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ABSTRACT
The work presented in this thesis concerns the development
. and characterization of the first optically-pumped continuous {cw)

lasers in the mid-infrared. Ammonia is chosen\;s the active lasing
medﬁfm, and this research describes experiments in which NH3 is pumped
both off- and on-resonance with a Cozhlaser using several innovative
techniques. The new lasers provide efficient, poﬁerfu1 and Tine-tunable
cw radiatioh in a region (10 to 30 um} where such sources are scarce.

Initial experiments were performed with several off-resonantly
pumped 12-um NH3 transitions and, at low pumping powers, a Raman two-
photon process was identified as the dominant mechanism responsibie for
the gain. The two-photon process résuits from the coherent interaction
of two laser fields witL a three-level system and can create gain in
the absence of a population inversion. This property was essential to
”?he successful operation of the first optically-pumped cw laser in the
mid-infrared as the available pump intensity was insufficient to produce
a population inversion.

A detailed understanding of this new cw laser was achieved by

““’ﬁrobing the small-signal gain with a tunable diode laser in an amplifier

cell. A theoretical model based on a density matrix.fOFﬁalism approach
was dgve]oped and good agreement was found between experiﬁent and
theory. The tunable diode laser measurements emphasized the importance
of the pump intensity in determining the magnitude of tﬁe Raman gain.

Following this study, an optimized 12-um cavity was contructed in which
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the pump intensity wés maximized by using a small capillary tube.
-Qﬁantuq‘efficiencies as high as 45% and output powers up to 10.5 W
were obtained.

Line-tdnability between 10.7 and 13.3'pm was‘accomplished
with a novel pumping scheme. The frequency of the C02 laser is shifted
intd coincidence with the line center of an NH3 tfansition using acousto-
optic medulators. This on-resonance pumping enabied us to create a
vibrational inversion between the NH3 ground state and the upper J/
vibrational level u2=1. By adding a buffer gas, gain was obtained in
the entire P- and Q-branches. A simple model whiéﬁ assumes thermali-
zation among the rotational levels fully accounts for the lasing

behavior.
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Vibrational-rotational energy levels of NH3 relevgnt 22
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to 42.08-um lasing. The insert is a high-resolution

NH3/C02 absorption spectrum taken near J084:6 cm'],
The €0, absorption is indicated by the arrow. The

other absorption peaks belong to the sR(5,K) mani-
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fold of NH3. The offset between the R(30) and

- sR(5,0) Tine center is av_ = 190 * 7 MHz.
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Small-signal gain profile for co- and counter-

propagating 9- and 12-um beams calculated using
the computer code. The small-signal gain is plotted
as a function of the lasing offset frequency (QO] -

wmir)' The pump intensity.is 500 N/cm2 at an ammonia

- pressure of 500 mTorr. The pump offset is equal to
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——

' Fig. 3.3

Fig. 3.4:

190 MHz. Note the large reduction in the peak value

and the wider gain linewidth obtained in the counterQ'
propagéting case. _

Relevant energy levels of the four NH. .transitions

3
Jjnyestigated. Avp represents the pump offset
frequency,-
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Schematitc diagram of the experimental apparatus used

to pump NH, with low-power t02f1aser pulses. Mirrpr =

.Mzzis mounted on a piezoelectric translator (Pzt).

Small-signal absorption of the'12.81Lum laser as a
function of the squage of the Nﬁ3lpressuré in aq
‘external cé]l. The solid Tine is a best/fit fo the
experimentaﬁ data using a lasing offset frequency
of 1.47 GHz.. The dashed line indicates the large
absorption whiéh would be observed if the 12.81-ym

laser was operating at line center.

Schematic diagram of the optically-pumped ring laser.

ix

Page

26

31

337

-

s e~

37

39



Fig.

o Fig.

Fig.

Fig.

‘3.5:

3.6:

4.1:

4.2:

" experimental data using a lasing offset frequency of -
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The solid Tine indicates the path taken by the pump

radiation while the 12.08:um copropagating'have

follews the dasﬁga 1iﬁe.

Absorption coefficient of the cw 12.08-pm laser as a , 42
function of the square of the Nﬁ3'pressure‘in an |

externaT cell. The solid line is a best fit to the

170 MHz and Taylor's calculated values forkTine

strengtqiand linewidth [41]. .' .
Chopped iZ.OB-um output as a function of the MIR A4
rescnator length.' The lower trace displays-thé |

LT
Tinear ramp applied to the MIR piezoelectric trans-

lator. The horizontal scale is 3.7 MHz per division.
Simplified energy level diagram of NH3. The insert 49
as a TDL scan of the sR(5,K) multiplet in NH, near

1

1084.6 cm '. Also shown is the R(20) €0, absorption. ..

Tine indicated by an arrow. Thgrrelevantieqergy..Jdu .

'1evE[s of the transitians with the two smallest pump

£ . ’
offsets are illustrated below.-

Schematic diagram of the apparatus used for the.co- - 5]

_propagating small-signal gain measurements. The

pump C0, beam is represented by a dashed line and the
probe TDL beam by a solid 1ine. Dichroic mirrors MT;
and M2 transmit 90% of the 9-um co, radiation and

reflect 97% of the 12-uym beam. Two types of cell are
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probed; either a large diameter cell or a waveguide

capillary tube. The Freon cell is used to prevent
residual CO2 radiation frdhi'eaéhing the HngT;
detector. | KL

Fig. 4.3: TDL scan of tﬁe sP(7,0) dnd sP(7,1) transitions in 53
the presence of COz‘radiation. The two sharp spikes
offset from the line center absorptions are the

" Raman transitions associated with the sP(7,0) and

sP(7,1) lines. The pump and TDL probe beams are
cobropagat%ng in a 60-cm long waveguide. Pump ..
intensity is 1 W/cm® at an NH, pressure of 800
mTorry .

Fig. 4.4: High-sensitivity'scans’of 12-um Raman gain. The CO, 55
laser is chopped and the TDL beam synchronously
dgtected.' Results are given for co- and counter-
propaégting beams in ~400-mTorr NH.. Average pump
intensity is mZOO‘N/cmZ. The line centers of both
the sP(7,0) and sP(7,1) lines are indicated with j}
arrows. In each praée,_the Raman feature near the
sP(7,1) line is shown on an expanded'scaie. In v
additjon to the indicated amplitude expansion, the
wave ;umbér scale has been expanded in the upper

“trace by a fabtor of 4. The signals observed near

the sP(7,0) and sP(7,1) line centers are discussed

in the text.
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12-um output power as a function of NH3 pressure for

an input poJ;;—of\3ﬁ;f at 9 um. The 1.2-m long

capillary t%&e was nut cooled for these measurements.

12-um output power as a function of the total gaé
pressure. Measurements are showﬁ in pure NH3 (o)
and for NH,/He mixtures of 1:2 (x) and 1:20 (),
respectively. The measurements were made in a 60-cm
long tube at room temperature with a pump power of

38 W. Note that the maximum 12-um power does not

increase when the NH3 is diluted with the buffer gas.

12-ym output power as a function of pump power for a
}oom temperature {o0) and with dry ice cooled (x},
1.2 m-long, 2.5-mm bore wavegquide cavity. Most.of
the results were taken with a 1/5th duty cycle .
chopper. Also shown are measurements with a 1/2
duty cycle (Q) andfn'thout a chopper (I). The
chopped values have -been scaled By the qgty cycle

to ine cw values, -

Schematic diagram of the apparatus used to measure

saturation of thé'12.08-um Raman gain. The dichroic

mirrors (DM) transmit 90% of the 9-um pump

radiation, and reflect 97% of the 12.08-um radiation.

Experimental measurements of Raman gain coefficients
at 12 pym.. Measurements were made as a function of

NH, pressure in a 56-cm long, 1.5-mm bore capillary
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(\\\\\fube. The incident C02,p0wer in the waveguide was
14 W, and the 12-um probe signal was varied from

Fig. 6.3:

Fig. 6.4:

Fig. 6.5:

3.2 W (saturated gain) to <10 md (small-signal gain).
Experimental and calculated values of Raman gain 92
coefficienys in a 10-cm long, 1.5-mm bore capiliary

tube. Pump and probe powers incident in the wave- .
quide are 14 W and 2.7 w,resﬁectively. Calculated

values are given for the relaxation r;te v=25 X 106.

s‘]Torr-]

and use the radial intensity distributions
(normaIiEed to- the waveghide radius a) given in the
inserts. The calculated values are scaled by a factor

of 0.5-(sesitext). .

Ratio of saturated gain to small-signal gain, gsat/g0 \ 96
as a function of incident 12-um power. Measurements

are made in the 56-cm long, ?.Sémm bore waveguide

with 14 W of 3-um pump power. Calculations are

carried out using the same spatial intensity digtri-
butions and relaxation rates as those utilized for

Fig. 6.3. | -

Velocity hole bﬂrning in the M=1 sublevel of NH3. 98
Calculations are performed for a 9-um intensity

of 700 N/cm2 pumping 200 mTorr of NH3 at a frequency
offset of 190 MHz from the sR(5,0) line. The

middle curve 5(b) gives the unperturbed populaticon

difference between levels (5,0} and (7,0) in the NH
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ground state (n2-n1):- Velocities on the x-axis are
normalized to the most probable velocity divided by

(1n2)]/2. The upper curves 5(a) show the two-photon

contribution to the 12-ym small-signal Raman gain

at an offset of 185 MHz. This Raman susceptibility

, . N .
(x12) is plotted as a function of molecular velocity
for both co- and countér-propagating*beam. Curve 5(c)

illustrates the populatign hole-burning which occurs

when a 12-um beam of intensit} 50 w/_cm2 is applied at

aﬁ‘offsef of 185 MHz from the sPF(7,0) line. The

dashed lines indicate fu]]—w%dth—ba]f-maximum line-
widths.”

Calculations of géin versus wavelength for different 108
N1/-N0 ratio. The gain is calculated for a 1% NH3/N2
mixture at 8 Torr. The calculations are carriad out

for the K=0 lines in the R-branch, J=K=3 in the.Q-"

Branch and K=0 in the P-branch. The pumped transition

is marked with an astarisk (*). Note that the °
absorption on ,the pumped 1ine goes to zero with

N1/N0=2.'

Schematic diagram of fhe apparatus used to produce 109
line-tunable cw operation in NH3 between 10.7 and

13.3 um in the selective cavity. Mirrors M, and

M2 transmit 90% of the 9-um CO2 radiation, and have

mgé% reflectivity between 11.2 and 13.5 um.
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Fig. 7.3:

Fig. 7.4:

Calculated gain as a function of wavelength for the
P, Q, and R branches in NH3. The calculation
assumed leNo is 1.1, and was carried out for a li
NH3/N2 mixture of 8 Torr. Only lines with K=0
(R-branch), K=J=3,6,9 (Q-branch), and K=0,3,6
{P-branch) are plotted. Also Shown is the approxi-
mate loss line in the selective cavity, calculated
assuming waveguide losses of 0.3 %/cm, and coupling
losses of ~10% per pass between 11.2‘and 13.5 um.
The increase in the loss at shorter wgvelength is
Caused by a transmission increase in the output

coupler combined with larger grating ‘losses.

Conventional tunable diode scans of gain and absorp-

tion in the sP(7,K) multiplet of NH3.

resonant 9-um radiation pump a 1% NH3 in N2 gas

5 W of

mixture of a total pressure of 5 Torr. The gas is
contained in a 2.5-mm bore, 30-cm long waveguide
cell. Note that gain only appears on the ortho-

lines (K=3n).
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' CHAPTER 1
_ INTRODUCTION
In 1970, Chang and Bridges reported the first optically-pumped
far-infrared (FIR) laser [1]. This discovery came at a time when laser
sources in the FIR region were very limited. The optical pumping tech-
nique uses powerful infrared lasers, such as carbon-dioxide, nitrous-

oxide or hydrogen-fluorides to)

gas. The principal adva

excite vibrational modes in a molecular
optical pumping ove;-other excitation
schemes (e.d. an electrichl discharge), is that it enables the selective
ticul

excitation of, a\pa r molecular vibrational mode without appreciably

disturbing the population of the other vibrational modes. Such an
excitation mechanism is vef; energy specific and allows high operating
efficiencies to be attained. Although optical pumping requires a

pump frequency closely matched to the absorbing transition of the pumped
molecule, the large number of FIR laser 1ine$ generated between 30 um
and 2 mm demonstrates the suécess of the technique for producing
coherent millimeter and submillimeter radiation [2,3]. Figure 1.1 dis-
p]?ys a molecular energy level diagram with typical Tevel populations.
Ldﬁg wavelength emission occurs between.two purely rotational ieve]s
within a specific vibrdtional level. In this case, a population
inversion can easily be achieved since only a small fraction of the
pumbeg level population needs to be transferred to the upper laser
level. Thus, a large number of FIR lines has been observed. However, .
FIR lasers generally havellow photon conversién efficiencies of a few

percent or less ‘[4,5].



1 Fig. 1.1:

- A

Typical energy 1ede] structure of an optically-pumped
molecule. In one case, the ground state is pumped and FIR
lasing bccurs between two rotational levels (J' -- J" (FIR))
within the same excited vibrational state. In the MIR

case, the emission is a vibrational-rotational transition

(3" -- g (MIR)). Also shown are typical thermal populations

relative to the pumped level population of 100.
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The search for powerful and efficient Taser sources has concen-

trated in the past few years in the mid-infrared (MIR) region, i;e.,

r between 10 um and 30 um. This interest in obtaining MIR lasers was

motivated by the potential utilization of such sources in the fields of
laser photdﬁﬁémistry, laser isotope separation and atmospheric

monitoring [6-9]. MIR lasers are wel] suited for these applications

‘since their emission frequencies are.typical of vibrational transitions

in gases. Optical pumping is a straighpforward and simple technique
to transfer the high efficiency and outpﬁt power of & pump source such
as the CO2 laser to other molecules or lasers and to provide cqheren;
output radiation acrdss most of the mid-infrared region. The first
optically-pumped MIR laser was feported by Chang and Wood in 1972
usingra TEA HBr laser to pump CO2 [10]. Sobn thereafter, several other
lasing transitioné téking place petween two vibrational levels were
discovered using N,0, 0CS, SF; and NH; as the puhpéd mo]ecu]eg;[11-14].
Because_of the specific requirements imposed by:seyéral applications of
MIR lasers, most researchers have directed their work toward the develop-
ment of greater efficiency, higher output powers, and high repetition
rate optically-pumped pulsed MIR lasers {15,16]. In favorable cases,
peék output powers in excess of 1 MW and power converéion_e?ficienc1es
up to 40% were attained [10,17]. The extension of this successful
scheme from pulsed to continuous (cw) operatiqn had never been attempted
although powerful cw MIR sources wou]d be extgéﬁéjy advantageous as a
tool in fields such as spectroscopy and heterodyne~dgtection. The

\

main factor which contributed to the absence of efforts for producing
. -

an optically-pumped cw MIR laser is the high threshoid pumping powers
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reported for pulsed MIR lasers [18]. Since these threshold powers:

were several orders of magnitude larger than the ppwek levels availab]ea
with conventional cw sources, cw operation af optically-pumped MIR .
lasers did not appear practical. However, in this work, we wf]]
desqribe teéhniques which were used to overcome this apparent limitation.
‘The work presented in this theiz;:ig a%med at developing efficient, line-
tunable optically-pumped cw lasers in the mid-infrared region. By

using fairly simple pﬁmping arrangements, cw lasing is reported for the
first time on 20 dﬁfferent NH3 transitions‘spanning the‘wave1ength

range between 10.7 and 13.3 pm. CW output powers as high as 10.5 W
combined‘with quantum conversion efficiencieé'of up’ to 45% are achieved.
These resg;;s are.by far the best performances ever obtained for an
opt{ca11y—pumped cw laser in the infrared. The pumping schemes
described in this work are general in their application and have opened
the way to the generation of powerful new cw lasers in a region (10 pm
to 30 pﬁ) where-such sources are rare;

Qur initial experiments consisted of investigating sévera]I
off-resonantly pumpedllz-um NH3 transitions using 1qw power C02 laser
pulses. Ammonia was selected since when this work was initiated _
efficient pulsed operation had been reported in the MIR region using this
~molecule [19,20]. We succeeded ip findiﬁg conditions under which the
NH3 threshoid pumpihg power is decréééed from the usual tens of kilowatts
to powef Tevels accessible with conventjonal cw Cdz lasers. A key
factor in the success of the;e experipents was the recognition that at
low pumping powers the Raman.process was the mechanfsm responéib]e_for

the 12-um gain. A Raman transition occurs when a molecule in the.



pumped level undergoeﬁ‘a coherent transition to the Tower laser level
by simultaneously absorbing a pump photon and emitting a second photon
into the MIR or FIR field. The high thermal population present 1n.the
lower laser level (see figure 1:1 for tyb{cé] level populations)
combined With the 1arge pump dffset frequency (i.e. the difference
between the Yine center of the absorbing transition and the pump
frequency) used in our experiments makés tﬁefcreation of a population
" inversion very difficult to achieve with the pumping power avéi]ab]e
from most cw sources. The Raman process can produce gain in the absence
- of a popu]apion inversion and consequently obviates the need for
resonént pumping. Moreover, a Raman dominated,]aser‘is pofentia]]y
very efficient since each photon ébsorbed from fhe pump is conve%fed
to the emission field. An important charactgristi; which differentiates
Ramaq ]asing from a single phdtpn process ié-the Taser frequency. A

!

Raman transition lases at a fréﬁuenqy offset:}rom the molecular
traﬁsition by an amount equal to the pump offset frequency, thereby
avoiding the strong line center abgorption caused by the ]arge ﬁopu-
lation in the {6wer laser 1eve1. The Raﬁan process was F%rst'propésed
to explain the opération of an dﬁtica11y-pumped HF laser [21] and
some experimental evidence for twoiﬁ;oton transitions was initially
‘Vreported for off-resonantly pumped pulsed MIR lasers [22,23]. By

. heasuring the lasing offset frequency:pf all: the NH3 transitians‘
1nvestig§ted; we clearly demonstrated tﬁe importance of the Raman
procéss in the dynamics of low power,pumped‘MIR lasers.

