling constant was calcu-
13

lated from the experimental results to be 0.18 + 0.04, and
for perpendicular polarization to be 0.45 + 0.06. The ratio
of the parallel to perpendicular éoupling constant was
0.40 + 0.14. —

* . -

The experimentél coupling constant 1is a measure of the
magnetic coupling constant, dependent on the relative
polarization of the lines, multiplied bg the'nén;degenerate

coupling constant. The theoretical fexXpressions for (the

-~

coupling constants contain terms involving the electric.

- ‘ .
dipole moments of the transitions, decay constants, and

pumping rates. These are‘ generally not known so that the
experimentally obtained values can not be compared di;ectly
with the theoretical values. However,' given the angular
momenta of the g}ansition levels and the polarization type of
the two interacting lines, the cantribution of the magnetic
sub-levels to the coupling constant can be éalculated. Thus
the ratio of the experimentally measured: parallel to per-
pendicular coupling constants is the ratio of only the

magpetic sub-level parts of the coupling constants, and can

be compared to the theoretical calculations. .

- According to Benedict et al. (1969), the 26.6 and 47.70
transitions have a common lower level of J = 6. For the 26.6
micrometer line AJ = 1, and for the 47.70 micgpmeter line,

AJ = 0.

o —_—

<
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According to Melekhin and Melekhina, 1973, for two

transitions whose radiations are linearly polarized and

A\]

]

AJ1 = 0, AJ2

calculated from

J(J+2)2(23+3)
C' = =e-msosmemomommmemmm e (parallel
(3J2+43J-1)(4J2+8785) polarization) -

and

J(2J+3) (4J+3) 2
C' = m-=--ommmmmmmemm e — o (perpendicular
4(3J2+3J-1)(4J32+83+5) polarization)
i \

With the given values for the 26.6 and 47.70 micrometer
transitions, ;he calculated value of the parallef magnétic
coupling sconstant 1is 0.234 and for the perpendicular 1is
0.666. The ratio of the parallél to perpendicular'magnetic
coupling constant is equal-'to.OuBSl in reasaﬁgble=agreément
with the experimental ratio (0.40 + 0.14).

7

6.3.4 INTERACTION RESULTS FOR THE T*§Q\..

26.6 AND 47.47 MICROMETER LINES )

T™he least amount of interaction was found with this
pair of 1lines. When the two lL;es lased simultaneougly,.tfé
26.6 hicqpmeter line power did not change percéptibly for
eiéBEr relative' linear polarization. The 47.47 micrometer

“* line power reduced only about 6 percent when the-polarization

N\

1, the magnetic coupling constant can be
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of the lines were parallel, and 11 percent when they were

perpendicular. The experimental conditions were similar to
the experiments with thHe 26.6 and 47.70 micrometer line. The
power of the 26.6 micrometer line was almost the same in both

experiments.

— The results indicate a slight increase in coupling when

the line polarizations are perpendicular to each other as

compared to whén they are parallel. The results indicate thaf

the J of the two transLtig$§ "are not equal. The resuilt are

consistent with thé transition scheme of the 26.6 and 47.47

micrometer line presented by Benedict et al.; AJ =1 for the

26.6 micrometer line, AJ = 0 for the 47.47 micrometer llne,

and the J = 6 for the common 1ower energy level

-

6.3.3 INTERAC&ION RESULTS FOR THE ;
27797 AND 47.70 MICROMETER ths
According to the transition heme of Bene&ict et al.
{1969), the 27.97 and 47.70 micrometer transition do not
share directly an e;ergy .level. However, the energy levels
are quasi-degeperaté and their wavefunctions mix. The mixing

of the‘wavefunction_increasg; the'probanility of a transition

from the symmetric vibrational  str®tching mode to the bending

mode {like for the 27.97 micrometer transition). The mixing
also provides a coupling mechanism %etw’een the two transi-

tions. The wavefunction mixinq of quasi-degenerate energy
]

levels between the stretchinq modes and the bending modes,

83
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A L) »
plays a major role in the lasing mechanism of water vapour

s

t(see Benedict et. al., 1969).

when the interaction experiment was performed with the
27.97 and 47.70 micrometer linQ§, the power of the 27.97
micrometer line did not change, while that of the 47.70
micrometer line was reduced to practically zero for either
relative line polarizations. From the results, it is opvious
that the two 1lines are very strongly coupled for either
polarization. The interesting aspect of these results is the
complete suppression of'the 47.70 micrometer line.