The low pumping thresholds obtained in the -pulsed experiments

“indicated the feasibility of cw operation. The TE €0, pulsed laser'

]
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was replaced by a cw discharge tube, and cw lasing was obtained at

12.08 um. This was the first opt1ca11y pumped cw Iaser to operate on

a v1brat1onal rotaticnal transition., The pumping scheme is very genera]
and 1ts extension to other NH transitions is shown to be p0551b]e us1ng
pump.offset frequenc1es as 1arge as 1.4 GHz. Initially, ~1l u,cw was

i

produced at 12.08 um in a nonopt1m1zed ring 1aser cavity. ﬁﬂg}hg

laser conf1gurat1on was chosen for the MIR" resonator to avoid the
problems caused by the strong 6pfiqa1'feedback from the linear MIR
cavity to the-puﬁﬁ?eouhce. In our later work, the 12-um output is - -
improved by an order of magnitude by redes1gn1ng the MIR cavity. : A

wavegu1de tube is now used to confine the pump radiation to a sma]]

diameter bore over a long interaction length, thus prd@uc1yg large

Ry
amplification of the MIR radiation. The 12 08-um NH wavegu1de laser

has the highest output power, ene}gy eff1c1ency and quantum conversion

efficiency . ever achleved in an optically- pumped cw infrared laser.

Such a perfonnance demonstrates that 0pt1ca1 pump1ng is a very successfu]

- approach for generat1ng new powerful cw sources 1n the mid-infrared.

299r obqece1ves were not limited to producing efficient and
line-tunable cw sources but were also aimed at understanding the
fundamental processes governing the gain in such lasers. Such an
understanding has'been attained byrmeasuring tﬁe=12-um §ma11—$1gna]
gain*usihé a tunable diode laser (TDL) as a_probel .The reeu]ts |
were compared with a modé]}hased on a density matrix |
formalism. This_epmparfeon heiween experiment and theory represents
o?eybf the moee detai1eﬁ tests carried out on the interaction of a

“ TN . .
thtee-level system with two laser fields. A-validation of the theory

(9] V-
e !
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is paramount if the model is to be used to-predict gain on other NH3 .
transitions or other molecules.

One of the,difficult{es encountered in e*ténding1the outstanding
performancg,achievea at 12.08 um, to other NH3 transitions lies in the
1imited number of good coincidences beéWeen available pump frequencies
and absorbing transitions. Consequently, a novel appfoach was sought
to déve]op a line-tunable cw source.in the MIR region. Calculations
based on our model showed that very efficient pumping should occur
for exactly on-resonance pumping. By shifting the CO2 pump frequency
into resonance with an NH3 abso}ptjon transition and add{hg a buffer
gas, we were able to transfer a signifi;ant fraction of the NH3 ground
state popqlation to the upper vibrational level v2=1 (see Fig. 2.1 for
7 diagram of the NH3 energy levels). The addition of a buffer gas
ensured thermalization among the rotational distribution of each
vibrgtiona] level, and cw lasing was observed on 20 NH3‘transiti0ns
by simply rotating the in-cavity 12-um grating. Tﬁisllaser is t;é-<f/)
f{rst 1ine-tunable optically-pumped cw MIR laser. The technique is
very aftractivé-since by pumping on only one transition, lasing can be
easily achieved on a multitude of lines. The simplicity of our pumping
arrangement sho&]d prove to be extremely valuable in extend{ng cw
operation to other parts of the mid-infrared spectrum using other NH3
isotopes' and different molecules such as CH3F, CF4 or HF..

This thesis is divided 1qto eight chapters and a brief outline
of the 1ndividuaf chapters is given here. Theoretical considerations

including a description of the ammonia molecule and thé selection



rules governing infrared transitions are summarized in Chapter 2; Also a
theoretical model of che gain in optically-pumped lasers {s discussed,
with a special cmphasis on the differences between one-photon and Raman
processes. Chapter 3 describes the results of a series of initial
experimentc performed with CO2 laser pulses which lead to the develop-
ment of the first optically-pumped cw MIR laser. Several characteristics
of this new cw laser system are presented. In Chapter 4, we report on
the investigation of the-12-um‘§ma]1-signa1 gain over a wide range of
experimental conditions. Rather than using a conventional oscillator-
amplifier arrangemcnt, we emcloyed a tunable diode laser to probe
various NH3 amplifier cells. This probing technique is demonstrated to
be very powerful for studying new lasers in the MIR region. The results
of Chapter 4 helped in designing an improved 12-um cavity. The new
design descr%bed in Chapter 5 uses a wavegquide tube for the 12-um
resonator. iThcuperformance of this new cavity is -investigated and
quantum efficiencies as large as 45% are measured. The high efficiency
obtained at 12-um is in part due to the Ramah nature of the lasing
process. In principle, a Raman dominated laser could have a quantum
conversion efficiency of 100%. However for practical systems, the
efficiency is strongly dependent upon the exact mechanism
responsible for the gain saturation. To understand.the 12:pm laser
dynamics, the saturation process is examined in Chapter 6. using a
conventioﬁa] amplifier-oscillator arrangement. The measurements in
Chapter 6 explain the Tasing behavior observed in waveguide 12-um
systems and indicate %Evera] factors limiting the efficiency of the

I

12-uym- Raman lasers, ‘Chapter 7, 1ine-funabi1ity between 10.7 and



13.3 ¢m is reborted-using a new pumping scheme. A simple model is
presented to account for the output power distribution of the different
lines. Several potential developments for this new laser system are
also discussed. Finally, Chapter 8 contains a summary of the important'

results and conclusions of this thesis.



2.2 NH3 Molecular Structure

CHAPTER 2
THEORY

-2.1 Introduction

This chapter gives a brief review of the NH3 molecular structuré,
NH3 energy levels, and the se]ection‘r01es governing optical and
coliision induced transitions in the infrared region. A theoretical
model based on a density matrix formalism is used to describe the gain
in optically-pumped cw MIR lasers . Emphasis is given to the two-
photon p?ocess which is demonstrated to be dominant in off-resonantly
pumped cw MIR lasers. Finally, some model predictions are presented
to underline the physical significance of the rather complicated gain

expressions. . —

N

N
Ammonia is a symmetric-top molecule with a pyramidal structure.

-The hydrogen atoms are situated at the corners of a regular triangle.

The nitrogen atom lies above (or below) the hydrogen plane and forms the
apex of the pyfﬁmid. The molecule has a strong permanent dipole moment
which makes it a good candidate for optical pumping as the gain is
dfrect]y proportional td the square of the dipole moment. The point’
group corresponding to theé ammonia molecule is C3u which implies the
exis?ehce of four fundamental vibrational modes, two totally symmetric

modes.(AI) V1s vp and two doubly degenerate modes (E) V3 vy [24].

10



11

- -

2.3 Energy Diagram and Selection Rules

Qver the years, the NH3 molecule has been extensively studied
by spectroscopists because of the intensity and richness of its spectrum.
The multitude of transitions in the NH3 spectrum is partly caused by thé
existence of both right and left handed forms [24]. Thése states are
produced by the ref]ect%on of the nitrogen atom with respect to the
hydrogeq plane. The transformatjon of one form into the other occurs
when the nitrogen atom is translated through the hydrogen plane (which
acts as a potential barrier). -

Each energy level of the pyramidal structure would be at least
doubly degeneréte 1f the potential barrier between the two forms wés
infinitely high. As predicted by quantum théory, a splitting appears in
each vibrational-rotational level due to the tunelling effect. In most
pyramidal molecules the splitting is negligible or unreso]ved*. The
energy separations between the inversion levels in ammonia are exception:
ally large due to the small size of the potential barrier and the
reduced mass [25]. For example in the v,=1 vibrational level, the size
of the splitting is Av=35.7 cm"l. The energy splitting increases with
the vibrational. quantum number as illustrated for the Vo mode in Fig. 2.1.
The Tevels are labelled symmetric (s) and antisymmetric (a). Figure 2.1
also shows the other fundamental modes, Vis V3, Vg and thetr respective

inversion doubling [24,26].

Two rotational quantum numbers, J and K, characterize each NH3

rotational level. J corresponds to the total angular momentum, and has

*

. _
For example in AsH;, the arsenic atom would take two years to
tunnel through the E{frggen plane and thus AsHj has no observabie
splitting {25].



Fig. 2.1: Energy levels of the lower vibrational modes in NH The

3
“values of the coﬁresponding inversion doubling are also given.

-
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f
a (2J+1) degeneracy associated with the various possible orientations of
J §n space {M=J, J-1, ..., -J). K=|k| where k represents the projection
of J on the NH3 molecular axis. The value k cannot be greater than J
i.e. k=0, 1, £2, ..., zJ. Different selection rules are heeded to
describe the allowed transitions between.a state (J,K) and (J',K')
depending upon whether the transition is induced by an electric fie]d-
or a collision. The selection rules for e)ectric dipole transitions in

the infrared spectrum are [24]

AK = 0 Ad = 0,+] ifK#0
AK =0 ad = #] ifK=20
a s a ——~ a S s

where <— and </ mean allowed and not allowed respectively. Each
vibrationa]-rotationél transition is written as: xY{J,K) where x is
either s or a, Y can be P, Q or R, corresponding to a change in J of
8J=-1,0,1 respectively. x, J and K always refer to the lower level of
the transitiqn. The special rule for K=0 arises from symmetry consid-
erations involving the spin wave function which remove half of the
levels., The a levels aremissing when J is odd, while the s 1evé1s are
.missing if J is even [25]. Consequently, transitions with aJ=0 are not

possible in levels with K=0. The selection rules for the Raman tran-

sitions differ from the infrared ones. In the Raman case we have [24]

k=0  Cag =0, 1, 22 iFK#0
AK =0 A = G, £2 ifK=0
a s a —+ a . § «—— §

Two species of NHy exist ortho-NH, (K=3n, n an integer) and

-para-NH3'(K=3n:]) [24]. The strength of the infrared absorption depends
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on the statistical weight associated with the nuclear spin function of

the identical nuclei. Ortho—NH3 has twice as many allowed states as

, para-NH3 and hence twice the statistical weight [25]. The speéial case,.

. K=0, has also twice the statjstica] weiéht of para—NH3.
The selection rules governing collision-=induced tfansitions are‘

in general not as rigorbus as their optical couéterparts. Nevertheless,

the rules forcollision-induced transitions greatly influence the rotational

distribution inside a perﬁurbed vibrational mode. Col]ision-induced

transitions have been studied in detailed by Oka [27,28] in both pure

and buffered NH3. Conversian from the ortho- to para-NH3 was found to

" be very slow as it requires the flip of ;a proton Spin [27]. In addition

to the absence of conversion between the ortho- and para-NHS, Qka gives

the following dipole-type selection rules for collision-induced tran-

sitions in pure NH3
AK = 0 ad = 0, + 1 g —r a

The addition of a buffer. gas such as He relaxes the selection rules to

allow transitions between states with ak=3n {n an integer).

2.4 The Density Matrix Formalism

In recent years, considerable progress has been made in under-
standing the mechanisms involved in optically-pumped far-infrared (FIR)
and mid-infrared (MIR) lasers. FIR lasers were initially analyzed by
means of rate-equation models [29-31]. Such models describe the inter-
action of a molecule with two coherent fields in a stepwise fashion.

The molecule is first excited to the upper laser level by a near resonant

pump field and then contributes to the stimu]dtef/i9}§§%on, provided a



15

population inversion 1s:achieved between the upper and lower laser
levels. Emission will take place at the line center of the'}asing
transition. A simple rate-equation approach is inadequate fb descrfbe
fully‘thé‘interactioﬁ of a three-level system wi%h two laser fields <>
because it neglects important contributions to the gain due to multi-
photon processes. A density matrix formalism has been used by several
authors fo describe the dynamics of a three-level system [32-37]. This
quantum-mechanical approach emphasizes the importance of two-photon

Raman processes in the interaction of two. radiation fields with a three-
level system, particularly important for off—respnantlj-pumpgd transitions.
- With mino; modifications, the models used to analyse opfical]y-pumped

FIR lasers can be utilized to examine fhe dynamics of cw MIR lasers.

.Such an approach is described below.

2.4.1 Theory of two laser fields interacting with a three-level system

An optically-pumped MIR laser can be represented as a three-level
system interacting with two coherent fields. Figure 2.2 shows an energy
level scheme represenfing éuch a system. We follow the nomenclature of
Heppner et 2. [37], in which levels 0, 1, and 2 are labeled in descending
order of energy. The transition %requencies are 94, and 250 while vy
ard woip Fepresent the applied field frequencies. We have-devéloped a
computer code based on the equations of Heppner et 4I. The.theory
employs a density matrix formalism and its main features are summarized
below. The time behavigr of the density matrix is determined from

Schrodinger's equation .

émn=-mm(%mwgg-ﬂﬁ[Hm%m ' (2.1)



Fig. 2.2: .Energy level scheme for an optically-pumped MIR laser. 20

and g7 are the pump and lasing transition frequencies

respectively, wg and Waiy TEPresent the field frequencies

and 000> P11° P22 correspond to the population in levels @,1

and 2, respectively.
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o= -y

mn mn"mn " i/h [H"’]mn o (2.2)

where m,n vary from 0 to 2 and [4 is the commutaéor bracket. B and

O;m give the probabi1ify‘?or a molecule to be in the state m, in the
preﬁence and absence 6f a field respectively. The P 's are off- d1agona1
terms related to the po]ar1zat1on induced by the app11ed fields. The \fmnf

decay rates Yom and y count for the molecular phase coherence t1mes

| mn &

and are phenomenclogical terms. Only aﬂquantum-mechan1ca1 tneatment,
where both the fields gnd mo]ecu]es are quantizéd;foﬁly accounts for
the inclusion of these deéay‘tihés; ‘The'ymm‘s are called longitudinal
relaxation rates and- represent the rate at which the_population in the
m'th Tevel is restored to its thermal equi]fbrium value. The Yoo Para-
meters are the transverse relaxation rates and characterize the loss of
mo1ecuiaf coherence [38]. Specifically, collisions between atoms can disrupt
the phase of the radiating atomic dipole without a change of state,
the final effect being an increase in the decay rate of the induced
polarization. |

" The interaction under the app]ieq external fields is solved in

. \
the rest frame of the mo{ecu]e where the mqtrix_e]ement mn of the total

Hamiltonian is given by

Hon = 8o * Vin ' (2.3)

ﬁw is the eigenvalue of the unperturbed amiltonian of the molecule (ng
external field present) and corresponds to the energy of a mo]ecu]e in

level m. an is tﬁ interaction energy. The perturbation considered

here is the dipole interaction —’J/)



E_—

T

mn\ n E(r,t) _‘ ' | (2.4)

/ H

QHEre “mo 15 the electric dipole matr1x e]ement between ievel m and n.

(r t} is the total field in the reference frame of the molecule and

»
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is divided into two plane trave]]ing waves (for convenience we choose the

z direction as the prooagation axis)

’

E(z,t)=EpCos((mp—kpv)t-kbz+¢])+Em1rCos((mmir-skmirv)t-ekmirz+¢2)
(2.5)

e specifies the relative direction between the pump aod MIR fields, and
is positive (e=+1) for copropagating beams and negative (e=-1) for the
counterpropagating case. kpv and km1rv are the Doppler shifts of the
applied fields seen in the moving frame of a molecule with axial
velocity v. |

A genera1 solution of equatioos (2.1) and (2 2) has not yet heen
“obtained. However, these equat1ons can be so]ved if certaln approxi-
mations pertinent to our MIR system are made. Since most of our experi-
menog used cw pumping sources, the density matrix equations are solved
for the steady state by setting the population changes 6 equal to
zero. For the off-diagonal elements émn’ the standard rotating wave
approximation (RWA) is used [38]. Hence only the terms in which the
molecular polarization and the electric field wave rotate together,
are retained. This approximation is justified because we are ihterested
only in the resonant behavior of the induced polarization. ,Furthenﬁore,
the amplitudes Pan 27€ assumed to vary slowly in an opticel perioo

13

(T ~ 107 “sec).

The use of polarized Tight removes the M-degeneracy of the
. hS
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mo]egu1ar levels. This effect originates from the M dependence of the
transition matrix elements (pmh(M)). Most of our work was carried out
with parallel linear polarization of the pump and the MIR fields. The
M-selection rule is in this case aM=0 and thus we can treat the M
éys;ems separately assuming slow (compared to the decay rates ~15Q
sec"]Torr']) M-relaxation [39]. The total gain is cé1cu]ated by
summing the susceptibility of each individual M component. ‘(The
influence of othgr-po]arizatﬁon combinations on the MIR gain will be
discussad ing Chapter 4.) i '
Un&er these approximation;, the MIR gain for molecules-moving

with axial velocity v can be written as
“mir(M’V) = kmirlm(s1(M,v)r10(M,v) + Sz(M;v)r21(M,v)) (2.6)

where S.l and §2 are related to lineshape functions and contain the
resonance for maximum ga{n, power broadening effects, and -ac Stark
shifts due to both the pump and MIR intensities. The explicit expressions
for SI and 82 are given in Appendix A. The population difference between

level m and n is denoted by Ton+ A careful examination of the two terms

n:
on the right hand side of equation (2.6) helps in gaining a better
understanding of the MIR laser dynamics. The first term is proportional
to ™0 and repﬁesents the single-photon contribufion_to the gain. This
term is responsible for absorption at the MIR frequency in the absence
of population inversion between the uﬁpernqng lower laser level

(p]]>p00). The second term deals with the two-photon Raman process

where a molecule is transferred from level 2 to level 1 by simultanecusly

»
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absorbing a photon from the pump field and emitting one inte the MIR
field. Note that the Raman process.is proportional to the population
difference (pzz—p]]) and a]loﬁs gain to be created even in the absence
of a population inversion between levels 0 and 1. ) |

The total gain expression is obtained by integrating expression
(2.6) over all the velocity classes using a'Dopp]er velocity profile

and subsequently summing over all M-values.