j [ 3
€.3.4 INTERACTION RESULTS FOR T;-IE
27.97 AND 47.47 MICROMETER LINES

When the 27.97 and 47.47 micrometer 1line were made to

lase simultaneously, the 27.97 micrometer line power did not -

change to any nbticeable degrée, similarly to the 2Zf97 and
47.70 micfometer %ines experimenfs. The 47.47 micrometer line
éower, when inteqactiné with- the 27.9% micrometer line, was
reduced by about 96 percent when ®™& two laser lines were
polarized parallel to eﬁéh.other,,and 48 percent when the two
were perpendicularly po}arized to eagh other. Thé 27.97
micrometer line power was about the same as in the 27.97 and

-

47.70 microme;er interaction experiment.
According to the BeneQict et al. (1959), the 27.97 and

47.47 micrometer lines share a common upper energy level,

. v
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J = 6. According to the transition scheme, for the 27.97
micrometer line, AJ = -1, relative to the common upper level,
and for the 47.47 micrometer line, AJ = 0. From the magnetic
couﬁling model, described in  chapter 2, the two transitions
should couple more when the r;Eative polarization of the two
lines are perpéndicular to. each other. The experimental
coupling ‘results are 3Jjust the opposite. OGutside of an

»

any stratghtforward explanation for these results.
6.4 CONCLUSION - - . -

It has been .shown that.the MGG resonator can be used to
investigate the coupling of two laser lines that share a
common transition energy level. It has also been shown that

the coupling depends on the relative polarization of thg two

t

LVl

liﬁes as predicted by the sub-magnetic coupling model.

L 2

Four pairs of water vapou¥ laser 1lines were investiga-

téd: The® ‘'ratio of the t?eoretical relatiye polarization
coupliné'constant Yo.the éatio of the experimental coquants
were in good agreement for the 26;5 and}47.70 micrometfr
lines Qith the lgiven transition assignmént. " The 6oupliné
between the. 26.6 and .47.{7 micrometer lines was vengﬁsmall
bpt consistent with the .given» transition. assignment. fhe_

47.70 micrometer 1line was completely suppressed when 'the

"27.97 micrometer line lased in,either relative polarization.

The 27.97 and 47.47 microméter lines showed the’ strongest

- , §

-

incorrect rotaticnal assignment, there does not seem to be,
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coupling when the two lines were parallel to each other,

opposite to what was expected from the given energy level
assignments. For the 26.6-47.47 micrometer, the 27.97-47.70
micraﬁeter and the 27.97-47.47 micrometer interaction
experiments, the power of the short wavelengths did not

change noticeably with the experimental noise level to be

able to calculate coupling constants.

ngeral ﬁolarization reflection propertiég of the
primary grxating for radiation of wavelengths 1longer than the
;ritiqal q@veiength were investigated by using -the MGG laser
in single_‘mode configuration and lasing from the secondary
grating. The reflection coefficient of the primary grating
for radiation polarized parallel to the d}ating lines was
found to be greater than for perpendicularly polarized
radiation. This is an important featd}e for the design of a

MGG laser when maximum power of two non-interacting lines is

wanted.

The polarization of the second line in the MGG compound

resonator was found to be parallel or ‘perpendicular ior both

L]
1)

in ; special case) _.to 't@g_ priméry -grating -‘lines as the
secondary gFating was rotateq about the optical axis. This
featﬁre is_consistent with the grating médel of a difference
in position of optical plane of ;eflect;oh.for parallel and

\ .

perpendiculdr polarized radiation.




CHAPTER 7

CONCLUSIONS’

The interaction of several coupled laser 1lines was
investigated with the use of a compound MGM laser resonator.
The MGM resonator allows two lines to lase simultaneously and
co-axially with c¢ontrol of the relative polarization of the
two lines. From the nature 6f the‘MGM resonator the polariza-

tion of the two 1lines can only be parallel or perpendicular

to each other.

Four pairs of coupled water vapour lines all in compe-

tition were investigatésr the' 26.6 :and 47.70'micrometer
lines, the 26.6 and 47.47 mislometer lines, the 127.97 and
47.70’microméter lines, and the 27.97 and 47.47 micrometer
lines. Because all the pairs of transition§ had a common
. upper or lower energy level, the coupling between them was
competitive so that éhé power of o;e or of the other br both
lines , was reduced when the ‘two lased simultaneously. The
power supgfession of tpree of the four pairs of liq‘s showed
depéndence‘on'the relative polarization\of the two lines: the

" 47.70 micromet®r line was completely sﬁppressed whenever the

-
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27.97 line lased simultaneously with either relative polari-

zation.

From the interaction results of the 26.6 and 47.70

micrometer lines two coupling constants were calculated: one !

when the polarization of the two 1lines were parallel,

C

0.18

I+

0.04, and another when they were perpendicular

C 0.45 + 0.06.

The coupling constant 1is not only a function of such
factors as dipole moments 6f the t}ansitions, punmping and
decay'rates of the energy levels but also on how much the two
transitions compete feor éhe magnetic sub-levels population.
The magnetic sub-}evel competition depends on the relative
polarization of the two transitions, and on values and change

r .
in  values of the angular momentum of the transitions. The
ratio of the coupling cons;ant is a measure of difference in
couﬁling *of the ¢two 1lines at the sub-magnetic level, the

\

other coupling factors do not depend on the relasive polari-
 zation.of the lines. The ratio of the parallel to perpendicu
lar coupliny constangs for the 26.6, 47.70 micrometer lines
is 0.40 + Q.14 and compares well to the theoretical predicged

value of 0.35.

Because the power of the 26.6 and 27.97 micrometer lines
*did not change_noticeably compared to the experimental noise

level for the three other pairs of lines (26.6-47.47, 27.97-

8 —
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47.47 and 2?797-41470 micrometer lines) when. made to lase

simultaneously, no other coupling constant could be calcula-

ted? However the power suppression ©of the longer waveleng;gs

- —

—

of the 26.6-47.47 and 27.97-47.70 micrometer lines did depend
on the relative pola}ization of the two lines: as mentioned\\“~ -
above, the 47.47 micrometer line was completely suppféssed by

the 27.97 micrometer line with either relative polarization.

-~ f‘
When the polarization of the 26.6 and the 47.47 microme-
ter’ 1lines were perpendicular to each other, the 47.47

micrometer line was more suppressed than when the peoclariza-
tions were parallel, as predicted theoretically with the
given energy assignments. For the 27.97 and 47.47 micrometer
lines, the suppression- of the 47.47 micrometer 1line was
\greétest when the polarization of the two lines were parallel
to gach other; and less when they were perpendicular to each
other. This 1last result is the-opposite of what was expected
with the given levels assignments. - .
The major limitation for t@f coupling measurement was
) signgl noise dde to the variation of power ffoh pulse to
pulse. For certain coup}ed lines, this problem could bé
circumven£ed by performing the experiments with the laser in.
CW mode if the second line has enough gain to overcofe t%s
extra reflection 1loss off the primary grating. However many
coupled laser 1lines cannot lase CW, and so. the only other

alternative 1is to reduce the pulse to pulse variation of

-




L
power, not an easily solved problem 1in a- - high current gas

discharge laser.

The features Qf' mirror—graéiné-mirror resonator were
also investigatedl This laser reson;tbr allows the control on
the polarization of ;he laser radiation with the position of
the sécondary mirror. S}multaneous measurements of both
polarization 'modes were ~taken as either the secondary or
primary mirrors were translated. The radiation could be
either polarized perpendicular or parallel or both to the

lines of,ﬁhe principal grating. °

. A model .was deQeloped to expla the interaction between
“the secondarg mirror and the primary grating of the reson;tor
that gives 'tﬁe above results. Essentially the secondary
mirror forms a coupled cavity. However, the optical pathé‘for
the two polarization modes are slightly different because of
the reflection properties of the grating: the qptical planes
of reflection for the érating are at difﬁerent positions for
the two polarizgtiéps of radlation. The.resulting difference.
in optical path iength for the two polarizations (parallel
and perpendicular) means that the secondary cavity will come
into resonance with the primary cavity for one of the
polarization modes (making the radiation singly polarized) at
a different poéition of the sec&ndary mirror than for the

other polarization mode.
]