J o - -

- 8]
iy =] J a o (Mv) F(v) dv , (2.7)
M=-J : :
v 0
where
f(v) = . exp - (v/u)2 , -
-

and u is the most probable velocity /?%T/M(M is the mass of the NH.,

Tolecule, kB the Boltzmann' s constant and T the ambient .gas temperature).
The present model is val1e in principle for arb1trary field strengths
and mixed broaden1ng transitions, i.e., in pressure regions where both
the inhomogeneous and homogeneous linewidths must be considered.
However the achrac; of the eomputer predictions based on equation (2.7)
will be Timited to some extent by the reifability ﬁf the various
molecular constants used as input data: The next section discusses

‘the input data for the particular set of NH3 transitions used throughout

most of this study. -

2.4.2 Laser transition and input data o .

A major portion of this thesis deals with the coupled transitions

sR(5,0)/sP(7,0) in NH3 and thus this section will concentrate on the



molecular data relative to these lines. Figure 2.3 shows the vibrational-
rotational energy levels of NH3

re]evan? to 12.08 um lasing. The sR(S,O)'
transition is pumped by the R({30) C02 laser 11né at 9.22 pm, and lasing
occurs on the coup1ed sP(7,0) transition at 12.08 um. The insert of
Fig. 2.3 is a high reso]ﬁtion absorption spectrum of NH3/CD2 taken with
a tunable diode Taser near,9.22 um. Note that tgigggzﬁggyp line is off;
set from the nearby sR(5,0) line by 190 + 7 MHz [40]. This pump offset
plays a crucial role in the oPeration of the cw 12-um laser, as will be
shown éﬁ the next section.

.Table 2.1 summarizes the {pput data used in the computer code
. for this three-Tevel system. Spectroscopic constants for NH3 were
taken from Refs. [41-46], and by comﬁiéing these with the partition
function given by Townes and Schawlow [25], we-ca1culéted the initial
fractional population in each level at room temperature*. The y
vibrational matrix element for the v, band of NH3 is‘takén as 0.24 =
0.01 Debye [46,47]. The combined uncertainty of the pump offseét énd
matri%lélement gives » +20% variation in the .Raman gain calculations.
A potentiél]y more serious problem is, the uncertainty in the level
relaxation rates Ym and the cross-relaxation rates or collisonal
broadening coefficients Yoo+ We have usequa tunable diode Taser
operating near 12 um to measure the NH; self-broadening coefficient

tvgy (=vg7/m) as 19.4 + 1 Miz/Torr full width at half maximum (FWHM),

while Tayfor's calculated value was taken for the Avgp Pressure

RN

" :
These populations were adjus;pd appropriately when gain calcu-
lations were carried out at elevated dr reduced temperatures.

r'\l
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. Fig. 2.3:

. peaks belong to the sR(5,K) manifold of NH

»

Vibrational-rotational energy levels offﬁﬂ;-re1evant to

. 12.08-um lasing. The insert is a high;fesolution NH3/C02

1

absorption spectrum taken near 1084.6 cm . The CO

2
absorption is indicated by the arrow. The other absorption

3% The offset

between the R{30} and sR(5,0) line center is Avp=190 + 7 MHz.
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Table 2.]

NH3 molecular data for the sR(5,0)/sP(7,0) coupled transitions used in

the gain modei.

_Iransition Frequency .
(en™)
) " sR(5,0) 1084.627
, sP(7,0) 827.877 )

Pump frequency offset 190 + 7 MHz
Vibrational dipole moment 0.24 + 0.01 D

Fractional - Decay Rate
Population * - (sec-] Torr"])
_ -4 s © ,qb

g = 1.16 x 10 g = 23.4 x 10
ny = 7.6 x 1070 47 = 93.6 x 10°
n, = 1.82 x 107 v, = 93.6 x 10°

Pressure Broadening Rate

/
(sec'] Torr']) {

6 -
Yoy = 60.9 x 10°
s= 55.9 x 10°

_ 6
Y12 © 93.6 x 10 : '

23



broadening [41]. To eva]uate*tﬁg\iqdividua] relaxation rates Yo and
ey

the cross-relaxation rate Yyps W have assumed every collision to be an
energy changing collision (hard-sphere co]]isions),i.e.,ymn = (Ym+Yn)/2
and set Y]=Y2=4YO. This %actor of 4 is based on rates published for the
aQ(8,7) transition [39] and is in qualitative agreement with other.
studies which show that y{ground state) > y(excited state) in the Vo
mode of NH3 [48]. The 1nf1ﬁence of variations in these relaxation
rates on the small-signal Raman gain was examined by considering the
extreme values of Yo and varying the ratio of y{ground state) to
'y(excited state) from 10:1 to 1:1. Under typica].exﬁerimehta] conditions,
we found a 10% variation of the calculated gain. Although the .
uncertainties jn the relaxation rates Y, are large, they have a small
impact on the calculated small-signal gain sinceﬁvery Tittle population
transfer occurs at low -12-um intensities. At large 12-um fields, the
values of thg rates Y1s Yo Ypp Y€ important in assessing the mechanism
responsibie for gain saturation and this sitqgﬁion will be addressed |
in detail in Chapter 6.

B} combining the uncertainties in all the input data, we’
estimate théf the calculated spall-signal gain coefficients should be
accurate to ¢ 30%, proviaed the‘gas temperature is accurately Known.
HoweVer,-iﬁ any practical experiment, absorption of the pump raﬁiation

heats the NH3Aand leads to further uncertainties in comparing theory

and experiment as shown in Section 4.3.

. 2.4.3 Model Predictionsy-
The purpose of this section is to stress the important gcharac-

teristics of the 12-um sma]l-signal-gain based on our model. (A
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detailed comparison between theory and experiment using a tunable diode
laser as a 12-um probe, will be given in Chapter 4). Figure 2.4 shows
plots of the small-signal gain (for the co- and counter-propagating

cases) versus the MIR detuning frequency (QO]— ), using the input

“mir
data of Table 2.1, and a pumping intensity and pressure typical of gur
experimental conditions. Gain only appears near the Raman resonance
condition, i.e., at a frequency shifted from the sP(7,0) 1ine\§gnter

by an amodnt equal to the pump offset frequency (m]gd MHz). Since
population transfer to the upper level a(6,0) is 5ma11, the gingle-
phPton contribution consists of'a strong absorﬁtion at the sP(7,0) line
center. Th;ng;gh ian wings of this absorption s]ightﬁy reduce the
peak Raman gain, but provided this absorption is taken into acqgggt, the
model predicts that the Raman gain is linearly proportional to puﬁp
1nfensity. This Tinear dependence remains until pumping inténsities
are sufficignt]y intense to cause ac Stark sh{fts and sp]ittﬂng of the
variaus M-components [49]. At the pump 1ntensifies used in this study
(1 kw/cmz) these effe&ts are negligible. ~

' The Qifference between the co- and counterpropagating 9- and
12-um beams‘is clearly displayed in Fig. 2.4. The calculated gain,in.
both cases employed the same input parameters, except for reverse |
 divections of the 12-um radiation. Note the large di fference in the
gain iinewidth between the two cases. For copropagat?ng beams, a
molecule with an axial velocity v experiences pump and MIR fields Doppler

shifted by respectively -kpv and k_. v while in the counterpropagating

mir
case the Doppler shifts are —kpv and*-kmirv. Thus at low pressure, the

Timiting Raman linewidth is approximately given by the difference between

+



Fig. 2.4: qu]1-signalagain Dﬁbfile for co- and counter-propagating 9-.aﬁd
12-um beams calculated using the computer code; The small-
signal gain is plotted as a function of the lasing offset
frequency (QOl—mmir).' The pump intensity is 500 N/cm2 gt an
ammonia pressure of 500 mTorr. The pump offset is equal to
190 MHz. Note the large reduction in the peak value and the

‘wider gain linewidth obtained in the counterpropagating case.
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the 9- and ]Z-um Doppler linewidths (23 MHz- FWHM) for the copropagating
beams and the sum of the 8- and 12-pm Doppler linewidths in the céﬁnter-
propagating case (~176 MHz FWHM). One consequence of the increased
linewidth is a reduction in the magnitude of the gain as illustrated
in Fig. 2.4. 1In both cases, the Raman gain increases }inéarly with NH3
pressure until pressure broadening becomes significant, and as a result
thg Raman gain begins to level off. The pressure region at thch this
nonlinear behavior occurs depends on the value of the Doppler-limited
Raman 1inewidth*.

One of the main characteristics of Raman processes is.the
strong influence of the pump offset frequency on both the magnftude .
and frequency of the Raman éain. The model predicts that the line
center of the Raman gain tunes with the pump offset (Raman resonance

condition) and that the magnitude of the gain is inversely proportional

to the square of the pump offset. We have confirmed these predictions

~and the results are presented in Chapter 4.

" 2.5 Summary

This chapter contains the description of the ammonia molecule
and of the theoretical model used throughout mdst of fhis work. Two
different terms contribute .to the small-signal gain: the single-photon
and two-phofon Raman processes. In cw off-resonantly pumped systems,
the single-photon contribution is generally a line center absorption.

while the Raman procesaLsg stitutes the dominant mechanism responsible

1for the gain. The properties of the Raman gain described here will

et

R . - ’ \
. The nonlinear dependence of the Raman gain with pressure
becomes noticeable at a pressure of ~.3 Torr for the copropagating case
and ~2 Torr in the counterpropagating case.
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serve in the next chapter to explain the gain dynamics present 1in

optically-pumped MIR lasers:

S

Vel
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CHAPTER 3
PRELIMINARY EXPERIMENTS

3.1 Introduction

In this chapter, initial experiments performed with NH3 using
Tow~power CO2 laser pulses are described. The cbjective of these pu]seq
experiments is twofoid; on the one hand to examine the possibility of
reducing threshold pumping powers to values accessible to cw C02 lasers
and on the other hand to study the appTicabi]iEy'of_the model;described
in Chapter 2 for off-resonantly-pumped MIR systems. Several NH3 tran-
sitions with a range of pump .offset frequencies'are investigated. The
Tow threshold pumping powers measured in our linear MIR cavity indicated
the feasibility of cw operation at 12 um. In addition, the experiments
demonstrate the importance of two-photon Raman processes at low pumping
poﬁere. A ring laser resonator is used to produce'the first optica]ly—
pumped cw laser in the mid-infrared. Our pumping scheme is generah and
could be exfended to other NH3 transitions. Preliminary exper1ments
demonstrating some of the-fmpertant characteristics of this new laser

system are presented,

3.2 12-uym Raman Lasers Pumped Low-Power CO Laser Pulses

In recent years, opt1ca] umping of molecular gases by CO2 lasers
has generated 1000 ]aSIn sitions in the mid- to far-infrared
regions. However, cj operation of such lasers had been confined to
wavelengths Tonger than 34 um"[2,3]. One of the major difficuities

encountered in the development of optically-pumped cw MIR lasers relates

2 (
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to the small energy differene; between the pumped level and lower laser
level which results in a high thermal popu]atibn in the Tower laser
Tevel. Consequently, a population inversion is in generai difficult
to achieve due to the Tow pﬁmping power available from conventional cw
laser sources. A§ a stakting point, ouf initial experiments used
pulses from a TE CO2 laser to ﬁump NH3 and produce tasing fn the 12-pm'
region. The experimental arrangement was designed to minimize optical
pumping powers and thus examine ;helfeasibi1ity of cw MIR operation.”

In addition to reducing the threshold pumping ‘powers, our arrangement

facilitates Fhe study of the gain d}namics present in 12-um NH3 laser

"sysfems. Different authors have suggested that the gain mechanism in

12-pm pu?sed NH3 lasers may be attributed_to a Raman process [52,23];
However, little experimehta] evidence has been reported td support

“This interpretation. This lack pf exper%menta] evidence is associated
with the fact that the intense electric fields generated ﬁith‘high-poﬁer :
pulsed lasers create such large ac-Starkrshifts and power broadenings
that one~photo; transitions and Ramén processes become inextricably
mixed. The low bumpihg powers used in our experiménfsﬂg}eatly siﬁp]ify
the dynamics of the MIR laser by reducing the effecls of .ac Stark
shifés and power broadening and have enéb]ed us to'identify the main
mechanism responsible for the 12—;m gain.

Four different Q-pm_C02 laser transitions were used to pump
low-pressure NH3, and lasing on the coupied ]Z-Hm'transitions was
investigated. Figure 3.1 shows the relevant energy levels iﬁ NHG'

The two emission lines at 12.08 um and 12.81 pm are pumped by regular

€O, laser fﬁansitions and have been investigated by many authors [14,22,50-52].



\\I

Fig. 3;}: Relevant energy levels of the four NH3 transitions investi-

gated. Aup.ggpresents the pump offset frequency.

C ) N - s
N . - ’ N



31

[22]

eh

/’

31V1S ANNO¥9O

(€'¢)
L (€'G)

(1'g)

o o v

(1°2) 0 —

(€'G)ds |
wrlzg||
1nd1no

(1'2) do

wreg 2|
1nd1no—-

{e'p)o

(1'9) s

'R

ZH9 9¢'I=%ny
(0'9)yo.
wr 62'6

w dANd (91

ZHW 06I1=9ny
(0'G) ¥s
wrze g

[dwnd (oen -

(0'c) s
’ [}
’ (0'9) o
(0°2) s 54—
| s (0's) b
ZHWZDI=day | 1
(€'e)ys (0'8) do
wrigg 6 w1972
—t——dWnd (Z1)d 1nd1ino
ZHW98 =9ay
(1°G) Yo (0°2)ds
wrigp'e wr'go 2|
— dNd (2)d 1ndLno—
. (0'9)D
> . (0°2)s
- 1=A
JAOW 2@n

Ry
.



32

fhe emission lines at 11.52 pm and 12.53 ym are pumped by
sequence CO2 laser lines and were recently reported by Znotins et ai.

[53]. The crucial parameter which differentiates these four transitions

L

1ﬂ the frequency separation between the pump laser line and the center

of the 9-pm NH absorpt10n line, i.e., the pump offset frequency Avp

The offset is given in F1g. 3.1, and ranges from 1.36 = 0.0] GHz for

the R{16}-aR(6,0) combination [54], to only 86 + 3 MHz for the P(Y)TaR(5,1)

combination [53].

3.2.1 Experimental apparatus and resulis . | /f
: ‘Figure 3.2 is a schematic #iagram.of the apparatus. The.optiea1]y~
pumped NH3 cell is in a short brass tube (~38 cm long) fitted wifh NaCl
Brewster windows. Such a short cell enables us to focus the puhp
radiation tightly into the MIR cavity, while maintaining a reasonably
constant CO2 beam diameter aldng the entire tube length. A he]feef
pin-pin TE Iaier is utilized as the pumping source and is generally
operated at low pressure (mSO-ToEr) to ensure that lasing takes place
at line eenter.l Anfn-cavitylhot'co2 cell js.inserted when C02 seqguence
transitions‘?re required [55]. Typical output pulses from ouﬁ C02-1aser
have peak powers of ~1 kW and pulse widths »1 us’ (FWHM). These pulses  *
:are usually strongly attenuated before enFering the MIR cavity. All
optics are desigged to min{mize the pump pqwer requirements. A concave
(R=1;4 m) gold coated mirror focuses the Egz“Tﬁgegxbeam into the saort
MIR cavity through a ZnSe dichroic mirror M (Q-pm transmission ~60%).

The pump beam slightly overfiils the 12-um TEM00 mode. The MIR resonator

is formed by M (R=1.6 m with a reflectivity of 95% at 12 um) and a

.22 B



Fig. 3.2: Schematic diagram of the;eXperimental apparatus used to pump
: ° * . . %

)
*

NH, with low-power C02 laser pulses. Mirror M2 is mounfgd

3
on a piezoelectric translator (Pzt}.
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gold coated mirror mounted on a piezoelectric translator. The
12-pm laser pulses are coupled 6ut through-M]'and a beam splitter (M3
with a transmission of 15% of 12 um), directed into a monochromator,
and detected with a ]iquid—nitrogén-cob]ed HgCdTe detector.- Tﬁé.
' 1ineafity of the detector was verified Qsing calibrated attenuators.

This apparatus was designed to examine the threshold behavior
of the four laser systems shown in Fig. 3.1. For each COZ'pump tran—.
sition, NH3 pressures and MIR cavity alignment were optimized as-the
pump beam was progressively attenuated until 12-um lasing ceased.
Table 3.1 sum@arizes the pump power required for threshold operation.
These threshold powers are one-to-two orders of.magnitUdE Iowe# than
previously pub]ished thresholds [18] and most of the values are well
within the reach of conventional cw CO2 lasers. Of fundamental
importance is the very strong variatioﬁ of threshold power with Avp,
‘confirming the importance of the pump offset frequency in the MIR
laser dynamics. As discussed in Chapter 2, a Raman-dominated cw laser
will emit with a frequency offset equal to‘the-pump offset value,
whereas if a population inversion is created between the upper and
»lower laser levels the emfssion,wi1l occur at the line center of the
lasing transition. These simple considerations led us to investigate
the exact frequency of the 12-um Jaser output, és this would clearly
distinguish between Raman and’sing1e-photon proceéses.

An accurate.method of differentfating betwéen 12—um.]a§ing at
» 18

tine center, as opposed to lasing with a frequency gffset B i

to measure- the abéorption coefficient of the laser output-in an

LN
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Table 3.1

Variation of pump threshold power with pump-offset frequency for the

\ N

four NH, transitions’ investigated.

_ N-H3 Lasing CO, Pump Line Pump Offset ~  Threshold
f?ansition {um) 9-um Band (MHZ) | (w)
aP(7,1) - (2.53 . p(7)®) 86 - 5
sP(5,3)-~ 11.52 p(17)2) 142 18
sP(7,0) - 12.08 R(30) 190 ' 20
aP(8,0) - 12.81  R(16) 1355 660

~a) sequence transition

-
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external NH; cell. This absorption is dramatically different for the
two cases [56]. We uséd a 10-cm external cell and measured the absorption
of the 12-um laser pulses as a function of NH3 pressure. The 12-um
pulses werelattenuated to ensure smal]—signal absorption. Figure 3.3
shoWs.the'resu1ts of such an experiment for the 12.81-pm output.- To
estimate the offset frequency BV s s WE u§ed Taylor's data for the 12-um

line stéength and T%newidth [41] and a Lorentzian absorption profile
of the following form

2

AvL

QMir(v) N “mir(vo) 5 5 (3.1)
Av . + Av . :
mir L

-

where v is the self-broadening width (half width at half maximum

HWHM) and varies linearly with pressure. (v.) is the absorption

*mir*Yo
coefficient at line center (uo) and is. given by

}

) = S/mov, (3.2)

-

amir(vo

where S is the t?@nsiti;n strength (in cm_zatm']). The best fit is
shown thy the solid line iﬁ Fig.” 3.3 and is obtained by varying the-
lasing offset freqﬁency in equatioﬁ (3.1). Thé optimum value of BV
is 1.47 = 0.21 GHz and agrees well with the pump offset frequency of

1.36 GHz. The dashed line drawn in Fig. 3.3 1£ the calculated absorption
assuming that.iasing takes place at line center: Note the 1arge
difference ggetween the dashed curve and the experimental measuremen-ts.“
Similar agreement between Avmir'and Qup was found for the other 12-um
systems.]isteq in Table 3.7, clearly demonstrating that at low pumping

powers Raman processes are responsible for the gain.

“



Fig. 3.3:

Small-signal ahsorption of the 12.81-um laser as a function
of the square of the NH3 pressure in an external cell. The
solid line is a best fit to the experimental data using a
lasing offset frequency of 1.47 GHz. The dashed line indi-
catés the large absorption which would be observed if the

12.81-um laser was operating at line center.
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The threshold measurements in Table 3.1 qualitatively illustrate
the dependence of the Raman gain as a function of the pump offset.
In theory, the Raman gain is inversely proportional to the square of
the-pump offset'and the results of Table 3.1 certainly display a non-
1ineér dependence. An accurate comparison between theory and experiment
is not appropriate in the present systengbecause of differe;t cavity
losses and buildup times* for the b rious transitions. The next
chapter will examine in detail the dependence of the Raman gain with .

pump offset.

3.3 CW Optically-Pumped 12.08-§m Laser

From a_practical viewpoint, the very low threshold powers required
for 12-um lasing preseﬁtgd in the last section showed that power require-
ments would not be a problem in attaining cw operation. Consequently,
the TE CO2 laser was rep]aced'with a continuous discharge tube. We
chose to pump the sP(7,0) transition since its threshold pumping power
could easily be éttained with a conventionai oW CO2 laser. Qur initial
attempts were frustrated by strong optical feedback_froh the input
mirror (M] in‘Fig.‘3.2)jbf“the MIR cavity into the C02 laser. Thig
feedback caused severe instabilities in-the C02 Iaser'power and prevented
true cw operation of the MIR laser. The linear pumping arrangement ‘
was thus changed to the ring-laser éonfiguration as_shown in Fig. 3.4.

The geometry of this pumping scheme completely eliminates the CO, feed-

2
back since the pump radiation js never reflected back into the'CO2 laser.

* .

_ For work with piised lasers, an estimate of the peak gain ‘must
include a correction to the-cavity losses to take into account the excess
gain (i.e. gain above the cavity losses} required to build up the MIR
pulse from the spontaneous level to detectable levels.



Fig. 3.4: Schematic diagram of the optically-pumped ring laser. The
solid 1ine indicates the path taken by the pump radiation

while the 12.08fpm copropagating wave follows the dashed

Tine.

——
‘
—
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The laser tube has an inside diameter of 8 mm_and an active discharge

“length of ~120 cm. The €0, cavity is formed by a 40% ZnSe mirror

(R=10 m) and an oFigina] grating (135 ¢/mm) for Tine selectivity.
The pﬁmp laser is cooled with methanol and emits <33 W on the R(30)
9-um band C02 laser line. The laser amp]itﬁde is dither-stahilized at
line centef using a closed loop feedhaEE system consisting of a lock-
in §tabi]izer, a piezoelectric trans]ato;'and a detector 10cat§d at
the grating zgroth-order. The piezoeiectrfc traqs]afor applies the
feedback correction to the cavity length to lock the laser to maximumt
power. The §H3 resonator consists of tio 35-cm long brass ce]ls.sealed
with NaCl Brewster windows. NaCl is employed because it transmits
both the 9- and 12-um radiations wfth Tow losses. The CO2 pump beam
is focused into the MIR cavity through the d1cro1c mirror M (same as

»

in section 3.2.1), and is closely matched to the 12-um mode size in the

NH; resonator (TEMoo mode Wy n2.2 mm). The optics of the MIR cavity

were chosen to provide low cavity losses at 12.08 um. M] has a .
ref]ecpiqify.of-QS% at 1? um while M2 and M3 are H{gh nef]ectiﬁity {(~99%)
broadband mirrors. Mirror M3 is mounted on both % microﬁeter trans-
lation sﬁage'for a coarse tuning of the TZ-ﬁm cavity length and a
piezoelectric translator for fine adjustments. The-TZ-um emission

emerges from mirror'M] co]]inar]y with several watts of 002 pump
»
radiation which is removed by selective absorptlon in a cell conta1E;ng

Freon-12 [57]. The transm1tted 12-ym beam is then spl#t into two
parts; 98% of the beam is directed Ep*? power metér while the remainder
* . . ‘ .
g

is chopped and focused_through a monochromator onto a HgCdTe detector.

. - .
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3.3.1 Results:
S
CW Tasing at 12.08-um was observed for all pump-power levels

above 10 W, provided thi MIR cavity length wés carefully adjusted using

—the piezpelectric translatyr. At the maximum pump power of 33 W, the

12-um output power was 900 at an optimum pressure of ~500 mTorr.
Optimum MIR output arises when the MIR cavity 1engtH 1s‘resonant at
both 9.22 um and 12.08 ym. In such-éasész the 12-um output is enhanced
by the larger COZ,power presént in the cavity. This en;;hcemeﬁt was

oﬁtainéd by mo

ing M3 through approximately four 12-um cavity resonance

frequencies us% g the differential screw‘mi;rometer. A]fhough no

'attehpt was madé™to optimize the 12-pm output (the cavity used was
. subétantia11y undercoupled), the photon conversion efficiency measured

: N o ‘
in this preliminary experiment was ~4%. Chapter 5 describes improvements

to the cavity design which resulted in 12-um output powers in excess

of _10 W and photon conversion efficiency >40%.
\ —~ . .

. ’Fb?“Toprower pulsed optical pympihg, we have shown in sedtion

3.2.1 that the gaih'mechanish_was a Raman proéess by measuring the

Y

. \ : A 7
exact MIR outpyt freduency.\jTo valigdate this interpretation for cw

- operation, we have_dbtermined the’ MIR lasing frequency_bx recording

the absorption of the cw 12.08-um output in an external NH, cell.

3
L .
Figure 3.5 shows the small-signal absorption of the 12.08-um laser

-

. : ' v ’
plotted against the square of the pressure in the external NH., cell.

3

'{he-vdlid line is a best fit to the experimental data obtained using

h and Tinewidth values. from Taylor [41], the Lorentzian

-diven by equation (3.1) énd”by varying the lasing offset

. * . ' v o - .
$requency A“mir‘ .The fitted value of the offset was 170 MHz with an

Q T
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Fig. 3.5: Absorpﬁion coefficient of the.cw.12:§8;um laser as a function —~—
of the squére of the NH3 pressure in an extérna] cell. The |
solid line is a best fit to‘tﬁe experimental data usfng a

lasing offset frequency df 170 MHz aﬁd Tay]br‘s calculated

~ values for line strength and Tinewidth [41]. - T L
- - v ) ' .- . -

™
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estimated 4ncertainty of =15 MHz. This value compares reaéonab]y well
with the pump offsét frequency (190 + 7 MHz) and.conﬂihns the Raman
nature of the cw 12.08-um laser.
| . The Raman emission exhibits, other féatures which distinguish
it from a s1ng]e photon process. For the copropagating wave, the l
Raman linewidth should be roughly equal to the d1fferé::;-;etween the __;/f‘\\\

3

Doppler width of the pumped and emission lines {i%e. 23 MHz FWHM) as
0\

discussed in the previous chapter The Raman }1new1di?;é§§iest\mated

by recording the 12-um output power as a function Oﬁi'he } E resonator

.\’)

f

A

length whiTe the NH3 cav1ty length was scanned over the gain bandwidth

-

-with ngfﬁ“d of a p1ezoe1ectr1c translator. The lower trace of Fig. 3.{3%k
shows the linear ramp appl1ed to the piezoelectric translator (11nearity d l
within 75%). The total variatibn of the ramp corresponds to a frequency™ |
“cﬁahge of 37:MH2 in thgugosition of the cavity mo?es. The ﬁnpqg trace
of Fig.I §¥ﬁﬁ§ﬁsp1qys’ﬂhe'ch0pped (v1 kHz) 12.08-um signal as the ramp
progre&‘Es.quthough the C0, laser was stébﬂ:ii;_d\i;éta]ine center,

A € -
small amplitude.and frequency fluctuations in the pump caused a e
moduiation- in the NHé output. The éffect of thfs moduiation was 7 -
partfcu]arly severe when the MIR laser was detﬁﬁEﬁ from its peak oufbut,
aﬁd results in the gaps seen near bath gnds of the cavity s¢an. The
resu]}S-shown in #19. ?.6 were taken witl’ the pumping set at twice the o -
threSho]d value and a Raman 1jngwid£h of ~25 MHz {FWHM) was es;i}ated’

SN

from the envelope of the upper trace*_ This width‘ﬁompares favorabhly

)

Th1s linewidth estimate utilizes the fact that. Raman ga1n 5
proportional to pump intensity.
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" Fig. 3.6: Chopped 12.08-um output as a functjon of the MIR resonator
,,/”’_7\\ "~ leéngth. The Tower trace displg}s the linear ramp applied
' }[ _ Ahe MIR piezoelectric translator. The horizontal scale is

3.7 MHz per division.
\




44




45

with the initial estimate ef 23 MHz, and is much narrower than the
Doppler width in NHé at 12 um (~74 MHz FWHM). Another consequence of
the Raman nature of the gain is that any 12-um photon propagating in a
direction counter to the pump beam w1]1 experience a ga1n profile which
is much wider (m176 MHz) but with a much smaller peak va]ue (see Fig.
2.4). .we heve looked for the presence of a couqterpropagating 12-pm

beam and as expected lasing was not cbserved in this direction.

3.4 Discussion and Conclusions .

This chapter describes the first experiments pefformed on
opticaf]y-pumped.MIR lasers using 1ow-p0wef laser pulses. Thé mechanism
responsible for the optical gain in such lasers is c]ear]y identified
as a Raman-type two—quantum process, This c1rcumstance is very
benef1c1a] to the operation of low- power of f-resonantly pumped MIR
lasers. The presence of the Raman process obviates the need for a
population inversion and the conelquent high pumping intensities. Indeed,
under our pumping conditioesra very strong absorption exists at the )
12-pm line center. It is on]y because the 12-um Raman gain is sh1fted
to the igr wings of this absorpt1on rofile that lasing can take p]ace
The enhancement of the\Raman gain as the pump offset is decreased js
illustrated in the.threshold pumping meaeurements of Table 3.1. with
smaller pump of%sets (<90 MHz) the single-photon process becomes
increasingly  important as we transfer a significant fracfion.of the
pumped level gopulation to the upper laser level. Th1s situation will
be d1scussed in Chapter 7 when the pum?/frequency is shifted into

N

'co1ncidence with the line center of an H3 transition.

/ﬁ“\
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In esygb]ishing the threshold dependence on pump offset, we
were able to obtain thresho1d pumping powers well within the reach of
ga'conventionél cw €0, Té;ers. Based on these results, we produced the
fiMst optically-pumped cw 1asen‘operating on a vibrétiona]—rotationa]
transition. As expected, a two-photon process was demonstrated to be
the dominant mechanism responsible for the 12-pm gain. Our scheme’
is génera]'and can be applied to other transitions in NH3 (as shown in
Chépter 5) or other molecular gises to produce many additional- cw
~ laser lines in a spectral region where powerful cw sources are almost
none;isten§. -The experiments performed in section 3.3.1 show several
important éharacteristics of’the cw 12n08-pm Taser. However, fﬁrther
improvemenés of the preseht cavity design require a better undérstanding

\

description of the 12-um smz})-signa] gajn using a tunable diode laser

of the gain dynaMics. The next chapter gives a detailed quantitative

as a probe. These measurements led to/the construction of the high
power cw 12.08-um laser described in Chapter 5.

+



CHAPTER 4
INVESTIGATIONS OF THE 12-um SMALL-SIGNAL GAIN

4.1 Introduction -

The previous chapter described the operation of a 1 W

optically-pumped cw 12.08-um Raman laser. The pumping scheme is

- potentially sgalable to higher powers, applicable to other wavelengths,

" and opens the way to the development of new sources of powerful line-
tunable cw lasers in the MIR region. Full exploitation of the potential
of this new laser system requires a detailed unders£anding‘of the ‘laser
dynamics, and thus we have carried out a comprehensive investigation of

. the %}30)-pumped NHB-system. Tﬁis chapter presents extensive measure-
ments of the sma1]-§igna1 gain made in ampljfier cells usihg a 12-pym
tunable diodéﬁaasé} (TDL) as a probe. These measurements allow us to

develop an understand{hg of~the various mechanisms involved in the

v lasfng rocess. The experimént is compared with the theory of two

laser #felds interacting with a three-level system over a wide range
of copditions. Gain coefficients are measured for both‘thg;co- and

——

countek-propagating radiation and the NH3 pressure is varied from <200

mTorr (poppler broadehing region) to ~1 Torr (mixed broadening), at
which /pressure heating effects become signiﬁ«:/ant. Gaie measurements &
are made in both large diameter and waveguide amplifiers. The use

of cap11]ary tube as a wavegu1de allows a large range of pump

1ntens1t1es over s1gn1f1cant 1ntgract1on lengths to be inves 1gated
The wuig tunability of the TOL is fuﬂy p]mm( asurements
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of Raman gain as a function of pump offset frequency presented in
section 4.3. Pump offsets from 190 MHz up to 1.55 GHz are studied.
The influence of the polarization states of the pump and:probe beams

on the gain is also examined,

4.2 Experimental Technique and Preliminary Results

Figure 4.1 illustrates the pump]ng scheme used in this work.
The R(30) 9-um CO2 laser 11ne is in near coincidence with the sR(5,K)
manifold‘jn NHB' The pump offset frequency varies from 190 + 7 MHz
[40] for the sR(5,0) line to 1547 = 2 Mz for the sR(5,4) [58]. Of
experiment cbnsists in pumping the sR(5,K) muliplet with an intense
9.22-ﬁm radiation‘fieid gnd probing the gain induced on the associated
sP(7,K) transitions using a ]2 -um tunable diode 1aser The éhasurements
are then compared with the theory of two laser f1e1ds interacting with
a three “Tevel system descr1bed in Chapter 2.

-Previous research has been reported for both resonant and
offset Raman tfanSitioﬁs in opticalfy—pumped cw FIR 1asefs and good

agreemept was found between experiment and a theory,based on a density

"matrix formalism [37,59-61]. However, experiments in the far-1nfrared

are 31ff1cu1t to carry out because of a lack of stable and tunable
sources. There are severa] practical advantages to be realized in
studying Raman processes in the MIR region. The chief one is'theg
dvai]ability pf TDLs to probe'the MfR gain. TDLs are widely tunable

and can probe frequencies far from the Iasing transition; one is not
limited to the narrow frequency 1nterva1 common 1y present in convent1ona]

osc111ator amp11f1er measurements Th1s feature becomes part]cu1ar1y



3° The insert is a.TDL
near 1084.6 en” .

Fig. 4.1: Simplified energy level diagram of NH

scan of the sR{5,K) multiplet in NH Also

3
shown is the’R(30) 602 absorption line indicated by an arrow.

The relevant energy levels of the transitions with the two
smallest pump offsets are illustrated below.’ A
) L | )
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useful for off-resenantly pumped transitions where small values of Raman

gain can appear at a wavelength not generally available from a probe

oscﬁllator.“The TDL can also be tuned to a variety of tranﬁitions in
the NH3 molecule to monitor population changes and increases in
.tehdzrature induced by absorption of the pump radiation. In addition,
the exceptional am;]itude and frequegncy stabijiiy of the TOL a]]ogﬁ_q
gain to be'measured with very high sensitivity. Gain c;;fficients
as low as 0.001 %/cm were monitored using the TOL in éonjunction with
a phasé.sensit;ye detection technique. ' |
We'havg carried out gain'méasurements over a wide range ofL
amplifier conditions, using the apparatus shown séﬁématically in Fig.

4.2. Coarse fdnind of the wavelength é’}tted from the PbSnSe tunable

diode laser is contro]]ed‘by the4junc'/ ‘ m!%rature, which can be
set between 10-70 K, while the fine tuning of the laser ézgggjon is

upp%QgQ\E;éE&g g%bde. The junction o
‘of the TDL)Were adjusted to give

A dither-stabiliz

obtained by'varying the drive

temperature arfd the operating c

single-mode operation near 827 an ).

laser emitting 33 W on the R(30) 9-um transition is used to p two

/\’ ] N
types of NH3 cell:_ a 3-cmvi.d. cell which allows the pump beam to f/’ﬂn\
propagate in a free space mode and a pyrex capillary tubexﬁgch acts :
as a waveguide for both the 9-um and,]Z—um radiation. These celﬁs i

will be referred to ds the open ce11 and waveguide, respectively. The

26-cm long open cell was used to make measurements with a we11-
. -‘_- - !‘— -

* : .
The frequency modulation used to keep the CO, laser tunad to
peak power had no measurable’effect on the 12-um gain line shape.

—



Fig. 4.2:

Schematic diagram of the apparatus used for the copropagating

smaIT—signal‘bain measurements. The pump C02=beam is represented

by a‘dashed line and the probe TDL beam by a solid line.

Dichroic mirrors M, and M, transmit 90% of the 9-um CO2

radiation antrweflect 97% of the 12-um beam. Two types of

cell are probed; either a large diameter cell or a wavegquide

capillary tube. The Freon cell is used to prevent yesidual C02

radiation from reaching the HgCdTe detector.