From the . experimental results of the mirror-grating-

mirror resonator the oétical Plane separation for a 30
micrometef grating(d = 1/[6666] meters per line, blaze angle
= 23.5 degrees) was 38 + 2 micrometers. An optical plane
coefficient, ¥, is defined as the ratio of the optical plane
separatioﬂ to the groove depth of the grating. The coeffi-
cient is defined because theoretical models of the optical
plane pfedict that the difference should scale with the
groove depth of the grating. The optical plane difference for
the 30 micrometer grating is 0.32 + 0.02, in fairlylgood

agreement with the theoretically calculated value of 0.21.
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APPENDIX A
SEMI-CLASSICAL THEORY OF COUPLED TRANSITIONS
' ) .

In this appendix, the semi-classical theory of the
coupling of two transitions -that share a common énergy le;é!
will be outlined. The semi-classical approaqp ta laser
interaction treats the electromagnetié' radiation as a
" classical wave interac;ing with molecules (atoms) that obey
guantum mechanics (Saréent et al., 1974). Tﬁéré.are several
treatments of coupled transitions that follow,&he semiclas-
sical approach (Haken et al;, 1965, Najmabadl et’ qg., 1975;
Paxton and Milonni, 1980, Agrawai, 1984), and also a fully
quantum mechanical derivation of coupled laser transitions
(Singh and Zubairy, 1984, 1981). Tﬁe theoretical derivation
outlined below will follgw the treatment by Najmabadi et al.

(1975). Their derivation is an extension of Lamb's treatment

of a two level system to a three level sysagn. .
e :
‘:
A.l SEMI-CLASSICAL THEORY OF LASING ¢

Lamb's semi-classical approagh to iaser theory, is one of
self-consistency between the lasing media and the‘electroma--
gnetic field within the laser. The classical electromagnetic

field (em) inside the laser resonator interacgts wltﬁ the‘



excited molecules following guantum mechanic calculations.
The .sum of these em-molecule interactions, using density
matrix methods, gives an expression for the macroscopic
polarizatﬁfn of the medium. The complex macroscopic polariza-
tion of the medium must ;Sey Maxwell's eguation, so ;hat the
electric field and thus the intensities of the resonator
modes can be calculated. The intensities of the emitted laser
radiation are _the product of the mode intensities times the
transmission of one or the other or both mirrors of the laser

resonator.

Usually,‘ the em-molecule !%teraction is taken to be
between the electric field, K, of a plane em wave and the
electric dipole of the molecﬁxp. The molecule is considered
not to have any magnetic sub-levels. Also, the spontaneous
decay, the phase loss of the levels from collisions and the
excitation of lasing levels are treated phenomenelogically
for ithe interaction c¢alculations. A more complete' and
detailed explanation of the semi-classical theor§ of lasing
can be found iﬁ chapter 8 of éargent et al.(1974), and for
multimode lasing in chapter 9 of the same‘reference. ,
A.2 THEORY OF COUPLED TRANSITIONS

« The different types of coupled transitions were shown in
figure 3.1. Because the expe;iments done f;} this thesis weré
done witi: transitions that were in competition; the following

calculation will be done for the competitive case that share

an upper level. Only small modification to the signs and
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subscripts have to be done for the other competitive case and

the cascade case.
» -

For the model, each energy level, i1, 1s pumped at a
rate A\;, has a decay rate of bifii' where §; is the decay
coefficient and/ﬂii is the density matrix population coeffi-
cient.

The em field inside the cavity 1is considered to be a
standing wave with the form

Un(z) = sin(Kp2)
where K, is the wavenumber of the mode 'n. The frequency of
tke mode 1is

NS nn = Kpc = nnc/L )
and where ¢ is the speed of light,vn‘is a large integer (106)

and L is the cavity length.

The electric field, E, and the corresponding complex
polarization of the field , P, can be bqQth represented with a
similar type of expansion.

B(z,t)

(1/2)EnEn(t)exp[-i(VBt+¢n)]Un(z) + cqg.

Plz,t) (1/2)EpPp(t)expl-i(Vpt+on)lUpl(2) + cc.
where both E,, P, and o, are slowly varying functjions of
time. v, is the frequency of the n'th mode of the resonator.

The abbreviation cc. stands for complex conjugate.