-
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. characterized pump intensity. The small bore waveguides (1.5-mm bore,
- 60-cm Tong and 1.65-mm bére, 15-cm long) were employed whenever a high
intensi{} pump beam was required. ‘Figure 4.2 illustrates the case
_where the TOL and CO2 beams are copropagatipg in the amplifier cell.
For counterpropagating. experiments, the COé']asef beam is sent through
Ma
‘aligned to give maximum spatial overlap. The TDL rad}ation is focused

instead of M]. In both cases, the 9- and 12-pm beams are carefully

on a HgCdTe detector after the residual 9-um light-is eliminated with
a Freon-12 cell. The signal at the detector is, fed into a lock-in o
amplifier and the resulting dc voltage goes into the Y-axis of a recorder.
The X—axis of the chart recorder is driven by the diode control elec- \J

tronics which gives an output proportional'to the drive current.:
¥
Two different detection- schemes were implemented. For direct
. e

_ detectioﬁ, chopper 1 acts on the TDL amplitude to give a conventional

" scan of TDL transmis;ion versus wévg]ength. When hiéh-sensitivity )
- gain measurements were_ needed; chopﬁer 1 was removed' and chopper 2 was
used for synchronGis detection. The detectisn system is now sensithve

- only to changea in the TDL transm1ss1on 1nduced by the CO2 beam By *
using the second technique, changes as small as»0.0Z% cou]d be

routinely measured. Figure 4.3 displays an éxamp]e of a conventional
_ PL3y

amplitude scan taken in a ].S-ﬁﬁwﬁore, 60-cm long waveguide.. The .

strong line center absorptions show that theump intehsity is ~
1nsuff%c1e to create a’E;pu1at1on 1nversi!p bet&;én the upper and’
lower 1ase£_1eveﬁ5m_ The two narrow Raman gain QE;EES are associa d
Wwith the sP{? 0) and sP(7,1) tﬁéhs1t1ons The\g??ggts of hoth Ramgp

i peaks from thgir respect1ve I1ne centep.were determined to be 186 ‘,

A



. Fig. 4.3: TOL scan of the sP{?,O) and sP(7,1) transitions in the presence A
. of (0, radiation. 4 The two sharp spikes offset from the line

center absorptions are thg Raman_transitions associai::ed with

t?'{e sP(7,0) and sP(7,1) '1iﬁes. * The pump and TDL. probe beams

L4
are copropagating in a 60-cm ‘Jong waveguide. Pump intensity

is 1 kN/cm2 at an) NH3 pressure of 800 mTorr. -
Q /9'
! &
i .
=~ * '
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13 and 365-: 13 MHz, in reasondble agreement with E%e prev}ous?y‘
measugeg pump offset frequencies of 190 + 7 MHz [40] and 345 + 2 MHz
[58] respectively. The smai]er Ramian amplitude of the.sP(7,1)? line il
Fig. 41? is expected from the inverse square re]ationshie between the
Ramen bain and tﬁe pump offset. Gain coefficients as high as 3.1%/cm

were measured.on the sP(7,0) transition with a C02 1aser 1ntens1ty of

Vv kw/cmz. These large gains have important consequences for the

design of practical systems as shown in section 4.4.

While scans of the fype shown in’Fig. 4.3 give a direct display
of the Raman gain and line center absorption, a much more sensitive

detection technique involves the use of chopper 2. The upper trace in

- Fig. 4.4 disp]ays-typica] results obtained by chopping the copropagating

S

»

n

CO2 beam and synchronously detecting the TDL. This technique i//sensi—

tive only to changes in TDL transmission induced by the C02 Iaser The
measurements were taken in % 26-cm tong open ce]] at an\sﬁguggessure of

-

400 mTorr and for a pump 1ntens1ty of ~200 N/cm . In this upper scan,

the large line center absorptions seen in F1g 4.3 are replaced by

much smalle 2 change signals, which ref]ect a combination of PUP“lEEfa“\u/’/,////
transfer an gasiZeat1ng 1nduced by the. C02 pump b%a 'The Wine center .
t

signals (indica with the vertical arrows) were found to be alignmen

4

and pressure dependent, and were observed with reduced amplitude on NH.
transitions other than'the'sP(?,K%’mul{jp]et. Figure 4.4 shows Raman’

gain near both the sP(7,0) and sP(7,1) tranéitioﬁéfn The 1:2véﬁ}trace

of Fig. 4.4 was taken with the Cdz laser beaE_Eissigg>$hrough the NH3 N

cell in_the direction opposite to theQIDL beam. As predicted by
.‘. " . ) - -~ .

. R - :
X o - o 3

s a7 <~ - : -



B
Fig. 4.4-‘QA High-sensitivity scans of 12-um Ramgn gain. The 602 1aser is
chopped and the TDL heam synchronodé]y detelted. Results are
given for co- and counter-propagating beams in m400-mTorr NH3.
Average pump 1nténsity is ~200 w/cmz. The 1ine centers of

both the sP(7,0) and sP(7,T) lines are indicated with arrows.

, , _
/’ﬂ In each trace, the Raman feature near the sP(7,1) line is
N ' ) ~ . - .
. shown on an expanded scale. In addition to the indicated

4 »
amplitude expansion, {Sewave number scale has been eﬁganded

in the upper trace by a f?:far’of 4. The signﬁrg observed
)

N / near the sP(7,0) and sP(7,%) Tine centers are d{scussed in
< : the text. ‘ i . : "“"‘w\
PR -
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‘ Y
theory (see Fig. 2.4), the Raman features #re much smaller and broadef
." - £

than in the copropagating case.

Line shapes such as:those illustrated in Figs. 4.3‘ahd 4. ean
be reproduced using.our computer model. For example, Fig. 4.5 compares
a direct TOL amplitude scan of the sP(7 O) transition (solid‘line) with
a ca]culated‘spectrum (@) based on the theory given in Chapter 2.

Th1s measurement was made in a 1.65-mm bore, 15-cm long capillary tube

at a pressure of 500 mTorr and an incident 002 input power of ~14 W,

A

" For the purpose of this'comparison, a theoretical pump 1ntensity}of

900 w/cm w%% chosen to f]t best the amp11tude of the Raman gain. The
fitted phmp intensity compares reasonab]y well with the exper1menta1
average pump 1nteh51ty of 750 w/cm-. The s]op1ng background in the
experimental scan (caused bylfhe variation of the TDL power with
current) was taken into account ie the ca1cu1at1on Note that the
mode] reBroduces c]osely the entire TDL spectrum At 1ow-pressure,
the 11m1t1ng 11new1dth of the Raman line ihape was’ measured as 28 £ 3

MHz (FWHM) in the *copropagating case whereas the counterpropagat1ng

1§newidth was 176 + 11 MHz (FWHM). These results are in good ?QESETSEE_JrH

A~

-«

directions. The trafsverse average simply consists in d1v1d1ng

pump power by the waveguide area. For the iongitudinal directi on, .we
utilize the fact that the pump amplitude dec eaées exponentially along
the waveguide length. Consgguently, our av rag pumpiintensity is
calculated as Ipyq=I,(1-exp¥=ag))/at where I 7is the 1nc1dezt intensity on
the waveguide; o he absorption coefficient and L the wavegtiide ]ength.

4

.

A

fThe small difference between=the exper1menta1 and calculate

Tine center absorption is well within. ange produced by the uncgr--
tainties in the input parameters used in t computer model, :
o b .
. .
- p . .

ThlS average ?2 carried out in geth transverse and 1ong1tud1na1 v

R

v
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Fig. 4.5:

e -
B
§
‘.
.
¥
~
3 ./
L [ -

*

Comparison of egberimental and™Mthedretical spectra near the
sP(7,0) transition. The solid line is a conventional TOL
scan taken with 500 mTorr of NH3 in a 15-;m long ﬁavéguidé.
The calculated spectrum (o)-hsesia'pump intensjty of 900 N/cmzl-
to best fit the experiméntal peak gain. The's1oping background

caused by the TDL is “included in the calculation.

1
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with'the model: predictions qf 26 MHz and 176 MHz fqr the co- and counter:,
propagating cases | . )

An 1mportant characteristic of the Raman process 1s the strong
dependence of the Raman peak gain on the pump offset frequency. Figure
4.6 1]1ustna\es the frequency tuning of the Raman gain with pump -offset.
The four scdns in Fig. 4.6 were taken by tuning the CO2 laser frequency
in steps ofwaS MHz us1ng a piezoelectric trans]ator As expected,
the frequency of the Raman gain,]ine center moves/ﬁy‘amounts equal to
the pump-frequency shifts. Figure 4.6 also shows in a qua]1tat1ve

fash1on the increase in Raman gain as the pump offset 15 reduced. No

attempt,was made to carry out quantitative measurements, since the Co

2

1aser power a]so varles when its output mirror is tuned by -the piezo-

e1ectr1c translator In the next sect10n, a d1fferent techn1que i3
ot

emp1oyéd to measure the ampTlitude var1at1on of the Raman gain with

. 4 B | N

4.3 Detailed Sma11—Signa] Gain Measurements

Us1ng the two detechOn techniques described in section 4.

)Heta1]ed measurements of the Raman, peak gain were made as d—function of

pump intensity, pre ure, pump offset and polarization, and the)resu]ts
were compared with the computer modeh. In additioh to validating the.

theoretical model over a w1de range of expe¥1men%a1 cond1t1ons these

_resu]ts;are very useful in the design of eff1c1ent 12-ym Tasers as

Y

discussed in section 4.4.- Most*of the data presenteqf}n this sect1on
deal w1th the Raman gain associated w1th the spgl,ﬂ) transition. Th1s

line g1wps h1gher gg1n vaIues than the other sP(7, K) tevels and enables
o}

L] . . ‘ i E
. ‘' > - [




Filg.'-‘4.6: Differentia] scans of the sP(7,0) region taken to iljustrate
- the frequency tumng of the Raman galn Results are shown
the - C(J2 laser is tuned from -25 to 50 MHz around the hne

center The TDL s1gna1 in the bottom trace was expanded by a

r

"factor of 2. The measurements were made in the .26-cm open .
[ 4

)ﬁcel] at an NH pressure of only m300 mlorr to:m‘ammlze’

"

pressure broadening.
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relative*gain meas:iekgéts to be made with good accuracy (typically ~+5%).

-
However, similar results were obtained for the sP(7,1) line and clearly

. 4.

: A ‘&
our appreach can be exkénded to cn‘»Sher'I\{.Ij_:a pumped lines.

- b
4

a~{/’At a fixed NE;_Eﬁessure, theory predicts.that the Raman gain
increases ]ineak1y with pump intensity in the'range of experipental
'co;djtions investiggted‘(ﬁl kw/cmz). .Pre1imipary meaSurements‘in both
ithefopen and waveguide cell confirmed this'prediction. The open cell
" w35 used to make a -comparison between theopy'and experiment for absolute
. _ "~ gain as the pump intensity can be accurately measured tn'thie cell.
; “a The 11near1ty of the ga1n was checked in a 1 65—mm bore wavegu1de which *

provided a large range of pumping intensity. For'the

ements in_

-

( o the open cell, the pump 602 heam was collimated to g an1 Torm

- .
spot size (TEM00 mode with_a beam diameter of ~1 cm at tma\ue;
, intensity points) along the cell. The TDL was tightly focused (~2-mm

‘\____dﬁameter) at the center ozkthe CO2 beam and used tq probe 500 mTorr
d

\

of NH pumped by & we]] ined inteneity_of 15 + 2 w/cm2 ouer e']ength
of 26 cm. Slight heat1np of the-gas'occurs;due to absorption.df t?e
9upit pump radiation. 'Vdrié§10h in the'gas %empenature changes. the
N ' - thermalﬂpopulat1on 1n thé different 1eve1s and thus the Raman gain
value. By tun1ng the diode’ ]aser to the sP(Z 0} and sP(10, 2) tran51t1:us
J-l . . in NH3, absorpt1on coeff1c1ent changes resu1t1ng from gas heat1ng were
- . )*moq1tored. The’temperatures<‘ . pond1ng to these absorptIOn - Lo
-toefffcients were then‘computed The NH3 gas temperature in the probed
- region was estimated to be 326 IO K for the absolute gain measurements
and this temperature was used for th theoret1ca] ga1n calcu1at1ons

'“ ~

o . In the copropagat1ng case, the peak, Raman gain was measured to be 2. 37

. e
\X . . N
\ .
.
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N .
(= 10%) x 107° cmw'], 15% lower than the theoretical pre;?étion. In

the counterpropagating case, the measured Raman gain is smaller, 4.03
4= 152) x 107% ™!, and is 27% Tower than theory predicts. In view
of the uncertainties in some’of the experimental parameters and the

input data (see section 2.4.3), this represents a good agreément
between theory and experiment.

Figure 4.7 shows results obtained by varying the pump intensity
in the waveguide. In this case, the C0, pump and TDL probe :Eiyé’g;;ﬁ\‘\
copropagating in a waveguide mode and the measured gain coef icient is
the result of a convolution of the TDL probe with the radially varxing |

~ Raman gain profile.” A further compljcation occurs due to the radial
témpérature.profile in the NH3_gas. Even though thelNH3 pressure was
reduced below optimum to minimize heatiﬁg effects, the aﬁérage gas
temperature is 345 * 10 K at the maximum pump intensity. This
temperature change was measured using the technique describeq above.;
Sincé the TDL probes the entire cross section of the waveguide, the
temperature increase|represen£s an'avérage over the radial temperature
profile of the NH3 gas. In Fjg. 4.7, the Raman gain is plotted against
the average pump intensity in the waveguide. The solid line is a
best-fit straightKTihe through the d?ta points. The slope of this

5

“Tine i5°3.04 x 107 cmd™! close to the calculated value of 2.75 x

5 cm ™}

107 for 500 mTorr NH, at 320 K. The waveguide measurements
should not be used for accurate comparisons of absolute gain since
such measurement requires a precise knowledge of the pump and probe-

intensity profiles and their spatial overlap. However, the data of

Fig. 4.7 clearly display the linearity of the Raman gain with pump

* ’ . N
.The Raman gain values are normalized with respect to the pump
intensity. .




Fig. 4.7:

Raman gain coefficient as a function of pump intensity measured
in a 15-cm Tong waveguide at a constant pressure of 500 mTorr.
The best fit straight Tine through the data gives a slope of

3.08 x 1070 cnW™!.

s
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intensity and also indicate'the gain magnitude to be e#pected et
high pumping intensities. The consequences of these resu]ts for the
design of pract1ca1 systems will be d1scussed in section 4.4,

The variation of the 12-um Raman gain w1th NH3 pressure is

illustrated in Figs. 4. 8 and 4.9. The,measurements were taken with

the open cell for both co- and.coupter—propagatihg beams. in the
copropagati ease, the gain is proportional to pressure below ~2Q0
mlorr (Fig(Pj.S(a)) and starps to level off at pressures above 600 .
mTorr (Fig. 4.8(b)). The nonlinear dependence of the Raman gain on
pressure above ~200 mTorr results ‘from a s1gn1f1ca;t increase of the
Raman gain ]1new1dth compared to 1ts 1 ow- pressure limit of 26 Miz. The J
s1tuat1on is quite dlfferent in the counterpropagat1ng case where the
minimum Raman 11new1dth is 176 MHz. As the self-broadening coefficient
of the lasing transition is 19 MHz/Torr (FWHM), the results in Fig.

4.9 display the expected linear dependence at pressures up.toiSOO'mTorr.
‘Measurements were not taken at higher pressures due to excessive'gas

© heating and significant broadening of the sP(7,0) line center\ahsorpt1on ‘
.These pressure measurements were performed ut111z1ng t19ht1y focysed
beams to obtain appreciable ga1n. An average pump 1ntens1ﬁy waSQ\\\
estimated froh the measured beam waist. In Figs 4, 8 and 4 9' the
ca]cu]ated gain coeff1c1ents were sca]ed by - 0 63 and 0 76 respect1ve1y, h
to give a Eest fit to the exper1menta1 data. This reduction in the
calculated values is consistent with our measurements of absolute

_ gaiﬁs combined with the uncerta?pties in the-average_pump intensity.

Once again the overall experimental behavior is well reproduced by

the theory.



tr

. Fig. 4.8: Raman gain coefficient as a function of NH3 pressure for
copropagating beams. The low-pressure range is displayed in

= ~ {a) and the high-pressure in (h).
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Fig. 4.9: Raman gain coefficient as a function of NH3 pressure for- .

counterpropagating beams.
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F1gures 4.6 1T]ustrated qua11tat1ve1y the 1mportance of the
pump offset frequency on the Raman gain of the sP(7,0) line. To make
quantitdtive observations, we utilize the fact that the R(30) C02 line
actually pumps‘six different NH3 lines with varying offsets, as shown
in_Fig. 4.1. These offset frequencies are well known t40,58], and
our TDL could be tuned to five of the coupled sP(7,K) transitions near
12 um. The measurements were carried out in a 1.5-mm bore, 60-cm Tong
waveguide with a NH3 preseure of 500 mTorr and an dverage pump intensity
of ] kw/cmz. The Raman gain coefficients were measured on the five
lines under identical experimental conditions and the results were then
normalized to the sP(7,0) line. A similar procedure was used for the
calculated Va]des with Taylor's pub]ished']inewidths as input parameters
[41]. Results are summarized in Table 4.1. The'good agreement between
theory and experiment 1nd1cates that the. theoret1caT mode] accurate]y
predicts the pump offset dependence of the gain. The exlstence of an
inverse square re]at1onsh1p between the gain gnd pump offset can be
ascertained from Table 4.1 by normalizing the gain to the same pump and
lasing transitions. The high sensitivity'of'the TDL was invaluable in
performing this experiment; typiéa] gain coefficients observed in the
sP(7,5) Tline were only 0.006%/cm. As expected, the Ramen gain for.
each -transition Qas offset frem line center by a frequency equal to
the pump offset frequency (see Fig. 4.3).

A1l the results described so far were obtained using Qeum pump
and 12-um probe beams which had parailel Tinear polarizatiens. However,
the small-signal gain is expected to depend strongly upon the relatqve

polarization of pump and probe beams. This dependence results from the



Transition

sP(7,0)/sP(7,0) |

sP(7,1)/sP(7,0)
sP(7,2)/sP(7,0)
sP(7.4)/sP(7,0)
5P(7,s)/sp(7,0)

Table 4.1

Gain ratio versus pump offset.

Pump Offset'(MHz)
190
345
761.3
1546.7
1075.6

Measuremént
1
0.12(1)
0.023(2)
0.0025(3)

0.0020(2)

Ca1cu1étion
]
0.12
0.020
0.0022
O.Q020
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M-degeneracy of the levels and the values taken by the individual matrix
elements for different poTar1zat1ons of the pump and emitted radiations.
Petuchowski and DeTemple [62] have pub]1shed results for h1gh J
transitions (a reasonable gpproximation for the sR(S,K) transitions).
Measureménts‘were made.to compare the parallel linear case to the
situation where fhe_pump and probe beams have qrthogona] linear polari-
zatioqs. Our arrangement used two wire-gfid polarizérs in tﬁé path of

~ the probe beam, and the rotation of one of them by 90° provided a
direct compafison between parai]e] énd orthogonally linearly polarized
beams. If our measurements are normalized to thé parallel linear case,
for orthogona]]} linearly polarized pump and probe beams the gain

~coefficient should_be reduced by 0.75. A reduction of 0.76 = 0.02 was
measured in the waveguide. For circularly polarized heams, Petuchowski
and DeTemple [62] predict factors of 0.25 and 1.5 for corotating and
'counterrotaﬁing beams, respectively. A Fresne] pr1sm was employed as a
A/& plate to produce c1rcu1ar polarized light, and approximate factors
of 0.2 (+0.05) and 1.3 (+0.1) were obtained in the co- and counter-
rotating cases respectively and thus the strong dependence of the ga%n

on polarization was confirmed. .

4.4 Discussion and Conclusions

The experiments described in this chapter constiéute one of
' tgg most detailed tests carried out on the interaction of two laser
fie]ds with a thrée-]evel molecular system. The validity of thg‘:heory
was established over a wide range of experimental conditions and thus

™~ the model can be used with confidence to predict gain on other NH3 lines.
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In particuiar, thit work has several practicaT.impTications for the
construction of efficient cw 12-um lasers. The data of Fig. 4.7
demonstrate that ga1n coeff1c1ents of 1%/cm can be attained in a wave-
guide for 1nput powers of only 10 W (equivalent to 400 N/cm in a
1.65-mm bore capillary tube). Such gain coefficients are more than
sufficient for the construétion of compact 12-um waveguide Jasers.

In Chapter 3, é ring resonator was utilized for the 12-um cavity to

.prevent feedback to the pump CO2 laser. A linear waveguide configur-

ation can be used provided a polarizer and a /4 plate decouple the
two laser cavfties [63]. The waveguide is- then pumped-with éircﬁlarly‘
polarized radiation leading to a further enhancement of the ]2 UM

gain by a factor of 1.5. Th1s gain 1ncrease is benef1c1a] to the

.0perat10n of 12-um 1asers since it d1m1n1shes the threshold pUmp1ng

power requ1rement$ and thus Ieaves a greater fraction of the 9-um
input radiation available to be converted into 12-pm photons .| Based
on the results of th1s chapter a 11near wavegu1de ]2-pm laser was

constructed with output powers in excess of 10 w and quantum conversion

: efficiency >40%. The design and performance of this laser are the

subjects of the néxt‘chapter.



CHAPTER 5 =
HIGH POMER CH 12-um NH, LASER

" 5.1 Introduction

[

This chapter descr1bes the des1gn and performance of an
eff1c1ent 12.08-um NH3 Raman laser, The 12 -um cav1ty de51gn is based
on results discussed in the previous chapter, 1in panticuTar,'on the
fact that large Raman gains can be produced 1n small-bore Cap€i1enu
tubes., Qur pre11m1nary exper1ments on cw 12.08-um laser (section 3. 3}
produced 0.9 W at 12 um us1ng 33 W of 9-um pump radiation in a non-.
optimized system. More recent work us1ng simiTar pump powers reported
12-um output powers of 1.5 W in pure NH3, and 3.3 W in a buffered
m1xture of NH with He or H (64, 65] ‘In altl these exper1ments the ’
NH3 cav1ty cons1sted of an open resonator pump1ng a ring conf1gurat1on
to avoid feedback into the pump laser. In v1ew of the d1ff1cu1ty of
cqnstructing a ring waveguide cavity, we chose a 11neer pump1ng scheme
in which the 1solat1on of the pump 1aser from the. NH3 cav1ty was "?-
aecomp11shed using c1rcu1ar1y polar1zed Tight [63] Results with th1s
s1mp1e conf1gurat1on are g1ven in this chapter for d1fferent wavegu1de
bores and ]engths Threshold pumping powers as Tow as 1 W are.measured
in our optimum 12-um cavity. The consequence of such low threshelds
for the extens1og of cw operat1on to other off resonantly pumped NH3 _”;

trans1t1ons is d1scussed in section 5 3.

¢ SN
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5.2 Experimental Apparatus and Results

"Figure 5.1 shows a sghematic diagram of the apparatus, which
contains a major improvement over that used in our initial work. The
NH3 is now confined in a capillary tube acting as a waveguide for
both the 9-um and 12-um ra@iation.' This enables high pumping inten- |
‘sities to be maintéineq over long interaction regions, greatly
enhanciﬁg the single pass Raman gaiﬁ at 12 um. Furthermore, the use
of a waveguide facilitates cooling of the'NH3 gas at the walls. Feed-
back of the pump éadiation from the 12-um inpg; mirror into the-CO2
- laser is e]iminated with a wire-grid polarizer and a Fresnel prism [63].
This isolation scheme functions as follows. The pump beam emerges from
the Freéne] prism with, for example, ]eft—circula} polarization. The
pump radiation reflected from the NH3 laser is right-circularly
polarized and is transformed by tJL Fresne] prism into a linearly
polar1zed beam. HoweVer, the reflected pump radiation is now linearly
polarized in a plane perpendicular to the transmission axis of the wire-

2
laser. As a result, careful adjustment of the prism allows feedback

- grid polarizer and thus no reflected pump radiation reaches the CO

to the pump to be eliminated. This technique has the éﬂgﬁtional
.benéfit that a factor of 1.5 increase in the 12-um Raman gain is
generated due to the use of circularly polarized rather than linearly
polarized pumped radiation [62]. Brewster windows can no longer be
utilized in this NH3 cévity, and tHe waveguide ends are sea]ed_by
slightly tilted pieceé of AR (anti-reflection) coated ZnSe (transmission

>98% at 12.08 um and 88% at 9.22 um). The mirrors in the NH, cavity



-

Fig. 5.1: ‘Schematic diagram of- the optically-pumped 12-um wa~veguide laser.

r
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are placed as close as possible to the ends of the waveguide (mdLS cm)
to minimize coupling ]osses* [66]. The inpqt mirror is mounted on a
piezoelectric'trans1atof to tune the cavity into resonance. The 12-um
output power -is. separated from the cbi]inear pump radiation transmitted
through tﬁe waveguide by a combination of two dichroic mirrors (same
mirrors as 1n'Chapter 4}, This arrangement allows us to monitor simul-
taneously the 12-um output power on a calibrated Scientech power meter
and on a HgCdTe detector. The gas pressure in the waveguide is
measured with a capacitance manometer. '

Preliminary experiments performed with the 1.5-mm bore, 56-cm
long waveguide were described in Chapter 4. One watt cw was obtained
for 20 W of pumpjng power corresponding to an energy conversidn.
efficiency of 5%. This efficiency is a factor of two larger than that
obtained in our initial experiments (see Chapter 3). ‘However, there .
are problems in using bores of 1.5 mm or smaller. The optical propa-
gation loss increases with gécreas%ng diameter [67] and significant
S-um and 12-um transmission losses were:measured_in the 1.5-mm bore
tube (>20% Toss in 56 cm). The tube diameter was thus increased to
2.5 mn resulting in a 9-um transmission >95% in a 60-cm long tube.
Initially, our experiments consisted of varying the length qfvthé'
waveguide, and onimizing NI—_l3 pressure énd oufput coupling for di fferent

capillary tubes. . For several measurements, the 12-um wavequide was

surrounded with dry ice as calculations based -on the computer model

" .

- Experimentally, we found that the waveguide mirror separation
could be increased to ~2 cm without a significant decrease in the 12-um
output power. ' ) -
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predicted an increase of 1.5 in the'optimum small-signal gain if the
NHé gas temperature was reduced from 300 K to'195 K. The larger gain
obt?ined at Tower temperature results mainlylfrom a reduction in the
thermal popﬁ]ation of the lower laser level which increases the popu-
lation difference driving fhe Raman gain. Table 5.1 summarizes
. results obtained for various lengths of 2.5-mm bore tubing. Maximum
" 12-um output power was achieved in the longest available tube of 1.2 m.
Higher output powers may be produced in longer cabi]]ary_tubes. How-
ever, the increase is expected..to be marginal because of the fncreased
waveguide losses and the low pumping infénsity present in the additional
part of the tubg. For some applications, shorter waveguidés may be
advaﬁtageous since they are much eas{er to align and optimize than .
the 1.2-m tube while still producing significant outpdt powers. The
Targer 12;ﬁm output powers measured_in longer waveguides are the
results of lower threshold pumping powess. Low threshold values leave
a larger fraction of the pump pdwer available to be converted into
12-um photons. Optimum output couﬁ]ing wWas found.to.be éS%—SO% in

the 1.2-m tube and the measurements displayed in Table 5.1 were taken
with an output coupler which.transmitted 28% of the 12-um radiation,
and-23% of the residual 9-pm radiation.

Investigations were ;arried out to deﬁermine the effect of

yaryfng gas pressure and mixture. Optimum NH3 pressures were found

to be close to the pressure which gives the peak small-signal gain
calculated from the average longitudinal pump intensity (see section 4.2).

For example, the optimdm NH3 pressure was calculated to be 450 mlorr
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(T=300 K) and 350 mTorr (T=200 ﬁ) in the 1.2-m long waveguide, in
gdod aéréement with the measurements of Table 5.1. Figure 5.2 displays
the lé-um output power versus NH3 pressure. The maximum operating
pressure is limited by strong absorption of the pump radiation by the
pressure broadened sR(5,0) transition. At 1 Torr, this‘effect reduces
the average pump 1ntensity to ~1/3 of fhe value in the evacuated
capil]ary‘tube. The influence of buffer gases was also examined as
the addition of §uch gases to NH; have been shown to be beneficial
in work reported by-Wazen and Lourtioz [65]. Figure 5.3 shoﬁs pfessure
scans of the 12-um power in pure NH3 and buffered mixtgres of 50% and
5% NHy in Her' Similar results were obtained with other mixtures and
using N, és a buffer gas. Contrary to the results of Wazen et al. [65],
mixtures qf NH3 with He did‘not increase the 12-um output power. The
difference in these two expefimenta] results is probably explained by -
the fact that wall cooling dominates in our waveguide cell, while
Wazen et al. required a low mass buffer gas to improve the thefmal
conductivity of NH3 in an open resonator. The main effect of dilute
NH3 mixtures in our experiments is to allow higher total pressures to
be attained.

| The dependencé of the 12-pm output.power oh pumprintensity
was measured to characterize further the performance of this new 1a§er Y
system. Figure 5.4 is a p]ét of T12-um output power as a function of |
CO2 inpdt poge}. Measuremenfs were made for both a room temperature and
a dry-ice cooled 1.2-m long tube. The majority of the data displayed
in Fig. 5.4 were taken wifh a 1/5th duty cycle chopper in the pump

beam to prevent damage to the optical Componehts, partiéu]arly the



Fig.~5.2: 12-um output po&er'as a function of.NH3fpressure for an input
power of 31 W at 9 um. The 1.2-m long capillary tube was not

cooled for these measurements.
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Fig. 5.3:

12-um output power as a functien of the total gas pressure.
Measurements are shown in pure NH3 (oj and for NH3/He mixtures
of 1:2 (x) and 1:20 (lj),r_'espéctively. .The measurements

were made in a'60-cm long tube at room temperature with a pump

ppWer of 38 W. Note that'th_e maximum 12-um power does not

‘increase when the NH3 is diluted with the buffer gas.
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Fig. 5.4:) 12-ym output power as .a functjon'of pump'poﬁer for a room

o temperature (o) and with dry ice cooled (x), 1.2 m-Tong,
2.5-mm bore aneguige cavit}. Most of the results were taken
w;thra 1/5th duiy cycle chopper. Also shown are measurements
with a 1/2 du.ty cycle (IJ) and without a chopper (). The‘
chopped QaTues have been ;ca1ed by the duty cycle to give cw

values,
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" Have the Towest wavegu1de propagat1on Tosses [68]. Yo

59 2

wire-grid polarizer, However, in selected cases, 1dent1ca1 resu]ts

_were obtained w1th a 50” duty cyc]e chopper and with the chopper

removed. AIL\the results shown in Fig2 5.4 have been corrected to . .

: account for the small measured losses -caused by two ref]ect1ons from

/«‘ '--.’1 .

-the dichroic mirrors. As expected; the 12-um! rad1at1on emerges w1th p

‘h,_ ,;./

*
c1rcu1ar polarazat1on and propagates like a Gaussian TEM  mode . Note

that 3.8 N of CO2 pump power were required to reach thresho]d in the

coo]ed tube " This value agrees reasonab]y well with sma11 s1gna1 ga1£€wm?} -
calculations based on our computer model (average amp]1f1catlon of “aus Aﬁ
'43£/round trip) and the estimated’ cav1ty losses (~38%/round trip).
‘Once above thresho]d the 12-um oytput p%warx1ncreases 11near]y with
input power, reaching 10.5 W for 38 W of 1hpUt power. ‘No signs of
saturat1on with pump-jntens1ty are observed, suggesting that fuch
higher -12-um output powers can-be attained with a more powerful pump.

There aTe severa] ways to calculate the efficiency of the present
system. From-a pract1ca1 po;nt of view, the power convers1on efficiency
is very 1mportant and has its h1ghest value of 28% with 38 W of
1nput power in the coo]ed tube. However, the photon or quantum o
efficiency is a more fundamehta] parameter. Only 30 W of the Q-um fﬁéi;. 31
radiation actually enters the NH3 gas, the rema1nder is reflected from ?ﬂjd ;?

the input mirror and the AR coated ZnSe. The 30 W of pump can convert

*other mope structures were observed (e.g. annular-shaped mode)

-depending on the ‘waveguide alignment. Nevertheless, maximum' 12-pm’
'output powers were generally measured in a Gaussian-like mode which is"

close to the far-field diffraction pattern of a EHH mode (known to -

..;-"'
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into a maximﬁm of 23 W of 12-um radiation. 10.5 W of 12-um output.is
measured corresponding to a qQuantum efficiency of 45%. This IO;S-H
laser represents the maximum known‘odtpﬁt power, quan&um e?fi;iency,
and pdwer efficiency of any opticpily pumped cw infrared laser. With
the view to fmproving the:Iaser.performanCe further, it is appropriate
* to consider the loss mechanisms in the laser cavity. Of the 30 W of
pump radiation coupled. into the waveguide, a total of 10 W is estimated
to be absorbed by the NH3 and the wavequide walls or emerges from the
gavity under lasing conditions. The remaining 20 W of pump radiation
is converted into 15 W of 12-um radiation. "10.5 W of 12-um power is
coupled out, while Qindow, coupTing and waveguide losses, plus
reabsorption in NH3 account for;the addi;iona] losses. Thus, the laser
efficiency can certainly be increased by reducing waveguide losses and
using internal mirrors [65]. . |

The ultimate performance of the 12-um laser strongly depends
upon the exact saturation mechanism responsible for the reduction of
the sma]]-signa1 gain to a value which satisfies the cavity threshold
condition {gain equals loss). In our laser system, there exist two -
competing saturétion processes: (1) depletion of the pump by the
conversion of 9-um photaons to 12-um photons and (2) population transfer
from the s{5,0) levei to the s(7,0) Tevel in the NH3lground state and
the consequeﬁt reduction of the Ramah gain. By measuring the 9-um
transmission'through the waveguide, we found that unéer Zasing‘conditions
the average 9-um intensity could be as much.as five times the pump
intensity required to achieve threshold. THis result indicates that

pump depletion is not the dominant mechanism leading to the reduction
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of the 12-um gain [69] and that significant population transfer must
occur in the NH3 ground state. Experiments using an oscillator-
amplifier arrangement have confirmed these observations and the

results are presented in the next chapter.

5.3 Extension to Qther NH3 Transitions

The work described in this chapter has mainly concentrated on
the development and characterization of an efficient 12.08 um CwW .
laser. However, the same pumping-geometry can be utilized t0»prbduce-
cw lasing on other NH, Tines, in Particular those listed in Tahle 3.1,
To examine the possibility of line tunability, the CO2 1ase; wés funed
to the R(16) 9-um band transition. The R(16) line center is offset
_from the nearest NH3 transition aP(8,0) by'1.36 GHz. Tﬁis large pump
offset'freqhency was se]ectgd to detenning the maximum pump offset
_frequency which'wbuld.sti1] produce cw lasing. Table 3.7 shows that
the threshold pumping pawer of the ;P(S;O) line is ~30 times larger
than for sP(7,0). The‘lowest thresho]d measured for sP(7,0) in
section 5.2 was 3.8 W and clearly ou; 40'% cw CO, laser would not
provide enough pumping power to produce cw lasing on the'aP(S,b) line
in the present cavity. Consequently, the optics of the 12-ym linear
cavity were modified to minimize the cavity logggs by;changing the 28%
output coupler to a toéa]lref]ector.' A dichroic mirror was placed
before the 12-um input mirror to allow detection of the 12-um output.
Wfth lower cavity losses, the threshold on sP(?,O) was reduced to
only 1 w.aﬁd_by tuning fhe CO2 laser to the R(16} 9-um line, cw

lasing was observed for the first time on the aP(8,0) NH; transition.
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This new laser Tine operates near threshold as only 33 W of pumping
power was available. This threshold va1ué is consistent with the
measurements shown in Table 3.1.