As mentioned before, the electromggnetic field inside

the cavity must satisfy Maxwell's equation and be self-con
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sistent. Foiiowing the standard method of Lamb (Scully et
al., 1974, Chap 8), Thegelectric field can be related to the
polarization inside the cavity by these relations.

En= -(1/2) [(Vq/Qq)Ep - (Vy/€o)IM(Py), (A.2-1)

vn t wn;-ﬁn-(l/Z)(EﬁlRe(Pn)(Ua/eo)
where Q is the guality factor of the cavity for the mode n
(related to the radiation loss _of the cavity) and €, is
permittivity of free space.

.

For a transition i to j, corresponding to a phg;on of
energy.ﬁua, the complex polarization can be ca}Fulated, using
the rotating wave approximation from the integral
Py(t) = 2explitlye+os)(1/M5)0fLdz U3 s iz,

' (A.2-2)
yhered\ij is the dipole moment of the transition,/oij is the
off-diagonaldenety matrix,elgment ralted to the transition
probability, and- My is the spatial normalization constant
evaluated by the integral '

My = ofL)ujiz)12dz
The genéral equation for the popuiation matrix'elements

has the form

L= A - WAL - (1/2) TP+,
FOr our case of: coupled three level transitions, all the
variableq and functions'of the above eguation, are three by
three matrices. The operator ¥y is the total Hamiltonian of

- {
the system, gnd).ij = ).isij and Tij = -xiSij represent the
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excfiation and the decay rate of each level, respectively.

The coupled equation of motion of the population matrix

element are as fo}lows.
32 = -1+ d32) f3y +(1 M)y (f337f22)+ (WARDY of3,
far =ty foy (14D (/22'/11)*(1/4“02;/31

/531 :\'(1%1431)/"(1/’6)(037/21'/932021)

/).33 = [(i//ﬁ)(v32/’z3 + cc.))
/zz = )\2‘5%/22 + ((1/6)(1)32/323 + cc.) ]
t(i/ﬁ)(wl/an + cc.))
((i//ﬁ)(tﬂn/u_+ cc.))

|
v
L)
]
O
{Q
w
w
+

-
L

+

A1 = -0

¥ij = (1/2)(;+¥4) + § phase.
and b'ighase coefficient is included to account for the
dephasing between the two levels by holecular collisions. The
C}ij term represent the interaction energy of the electric
field with the electric dipéle of the molecule. -
Tis = -E(z,t)pij
where 3\ij is the glectriC*dipole element between the two
lasing levels. Using the rotating wave approximation,I’ij has

the form

T35 = -(1/2)]4E;(R)expl~1(Fyt+oy) 1Us(z)

. The variables/n, /22' /33, /12,f23, /31 can be

evaluated using third order perturbation methods. The valugs

of /12 anhd /23 can be used for the evaluation of P; and %2




23

from the integral (equation A.2-2). The values of P, and P>
can then be used to evaluate the electric field strength and
the frequenéy inside the cavity (equation A.2-1). The
electric ffeld of each mode then has the form
E; = Ej(a;-B1E{-815E5)  (A.2-3a)
Es(as- 2E9-851Ef)  (A.2-3b)

where a;, a; are the net gains of the laser £o¢or the transi-

(4]
N
]

. tion 1 and 2, B;, B, are the the saturation parameters nf the

~

. O : .

‘transition e‘ and 2, and 85, ©,; are the cross saturation
.- - Lo TN ,

terms that' cduple ;ké thé intensity of transition 2 to

transitionfl and 1 t§\~,Jf/spect1veTy The frequency of each

mode has t){e for;y(
N :

Vi + oy =0 +o0y - f1EE 1 5Ed 0 (A.2-4a)

Vh + @3 = Qy + 05 -»/225 - 15;E¢  (A.2-4b)
where oy, 03 are the linear mode pulling terms and/l, /2 are
thetmdde pushing terms of tran§}tion‘l and 2, while tlZ'-L%b
are ’the Cross éﬁshing termV'thqt couples tRe frequency of
transition 2 to transition 1, and 1 to 2, respectevely. The,
explicit forms of uf, ‘ay, By, By, ©1%, 83;, 01, 02,111,112,