The observation of cw lasing on this new line demonstrates
that the pumping scheme is not']imited to the sP(7,0) line and can be
extended to other transitions. In addition, the threshold behavior
of the aP(8,0) Tine gives an approximate upper 1imit on the pump offset
frequency under which cw lasing should be feasible (given reasonable
pumping powers}. Frank et'al. [70] have reported more than one
hundred NH3 transitions. within 500 MHz of a pump 1a$er line and cw

MIR operation can be expected on many of these lines in the future.
5.4 Summary

This chapter deééribed the design anq performance of a 10.5 W
cw 12-pm Raman laser. In addition, experiments on pumping the aP(8,0)
line have demonstrated the feasibility of cw operation with pump. offset
frequencies as 1éfge as 1.4 GHz: The major improvement of our present
cavity design over that used in preVious work consists in confining
the pump radiation in a small bore tube to prodpce high pumping
intensity and_consequent]y high Raman gain. Energy and quantum con-
versiod efficiencies of 28% and 45% respectively, were achieved in our
dptimum resonator, the highest yet repofted for an optica11y:pumped cwW
laser in the infrared. Our ]ager system ;ppears scaIaBle to even
higher powers as indicated by our meaéuremenﬁs of the 12-um output

power versus pumping intensity. However, an understanding of the gain

saturation mechanism is necessary before one can predict the conditions



Fa

84

needed to increase the 12-um conversion efficiency. In the next
chapter, quantitative measurements are performed using an amplifier-
oscillator arrangement to determine the relative importance of the

. 4

different saturation processes involved in 12-um Raman |lasers.
. : N

-~



CHAPTER 6
GAIN SATURATION IN CW 12-um NHj RAMAN LASERS

6.1 Introduction

Ip the prgvioq; chapter, optical pumping of NH3 was demonstrated
to be a very efficient technique for generating powerful cw osci11ati6nr
in the mid-infrared region. CW powers in excess of 10 W witﬁ energy
conversion efficiencieslof 28% were attained at 12.08 um using’a
simple, linear pumping geometry. The high efficiency achieved in the
12.08-um laser is partly due to the Raman nature of the lasing process
but further development of this type of sysfem towards even higher
output powérs and efficiencies requires a detailed understanding of
the exact gain ;aturation mechanism. In Chapter 4, we have reported
the measurement of the dependence of the Raman small-signal gaip (go)
on pump intensity, pump offset, pressure, etc... and compared the
results successfﬁ]]y with the theory of one intense and one weak Taser
field interactfng with a three-level system. However, there exists no
equivalent experimental study in.the case of intense fields at both Q-
pm and 12 um.

This chapter presents a stqdy of the‘gain satufation of the
sP(7,0) transition using experimenté] conditions_simj]ar to ;hosg
occurring in high power 12.0§-um waveguide lasers. -Gain céefficients‘
at 12-um are measured in waveguide caﬁil]ary tubes using a conventional

oscillator-amplifier technique. The average intensity of the pump CO
) .

2

laser is ~700 W/cm® while 12-um intensities in the amplifier can be

. 88



86

-

varied from 10 tJfLZOO w/cmz. Gain sgturation is studied as a function
of.NH3 pressure from 0 to 1 Torr, and resq]ts are compared with model
caTcuTétions baseg on the theory described in Chapter 2.
Studies of optically-pumped cw FIR lasers have reported gain
saturation only for resonant]j-pumped'1aser lines [60]. The experiments
- described in this chapter demonstrate for the first time the presence
of strong gain saturation for an optically-pumped cw Raman transition.
In addition to providing a test for the theory of a three-level system
interacting with two strong laser figlds, the measurements of section
6.3 show that the mechanism mainly re;Ebnsiﬁle fdr the gain reduction
is population transfer in the NH3 ground state rather than pump
depietion [69]. This result explains the observed saturation behaviour

of 12-um Raman lasers; in particular the fact that incavity pump

intensities are much higher during lasing than at threshold.

6.2 Experimental Apparatus

Figure 6.1 is a schematic diagram of the oscillator-amplifier
apparatﬁs. The arrangement is similar to the apparatus used in Chapter
4 to make the small-signal gain measurements (see Fig. 4.2). The
major différence betwféﬁ\gtj’%wo pieces of apparatus is in the sub-
stitution of the TDL by a high power‘12.08-um laser as the probe.
Isolation of the CO2 pump laser from the 12-um cavity is accomplished

'usiné a linear polarizer and Fresnel prism as discussed in Section 5.2.
*The C02 rédiation is divided into two separate beams at a beam
splitter; one beam pumps the 12-um probe laser while the other is

focused into an amplifier cell. This arrangement avoids the complexity




Fig. 6.1:

Schematic diagram of the apparatus used to measure saturation

of the 12,08-um Raman gain. The dichroic mirrors (DM) trans-

mit 90% of the 9-um pump radiation, and reflect 97% of the

12.08;pm radiation.
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of adding a second CO2 laser [60], but reduces the maximum power in
gach pump beam to 16 H. The 12-um waveguide laser consisted of a
60-cm Tong, 2.5-mm bore tube and the detailed laser design was .
described in Chapter 5. A maximum 12-um output power of 3.5 W is‘?
'ﬁroducedrby the oscillator and the 12-um radiation is combined with
the second pump beam using a dichroic mirror be?ore entering the NH3
amplifier.

Two choppers are employed-in the apparatus. Chopper 1 (duty
cycle = 1/5th) reduces‘the average power incident upoh the optics
and generates a chopped 12-um probe beam. The second chdpper (choppér
2) acts on the CO2 pump beam enteriné the amp}ifiqr, and results in
the probe beam being a]ternate]y transmitted through the amplifier
with and without amplification. This arrangement enables the HgCdTe
detector to monitor simultaneously the initiai (IO) and amplified
(I = I0 exp (ar)) 12-um signal. The chopped waveforms are displayed
on an osc§]1oscope and amplification of 210% in a single pass can |
be measured with reasonable accuracy.(: 0.5% per pass). Note that
this meésurement techniqﬁe is sensitive only to changes in the probe
transmission and.gives the Raman contribution to the gain. The gain
measurements are performéd by tuning the probe laser to give peak
power (generally tﬁe most stable point) and using calibrated attenuators
to vary the 12-um power incident upon the amplifier from small-signal
to saturated conditions. The experimental arrangement shown in Fig.
6.1 also-allows easy measuéements of the 9- and 12-um powers trans-

mitted through the amplifier.
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6.3 ' Results

As one of the main objectives of this study was to elucidate the
mechanism responsible for the saturation behaviour in high power
waveguide 12-ym lasers, the.first amplifier experiments were performed
in a 56-cm:1qng, 1.5-mm bore capillary tube. This tube has a length
typical of waveguide lasers, while the 1.5-mm bore (instead of the 2.5
mm used in 12-um waveguide lasers) is intended to maximize the 9-um and

* - . .
12-um intensities . Figure-6.2 shows the measured gain coefficient as
2

?

a.functiqn of NH3 pressure. The average pump intensity is ~500 W/cm

while the average probe intensity is m180.w/cmz for the saturated gain

(gsat) measurements. A detailed analysis of the data of Fig. 6.2 is
complicated as both the pump and probe intensities vary substantially
along the length of the amplifier. These variations are caused‘by
waveguide losses, NH3 absorption, pump conversion, and ]ijm émp]ifi-
cation. However, the curves of Fig. 6.2 are useful for thé design of
practical laser systems, and the results. demonstrate the importance of
popu]afion transfer as a saturation mechanism. For example, let us
consider the measurements taken at 500 mTorr, a typical operating.
pressure for NH3 Raman ‘lasers. MWe find exberimenta]]y that conversion
of 9-um to 12-u photons reduces the average pump intensity by ~25%
in changing from small-signal to maximum 12-uh probe power. As Raman

gain is proportional to pump intensity, and power broadening and ac

- Stark shifts are negligible under our experimental intensities, one

* ) '

The smaller waveqguide diameter compensates for the reduction -
in the available-9- and 12-um powers caused by splitting the pump beam
in two.




Fig. 6.2:

Experimental measurements of Raman gain coefficients at
12 ym. Measurements were made as.a function of NH3 pressure

in a 36-cm Tong, 1.5-mm bore capillary tube. The incident

'C02 power in the waveguide was 14 W, and the 12-um probe sig-

nal was varied from 3.2 W (saturated gain) to <10 md (small-

signal gain).
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would expect the 12-um gain to decrease by'oy]y 25%, provided

there are no significanf changes in-m61ecu15r popﬁ1ations. However;
the measured 12-um gain coefficieﬁt is reduced uy"é factor of 2.4,
indipatipg a spbstantia1 Change in the pgpu]afion aifference‘whjch -

T Ead }"
provides the Raman gain, ) : L

“‘.
o S

To separate the effects of populatfoh transfer from thése of
 pump depletion, the amplifier length was shoriéngd to JO .cm ia compro- .
mise between longitudinal fnténsity-variatibns;énd small amplification
perfpass):‘ The. results of'experimeﬁfs with the shorter tube are shown
.‘}" Fig. 6.3. For these measurements, pump conversion was not signifi-
cant (<é%) and the pump and probe intensities remained re]ative]y
constant along the amplifier 1en§th. In comparing Figs. 6.2 and 6.3,
one notes a greater degree bf saturation in the Jonger tube, particularly
at higher pressures. This diffefénce is primarily caused by pump
conversion in the Tonger tube, with a consequent loss of pump 1ntensity“
and gain in the latter portion of the amplifier.
To explain the saturation measurements, ‘the model outlined in
Chapter 2 was employed. This theory treats the various M sublevels
as independent and uncoupled while ‘the use of circularly polarized -
light induces aM = #1 transitions. The inclusion of M-changing popu-
lations would substantially complicate the calculations [71] and for
simplicity, we continued to use the model described in Chépter 2 as
it accounts for our experimenta]"observétions. Pre]iminary-cﬁlculations
were carried out using our computer code‘to determine the effect of
varying g&é relaxation rate y(y=y]=72=f]2) in Table 2.1, since this

rate is not well known. As discussed in section 2.4.2, 9 is rather




Fig. 6.3r

}

Experimental and calculated values of Raman gain coefficients
in-a 10-cm long, 1.5-mm bore capillary tube. Pump~and probe

powers incident in the wavegu}ﬁe are 14 W and 2.7 W respectively.

" Calculated values are given for the relaxation rate vy = 25 x

"4106 s']Torr“] and use the radial intensity distributions . =

.J(norma1ized to the waveéujdé radius a) given in the inserts.

The calculated values are scaled by a factor of 0.5 (see

text). ‘ ¢
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insensitive to the §a1ue of the Ee]axation rates but the degree of gain
saturation is strongly dependent upon the relaxation rates of the (5,0)
and (7,6) Tevels in the ground state of NH3. These model results ha&e
a simpTe.physica1 explanation. In the presence of a strong pump
fie]d‘and a weak 12-ym field, there is very—litt1e population transfer
because of ‘the off-resonance nature of the pump field. Consequently,
the Raman gain.is determined primarily by the initial populations. and
matrix e]e%ents, and popuf%tion re]axatian is not important. Herver,
if both pump and 12-um‘fields are intense, significant conversion from
9 wm to 12 um occurs, with a simultaneous transfer'gf_popu]ation from
the (5,0) to the (7,0) level. Collision relaxations from‘the (7,0)
level to the (5,0) Tevel now limits the recovery of-Fhe gain. Fast
relaxation rates will keep the popu]ation of the perturbed levels near
. "their thermal value and the gain will be difficult to spturate. Ih
‘the case of fast relaxation rates, the pump power will be depleted
before the 12-um intensity reaches éhe saturatjon intehsityf{ For
Tow vy values, small 12-um intensities are required tondecrease the
12-um gain and the pump power is not substantiaT]y-depletéd bygpbe
passage of the 12-um probe beam. o .

Before any accurate comparisons can be made between experiment
and theofy, one must cons%ﬁ%r the degree qf spatial overlap between
‘the pump and probe fields in the amplifier. The relative alignment

. Y
of the two beams makes a substantial difference to the measured gain

~

* T
The saturation intensity is defined as the intensity at which
the small-signal gain is reduced by a factor of 2 [72]. .

L
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coefficient, and hence, the spatiéi distribution_of each beam must be
included in any calcuggtieﬂgz’/ior the purposes of calculatioh, the
waveqguide area was dfvided}1nto 20 annular zones. Pump and probe
intensitiés are estimaﬁed for each zone from experimental cbservations
of tﬂe spatigl intensity variations, and the total gain coefficient is .
calculated by summing over all the zones. "The inserts in Fig. 6.3

P s _
give the intensity distributions uséd in the model. These profiles
approximate outkéxperimental condit%ons (TEM00 mode for the 12-um probe
and an annular sHape.for the pump as the high-power cw CO2 laser
generally gave optimum power into an annular-shaped mode). The §6?id
Tines in Fig. 6.3 are the best fit to the data obtained by using m
vy = 25 X 108 s']Torr'1fahd including a scaling factor (0.5) on the
calculated gain values. This scaling factor is slightly larger than
that aniicipated from previous absolute measurements w;th a tunable
diode laser (calculations were scaled by 0.65 for circularly polarized
beams) but this difference is of the same order.as the vafiation in
experimental gain induced by minor changes 1in a]ignment*. Note that
the overall expefimenté] gehaviour in Fig. 6.3 is well reproduced by

the }heory.

To evaluate the'Effect of different spatial overlaps of pump and

*

The 15-cm Tong amplifier tube allows a certain degree of mis-
“alignment of Both the pump and probe beams before the transmitted G- yum
and 12-um powers decrease. Consequently, the degree of overlap. between
the pump ‘and probe beams within the capillary tube could be varied to
produce significant changes in the absolute value of 99+ 0On occasion,
measured g, values were 1.5 times larger than those displayed in Fig.
6.3, but tRe ratio gsat/g0 reméﬁqed relatively constant.

!
\

\

el
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probe beams, calculations were carried out for uniform intensity dis-
tributions across the waveguide, and for twe perfectly a]igned-EH]],
moees. In-each-case the same total power propagated through the wave-
guide (14 W at 9 pm-and 2.7 W at 12 um ier saturation), and the same
ne]axation rates as for Fig 6.3 were employed. At 500 mTorr NH3, the

case of uniform intensities g1ves a ratio g of 0.64 while the

sat/go
0ver1app1ng EH]] modes produces a ratio of 0.32. For comparison, the

spatial distributions shown in Fig. 6.3 gave g = 0.5 at 500 mTorr.

sat/go
~ - These numerical examples demonstrate the importance of the transverse
. intensity profile, and also-indicate the extent .to which the best;fit
relaxation rate is dependent upon the,sbatia] distribution dsed in the
mbde]. o | '
The influence of the spatial overlap on the saturatioh process

can be understood by recognizing that the rate of mo]ecuT%r transfer

_ \\iybm the (5,0) level to the (7,0) level is proportional to‘the~p(8§:ct, .
H] ’

of the 12- and-9-um intensities. Accordingly, two overlapping E
distfibutions display a larger gain saturation than two spatially
uniform‘intensity distributions. To confirm the 1ntens1ty dependence . j ’

of g the 12 -um power incident on the amplifier was varied.- The

sat
results are plotted in Fig. 6.4. The experiment-was performed‘et low

NH, pressure (215 mTorr) to provide a large dynamic, range betweeﬁ‘g i
- ) - “sat

and 9g° while the 56-cm ]ong.waveguide was utilized for accurate gain

-easdrements;"Deeletion of the G-um pump was negligible at this
essure. The solid line was calculated using the same inpuf data and

overlapping spatial functions as in Fig. 6.3. Good agreement is found

<

- between theory and experiment. Note that at- this pressure only 0.7 W



%

Ratio of saturated gain to-small-signal gain, gsat/g0 as a

function of incident 12-um power. Measurements are made in
the' 56-cm Tlong, 1.5-mm bore waveguide with 14 W of 9-pm
pump power. Calcu]atfons are carried out using the same
spatial intensity distr{butions and relaxation rates as

those utilized for Fig. 6.3.

LS

—
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of 12-um power is sufficient to reduce the gain to half its initial
value. In addition fo the measurements of gsat‘as a function of 12-um
power, we have veri}ied that the ratio g at/g increased as the 9-pm
pump power was reduced, thereby confirming the proportionality of the
saturation process to the product of the 9- and 12-um intensities.

While the measurements described above clearly demonstrate the
importance of population transfer in the NH3 ground state, the complexi-

ties associated with the spatial intensity distributions and circularly

polarized radiation make it difficult to determine a precise value for y.

The fitted value of 25 x ]06 5']Torr'1.js somewhat slower than'the value
of 93 x 106 s—1Tc'Jrr"_1 used previously for small-signal gain calculations
-but is probably closer to the population relaxation rate occurring in
K=0 Tevels. Such levels.have no inversion splitting.and thus the
dominant mechan1sm for state chqt?1ng collisions is aJ=1 collisions
[27] The relaxation rate for aJ=1 collisjons - is expected to be 5 to

10 times slower than the rate for collisions which simply change the .
state.of inversion [73] and thus an effective relaxation rate of

25 x 10% s Torr"]

Torr ' seems reasonable.

It is instructive to examine the predictions of the theoretical
model in more,detail to gain a better understanding of the saturation
. process. -A1though the Raman linewidth for copropagating beams is sub-
stantially narrower than the Doppler width, the resultant gain profile
fs still inhomogeneoug]y broadened at our working pressures (<1 Torr).
The effect of a saturating 12-um field is to burn holes in the molecular
velocity distribution. These holes are very different for-co- and | EE?
-

counter-propagating beams, as illustrated in Fig. 6.5 for the M=}

},



Fig. 6.5:

Velocity hole burning in the M=1 sublevel of NH3. Calcu-

lations are performed for a 9 intensity of 700 w/cm2

pumping 200 mTorr of NH, at a|frequency offseé\of 190 MHz

from the sR(5,0) Tine. The nijddle curve 5(b) gives the

unperturbed population differeNcd betweer
(7,0) in the NH3 ground state (nz- N

x-axis are normalized to the most problble velocity divided

lévels (5,0) and
elocities on the

by (2n2)]/2. The upper curves 5{a) show™she TWo-photon
contribution to the 12-ym small-signal Raman Wain at an
offset of 185 MHz. This Raman susceptibilit (XIZ) is

plotted as a function of molecular veiocity for both co-

-and counter-propagating beam. Curve 5(c) illustrates the

population hole-burning which occurs when @ 12-um beam of

intensity 50 w/cm2 is applied at an offset of 185 MHz from

“the sP(7,0) line. The dashed lines indicate full-width-

half-maximum linewidths. .
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sublevel . The small-signal Raman gain is proportional to fhé product”’
of the molecular susceptibility (\]2 in F1g 6.5( al) and the population
di fference (n2-n1) (see Fig. 6.5(b)). The velocity classes contributing -~
to the small-signal gain are indicated by the shaded aréa of Fig. 6.5(b)2
The inf}uence of an intense 12-pm field is illustrated in Fig. 6.5(c).
Hole burning now appears in the population profile, and the ga{n
saturates. The 12-um field is intense enough to cause power broadening,
as indicated by the dashed lines delineating the full width at half
maximum in Fig. 6.5. Calculations similar to those used to produce

Fig. 6.5 must be carried out for all the M suﬁ]evels, and the contri-
butions added to obtain the total Raman gain. As mentioned earlier,

the M-levels are assumed to be uncoupled and no account is taken of the

complexities introduced by using circularly polarized radiation.