112, T21 involving electric dipole matrix coefficient,

,ﬁopulation inversion, frequenci\'oﬁfset<)of resonator modes

from the transition line‘center, decay ratés of laser levels,

Q's of resonator modes and frequencies of the laser transi-
0

tions for homogeheous broadened competitive line can be found

in the followinq table A more complete list. for all the,

combinations of lines in cascade or competition, inbbmq~

geneously or homogeneously broadened can be found in Najma-
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w23
V2

V1

Ni, {-1% /019)‘:/{9%1-1

Nj,1-15(1/1) of DNy y_3(2z,0)az
Lxaw) U%/['%ﬂ w)2]

Dy4w) 1/[6x+i(4w)]
°2"W'2/202)+F§§) 32‘“32'\"2)
Bo= §2(w32-v3)Fid)

FSE) (1/72) 2(1\%2/“60'32)}332

frequency of the transition
level 2 to 3

mode frequency for the transi-

tion 2-3

mode frequency for the transi-
tion 2-1

unsaturated population
difference

average population d:¥$erence
Lorentzian function

complex denomiqﬁtpr .

iznear net gain

self-saturation

first order factor

Fi{3)=(3/2) (p32/zﬁ)2(1/632)r-§§)(1/5 +1/ %)

. @ : )
92=(1/832) (W32-V3 )4632(3'32“’2”’%%

f2=(1/632) (%321 W92 (w3z-v2)Edd)

Tnm * 18nm = Onnmm + Ynmnm

o= (1/8)1v3[(;h

o X 32(wW32-v2) 031 (wW31-"1}

<

-

=]

° ' Table A.1l

hir o;der factor
near mocde pulling

self- pushing

cross-saturation terms .

1)25721/%36033 3311

complex Cross- saturatlon popu-

lation depletion part

| (1/8)AF (3141203, (V1-v3-w21)
g }3 e oy v

complex cross-saturation elec- .

tric-quadrupole part

Summary of coefficient for competitive cpupled transitions”
Equations are for transitions_32 (bc in fiqure 3.1),

for 21 transitons,° same as abowe but with the substitutions
32¢<-->12,

I &0 2¢<=-=->1,

D]

and Jj3<-->§,
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APPENDIX B

N N .
METAL EVAPORATION TECHNIQUES FOR MIRROR FABRICATION

This appendix describes the fabricatipn technique of a
front surface mirror by the evaboration deposition method of
gold or aluminum. Most of thes information in this appendix
has :been gained from expegience. However, the technique of
coating silico; was obtained from Brian Roberts, head of
Produgtion in the bptics Division of gpe National Research
Council of -Canada (private communication). All the mirrors

" used” for the experiments including the 1lasers principal

mirror were coataed in our evaporator with gold over nickel.

»

B.1” ALUMINUM COATING

As a rule, coating any surface with aluminum is easy.
For best results, the surface should be chemically cleaned,
rinsed and left- without any ;esidﬁal streaks. To remove a
prgvious aluminum coating, a warm 0.5 molar s&lution of
potassium hydroxide (KOH) (12 grams of KOH with 500 milli-
liters of warm water) should remove it quickly. If the
aluminum surface to be removed has protective silicon
monoxide (Si0) overcoat, place the mirror in a 1.0 molar KOH

solution. To accelerate the removal process, place the

10a



solution vessel in an ultrasonic bath for several hours. The
coating will slowly dissolve uniformly across the surface in

about 12 hours.

——

[}
For a typical distance between the evaporation boat and

the substrate of 85 millimeters (that found in the laboratory
system, Edwards Vaquum Cocating Unit, model E12E3), about 20
milligrams'of pure aluminum should be evaporated tc make a
totally reflecting' mirror. The aluminum will melt and
evaporate when the molybdenum becat is cherry red (melting
point bﬁ aluminum is 660 degrees Celsius).

TBrie thickness of the metal coating scales linearly with
the &ééunt of metal evaporated, and inversely to the square
of substrate to boat distance. From these relations, the
amount _of meta; can Dbe adjusted for different evaporatifn
dista;ces.

B.2 GOLﬁ COAT;NG

To coat any surface like glass or silicon with gold is
muoh more difficult than with aluminum. Unless properly done,
the qclq gcating will not adhere Qp the substrate properly,
and*’ the gold will flake off.

To make gold mirrors, the surface must be first cleaned

chemically and rinsed as best as possible: the 0.5 molar KOH

- a—

solution, described in the previous section, 1is a good

o> o

[ 4
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cleaning agent. The procedure described in the previous

section to remov€ Si0 overcocat surface will also remove an
old :gold coating. The KGH solution will not dissolve the
goldg bit the procédure will promote Ehe gold to separate
from 'fhe *substrate. Wiping the surface with a camel hair
artist paint, brus® while the substrate is in the solution
twill also 'hé}g_ remove the coating. If needed, the gold
psurface can Se dissolved with aqua regia (a mixture of
hydroch}oric ans nitri? acids, also géod for dissolving

platinum}.

Thezfoilowing procedure is for the deposition of gold on
a silicqn or glass substrate to make a pértially reflecting
mirror. (A simpler procedure is described below for making
totally reflecting gold mirrors.) The subst{ate is placed in
the evapofator:and under vacuum, and furthef cleaned with an
RF discharge (ushally with argon) for 5 to 10 ‘minutes. Before
depositing the gold, the substrate should be heated between
100 and 200 degrees <Celsius. The gold should be evaporated
quickly on ‘to the substrate ‘from a white hot molybdenum boat
(gold's meiting'-temperature is 1063 degrees Celsius). Once
the substrate is ‘coated, it should be further baked at 250
degrees Celsius for 30 minutes, or alternatively, the surface
should be irraQiated with a carbon dioxide laser for a
.similar period,

L]

The transmission 9& a semi-transparent gold mirror




depends on the amount of gold deposi;ed, the wavelength of
.the radiation and on transmission properties of the substra-
te. Some experiméntatién and calibration must be done for a
specific application. For example, it has been found experi-
mentally that a glass cover slide (#l thicknesi) will have 36
percent transmission for 3.39 milrometer radiation when
coated with 2.8 milligrams of gold at 85 millimeters subs-
trate to boat distance. The— uncoated glass has 89 percent
transmission for 3.39 micrometer radiation (C.W. Schneider,

private communication).

To make totally reflgcting gold mirrors, the gold
coating can be deposited on a <c¢lean - surface of nickel,
Inconel or chromium: only gold on nickel mirror- have been
fabricated in .our laboratory: This procedure does not need
any séecial cleaning or heating process, the surface only
needs to be‘chemically cleaned, rinsed and left withou; any
residual streaks. Because nickel forms an alloy with molybde-
num, a tungsten coil must be used to evaporéte the nickel (65
milligrams of nickel at és millimeters coil ¢to substrate
distance). The tﬁngsten coil must be white hot because the
melting temperature of nickel 1is 1455 degrees Celsius. It
also appears that the tungsten coil forms an alloy with the
nickel at these high temperatures because the coils can only

be used foﬁ\~3 or 4 coatings before breakingl. without
L

N

1 There are evaporation boats available that are coated
with an aluminum oxide surface that are not attacked by the
molten nickel. . :

™
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breaking the vacuum, the gold 1is then deposited upon the
fresh nickel surface (60 milligrams of gold at 85 millfﬁeters

boat to substrate-distance). The resulting mirror can still

be scratched easily but, with a delicate touch and care, can

be wiped or cleaned.
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couplinq when the two lines were parallel to each other,

opposite to what was expected from the given energy level
assignments. For the 26.6-47.47 micrometer, the 27.97-47.70
micréﬁeter and the 27.97-47.47 micrometer interaction
experiments, the power of the short wavelengths did not

change noticeably with the experimental nocise level to be

able to calculate coupling constants.

ngeral ﬁolarization reflection propertié% of the
primary grating for radiation of wavelengths 1longer than the
;ritiqal qgveiength were investigated by using -the MGG laser
in single:‘mode configuration and lasing from the secondary
grating. The reflection coefficient of the primary grating
for radiation polarized parallel to the Jfating lines was
found to be greater than for perpendicularly 'polarized
radiation. This is an important featd;e for the design of a

MGG laser when maximum power of two non-interacting lines is

wanted.

The polarization of the second line in the MGG compound

resonator was found to be parallel or ‘perpendicular for both

N L]

in a spécial case) _to tgg_ priméry .grating -lines as the
secondary g;ating was rotateq about the optical axis. This
featﬁre is_consistent with the grating deel of a difference
in position of optical plane of‘geflect;oh.for parallel and

\ .

perpendicular polarized radiation.
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