6.4 Discussion and Conclusions *L

This chapter described the first experimental study of gain
saturation in an opt{cally-pumped cw mid-infrared laser and provided
further insight into the saturation mechanisms occurring in Raman
lasers. The general behavibur of the gain was found to be in agreement
with the theory of a three-level system interacting with two intense
radiation fié]ds. Our analysis emphasizes the role played by rotational
relaxation in the NH3 ground state, and shows that this relaxation
rate determines the relative importance of population transfer and
pump depletion ‘mechanisms for reducing Raman gaIn in a pract1ca1 laser.
.Accurate modelling of 12- -um 11near osc111ators is further complicated

by the fact that the 9-um and TZrum fields propagate in both directions
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in the waveguide laser. Thus four different combinations of co- and
counter-propagating beams must be considered, and the same molecular
velocity class can be saturated by more than.one combination. In
addition, spatial hole burning may occﬂr due to_the 9-um and 12-um
standing wave patterns. Despite these additional complexities, the
saturation measurements presented here account for the main features of
the saturation behaviour observed in our high power cw 12.08-um Raman
1a§ers. For example, under lasing conditions, the 8 W laser qf Chaptef.
5 (measuredrin the 1.2-m tube at room temperature) haé an average
incavity intensity of 600 W/cm® at 12 ym and 400 W/cm® at 9 um. This |
pump intensity gives a small-signal gain which is ~5 times the value
required to reach threshold. The simple model used in this éhapter
predicts that the presence of BOO.N/cmz/;; 12 uym in the laser cavity
decfeases the gain by a factor of 3.3 in reasonable agreement with the
observed reduction of ~5, i.e., the model accounts for most of the gain’
saturation required to attain tbé steady-state conditions (gain equals
cavity loss). f | | .

| The results of this chapter should aid in improQing the design
of future 12-um laser systems, which may advanhtageously be produced
using a ring waveguide laser. More effic{ent qperation ;f 12-um Raman_
 lasers will certainly increase the maximum pump offsét frequency under
thch cw lasing can be expected. However, line tuqébi]ity in a cw

— - *
Raman MIR ]as%£/13/5t11] limited by the small number of good -coincidences

* e i
By good coincidence, we mean an R-braftch 1ine offset from a
reasonable powerful-pump source by a frequency of <200 MHz.
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- »
between the available pump frequencies and suitable absorbing transitions.

The next chapter describésfaxgifferent approach to produce cw line-
i

tunable radiation. The technique requires pumping on only one NH3

%ransition and relies on the transfer of a significant fraction of the

_/"—',‘

ground statg population to the v2=1 vibrational mode in NH3 to create

géin in the entire P-branch.

(/S
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CHAPTER 7
LINE-TUNABLE OSCILLATION OF A EH NH3 LASER

7.1 Introduction

. This chapter describes the désign‘énd charaéterization of the
first reported ]ine-tunab\f;;ptica11y-pumped ow laser operating on
vibrational-rotational transitions. CW lasing is obtained on a total
of 20 different NH3 transitions covering the range between 10.7
13.3 um. These results are achieved hy ds1ng a nove] pumping schene
In all the exper1ments descr1bed so far, the NH3 transition was pumped
off-resonance with a C02 laser. Ca]culations Hased on
Tour mode] indicated that even with low pumpinghpowers, very efficient
pumping could be realized if the pump frequency is resonant with an
absorbing NH3 transition. Consequently, we decided to downshift the
frequency of the R{30) CO2 9-um laser by 180 MHz to give-an exact
coincidence with the sR(S,O) NHé absorption line. Line cen er pumping
V“facilitates the efficient transfer of a significant 10n-0f thel
ground state NH3 population to the v2=] vibratioﬁa] tevel. The
addition of N2 as a buffer gas ai]ows rotational thermalization to take
p]ace in both the ground state and exc1ted levels and, under optimum
cond1t1ons, inversion occurs in the ent1re P- branch - A simple model
based on rapid thermalization of the rotational populations 1is debeloped i
to account for the number of obsérvéd NH3 laser lines. Goodjqua]itat{ve

-

agreement is found between the mode] predictioﬁs and the experiment.

102
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7.2 Theory

| The pumping scheme described in this.chagter owes its success

to the fact that the Jé=1 vibrational mode in NH, can be inyerted.

with respect to its ground state. The concept of partial and complete

“vibrational-rotational poputation inversion was‘initially discussed by

Polanyi immediately after the operatidh of the first lasets [74].

In recent years,, Goiger and tetokﬁov [75] and Goela and Morse-[76]

have preposed-that population inversion can be attained by optical

resonance pumping of specific vibrattona]-rotationel transitions under

conditions ensuring thermal equilibrium of the popu]atiens in the

rotatfonal sublevele This opt1ca1 pumping techn1que relies on the

fact that under suitable cond1t1ons for vibrational inversion,

absorption is present in the R-branch while gain'exists in the P-branch,

‘particularly at high values of J. Inversion can be maintained by

absorption of photons from a resonant R-branch pump, while lasing can

take, place in the P-branch. The idea is very attractive since by

pumpind'eh,a single line, laser emission can be ach%eved at a large

‘number of different frequencies. o= |
One d1ff1cu1ty in app]y1ng the opt1ca] pumplng techn1que is

that it works best with .1ight molecules such as HF, CO and NH3 .

However, these molecuies have only a few w1de1y—spaced R-branch tran—-

sitions which are suitable for optical pumping, and there are no

‘l y v v - - " - N -
conventional cw pump lasers having exact coincidences with these Tines.

. Lﬁght molectules have a 1arge va1ue for the rotational constant
B which in turn allows high inversion ratio between the population of
the two v1brat10na1 levels to be attained. .



_ 1nterconvers1on between ortho NH (K=3n, n an 1nteger) and para-NH
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The néar resonance existing between the sR(5,0) NH3 lihe and R(30)
9-um CO2 transition is small enough.to allow efficient jine—tunapls )
operation with high-power pulsed CO2 laser [77-79], but the offset

is too large for the use of conventional cw CO2 1asere. This
difficu1tyAWas overcome by downshifting.the R({30) pumped Tine into
coincidence with the‘sR(S,O) NH3 absorption line. The downshifted
radiation is an efficient optical pump of Nhs and transfers a s1gn1f1-
cant fraction of the ground- state NH3 popu]at1on to the v —]

v1brat10na] ]eve] The gain spectrum resulting from this population
re¢1str1but1on can be easily eva]uated us1ng the condition that the
rotational.poptilations are always thenma11zed A thermalized rotat1ona1
distribwkion is expected since with the add1t1on of the buffer gas N,,
the rbtational re]axat1on rate is very fast\relatmve to the v1brat1§§\r
trans]et1ona] (V-T} re]axat1on rate . Furthermore, as there is no

3
(K=3n '+ )_(see the selection rules in section 2.3), only the population

~of the ‘pumped species, i.e., ortho-NHs is included in the calculations.

Thus., the gain spectrum is completely determ1ned by the v1brat1ona]

,popu1at1on d1str1but10n of the pumped species.

14 -
The model developed to predict the gain distribution assumes

that the total popu]at1on Ties in the ground, N and first exc1ted C—
a _

state of the v mode. The population in the rotational- leve] i,
1 2

“~ v

nder typical conditions for our experlments “the V-T rate 15
w2 x 105 seec! while the rotational relaxation rate is A2 x 108 séc-

o™ ' r
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Ny, inside the vibrational ieVel, Nj' is simply equal to
n, = f. N (7.1)

where f. is the rotational partition function given by Townes and
Schawlow [25]. The model employs NH3 spectroscopic constants from

refs [42-46] to evaluate the rotational partition function. The gain
(or absorpt1on) between levels i and j is calculated using the fo110w1ng

epr‘ESSTOTI_, ’ i

where 95 gj are the level degeneracies and %3 the absorptioﬁ Cross-

section. o.. includes the transition dipole moment p.. and a Voigt

N | RN
profile for the lineshape [40]. The pressure-broadened linewidth, Bvy 5 is
the sum of two contributions g

S

"~

avij = (Abij)NH3 pNH3 + (Av)szNz (7.3)

. ' . ‘—/ .
where the p's are pressures of NH3 and of the buffer gas NZ' Taylor's

calculated value is taken for the self-broadened coefficient (Av )NH
3
[41] while a constant pressuﬁwaroaden1ng parameter of (Av)N2
Miz/Torr (FNHM) is used for the N, contr1but1on .
The equations (7.1) and (7.2) show that the gain spectrum is
completely determined By the vibrat{bna] populations N0 and N] under

the assumption of rotational thermalization. A more convenient way

to express the degree of vibrational inversion is to use the ratio

Th1s parameter does Rot vary much with the different NH3
transitions [80]. :
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‘

N]/No‘ The va]ué N]/N0 specifies the gain (absorption) distribution
in the P,Q and R branches. For example, significant gain firét
appears in the P-branch when N]/N0 ; d.? whi]e-the Q-branch require;
Ni/N, ~ T for inversion. The maximum value of Ny/N is attained
when the pump absorption becomes completely saturated. Conside;jng
the two rotational levels of the pumped transition, norjn N0 and n

in Ny, from eq. (7.2) saturation occurs when

ng =M (9,/9;) _ . (7.4)
substituting eq. (7.1) in ed. (7.4) we get
(NN nax = (Fo/Fq) (9y/9,)

v exp(-E /KT) / exp(-E/KT)

where Ei is the rotational energy of Tevel n;. Toa first.approximation,
E1 is‘equal to thﬁ(J+1) (B is the rotational constant in cm"]).

Golger and Letokhov have shown that optimum condition for the inversion
gain, 1.ei, ]arge,(N]/No)max | |
Substituting the approkimate.expression of Ei\into eq. (7.5) and

» s attained by pumping on a R-transvtion.

assuming that we pump on a R-transition with the qgéntum number J in

the Tower level, we obtain

(NJ/N,)- = exp(2BAc(341)/KT) - (7.5)
| .

. e N
Clearly, maximum. ratio of PN will be obtained for large B values

and high-J rotational lines. Large values of (N,/N allow the

o) max
transfer of a major fraction of the ground state population to the
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upper vibrational level and the creation of substantial gain in the

different branches. Figure‘}.1 displays the calculated gain in the P,

Q and ﬁ Qranches for different values of N;/N . Since there is no
interconversion of ortho- and para—NH3, only transitions with K=3n
are plotted. With no pump present, N]/N0 is close to zero and thefe
is a strong abeorption on e]] .the‘NH3 transitions. When thé ratio
N_]/NO reaghes .é,.the low J-value trans{tiohs of the Q-braech are
almost inverted. Finally, the sR(S,D)‘absor A/line becomes com-

pletely saturated for N]/N = (N /N ) ~ 2 at which pojht'substantia]

_ 0’ max
gain is present 1ﬁ/the P, Q and R branches;
| The model presented in this section ca]cu]ated the gain spectrum

assuming that the rat1o of the total population of the Vo =1 level to that

of the ground state is known. In practical systems, tJL degree to’

wh1ch a pumped line is saturated will depend on the pumping intensity
available ahd on the exact dynamics governing the energy transfer _'
among the Aarious vibrational. levels. These cons1derattons are

addressed in more detail in the next sect10n

7.3 Experimenta¥ Apparatus and Results

The exper1menta] apparatus used to produce line- tunab%e\iperat1on
in NH3 is shown schemat1ca]]y in Fig. 7. 2 Two acousto-optic modu -

]ators “successively downshift the CO2 laser frequency by.QO MHz 1in

\

An acousto-optic modulator is a dev1ce in which a ITght beam
is .scattered by an acoustic wave (Brillouin, scatter1ng) Most efficient
diffraction of the opticdl wave in a pract1ca] device is obtained when
the beam is incident near the Bragg angle in which case the magnitude of

the photdn wave vector is changed very little. From the conservation of energy,

the frequency of the diffracted beam will be changed by an amount equal
tO‘;Pe acoustic wave ??equency

<



Fig. 7.1: Calculations of gain versus wavelength for different N /N
ratio. The gain is calculated for a 1% NH3/N mixture at
8 Torr. The ca]cu]ét1ons are carried out for the K=0 lines
in the R-braﬁch, J=K=3 in the Q-branch and K=0 in the P-branch.
The.pumped transition is marked with an asterisk (*). Note

that the absorption on the pumped line goes to zero when

N‘I/NO=2 .
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Fig. 7.2:

Schematic diagram of the apparafus used to produce line-tunable
cw operation in NH3 between 10.7 ihd 13.3 um in thé selective
cavity. Mirrors M1 and M2 transmit 90% of the 9-um CO2
%adiation, and have ~98% reflectivity between 11.2 and 13.5

um.
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each modulator. Approximately 9 W of radiation emerges from the
modulators downshifted by 180 MHz. The CO2 pump frequency is now in
resonance with the sR(5,0) NH3 line. The pump radiatign passes
throdgh two dichroic mirrors M] and M, (the same as in Chapter 4},
before being focused into a 1.5;mm bore, 57-cm long pyrex capillary
tube. The use of a waveguide is oﬁce more crucial to our pumping
scheme. The waveguide resonator allows high pumping intensities to be
produced from our relatively modest COzvpumping howers. A12-um
grating selects the lasing wavelength and a 0.5-m.monochromator is

used to determine the lasing frequency to *0.08 cm'].

A simple linear
pumﬁing arrangement can be utilized since the feedback problems obtained
ffom the reflection of the pump radiation back into the CO2 laser are
eliminated by the use of the modulators. The isolation of the two
cavities functions as follow: the CO2 power reflected from M, goes
through the modulators for a second time and gets downshifted by another
180 MHz. The 002 1asé} is not. perturbed by the differ®nt frequency of
the feedback beam. Initial results were taken with an external chopper
(duty cycle 1/5) in the COé beam to avoid the possibility of optical
damage to the modulators or M]; later work gave identical results ﬁith'
true cw operation. ¢

Table 7.1 lists the observed wavelengths and the relative
power on each line in théu;e]ective cavjty. A 1% NH3 in N2 mixture
was used, at a total pressure of 8 Torr. The model described in
section 7.2 was-u!ga to account for the distribution of the observed

NH3 laser lines. Figure 7.3 displays the calculated gain in the P, Q,

and R branches for N]/N0 = 1.1. This ratio best fits the results in
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Table 7.1
. __w-
Observed cw NH3 Laser Lines.
wavelengtha Frequency Transit'ionb MIR Power
{observed) (observed) _ Selective Optimum
[£.001 um)] [£.08 cm~!] [cm 1] Cavity Rela- [mW]
- tive Power
13.23° 753.9 aP(9,6)-753.5390 < . -
13.15¢ 760.7 aP(9,3)-760.694 <] -
12.970 770.98 aP{8,6)-770.914 3 -
12.849 778.28 aP(8,3)-778.290 3 -
12.810. 780.61 aP(8,0)-780.568 7. -
12.681 788.55 aP(7,6)-788.510 2 -
12.560 796.19 - aP(7,3)-796.134 9 200
12.383 807.54 sP(8,3)-807.472 5 -
12.281 814.23 aP(6,3)-814.241 38 300
12.245 . 816.62 aP(6,0)-816.651 44 500
12.079 827.91 - sP(7,0)-827.878 50 760
12.009 832.70 aP(5,3)-832.635 50 540
11.798 847.57 sP(6,3)-847.578 38 250
11.746 851.36 . aP(4,3)-851.327 __ 50 180
11.712 - 853.84 aP(4,0)-853.818 70 . 630
11.521 " .868.00 sP(5,0)-868.000 100 710
11.208 892,22 - aP(2,0)-892.157 14 190
11.010 908.21 - sP(3,0)-908.199 16 150
10.783 927.34 .  aQ(6,6)-927.323 3gd 160
10.740 - 930.83 aQ(3,3)-930.757 75d 160

(a) Vacuum wavelength.
(b) From Ref. [45].

" (c) These wavelengths were measured in a 1/4 meter monochromator
{£.5 em™1).

(d) For‘comparison purposes, these output powers should be reduced by
a factor ~3 since the transmission of the output coupler triples
in this wavelength region.

v
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Calculated gain as‘a'function of wavelength for the P, Q,

and R Eyanches in NH3; The calculation assumed N1/N0 is

‘1.1, and was carried out for a 1% NH3/N2 mixture of 8 Torr.

Only lines with_K=0 (R-branch), K=J=3,6,9 (Q-branch), and
K=0;3,6 (P-branch) are plotted. Also shown is the approxi-
mate 1oss line in the selective cavity, calculated assuming
waveguide Tosses of 0.3%/cm, and coupling losses of ~10%

per péss between 1}.2 ana ]3.5 um. The increase in the ]oss‘
at.shortef wavelength is caused by a transmission increase

t

in the ‘output coupler combined with larger grating losses.
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the selective cavity. The dotted 1ine rep;esents the minimum gain .
réquireéﬁto Bbtain threshold and was estimated from a combination of
loss mechanisms inc]udfng waveguide propagation losses, output -
coupler transmission, and grating efficiency. Of the 27 transitions
prédicted to be above threshold in Fig. 7.3, 20 were observed in thé
grating tuned cavity of Fig. 7.2. The exceptions were transitions in
close proximity to stronger Tines and probably these transitioqs ware

not resolved by the 12-um grating. As expected, only lines with K=3n

jase in the present syﬁtem.' Note that aﬁong the NH3 Tlines listed in

Table 7.1, the a-type transitions are more abundant than the s-type ©

lines. This effect isfdue to the inversion splitting between the
.2 and s' levels. The splitting is negligible in the ground state
(0.8 cm” ) however in the “2"1 state, the 1nver510n sp11tt1ng is

36 cm \anﬁ/Téads to significantly higher gain coeff1c1ents for the
a-transitions than the corresponding s-transitions.

The relative output power Tisted in Table 7.1 scales approxi-
?ﬁﬁththifE/Bbe/Eélcu]ated gain of Fig. 7.3. Further work has been °
recently performed to‘meqsure the small-signal gain on several ortho-
NH. linestnsing a tunable diode laser as a probe [81]. The diode

laser measurements were made using an .experimental setup similar to

" the one d1sp]ayed in F1g 4.2, except that the CO2 laser frequency

is shifted by 180 MHz using the two acousto-optic modulators. Figure
illustrates a typical amp]itude scan of the TDL power versus-

wadgiength taken with 5 W of downshifted cw CO2 radiation‘incident

upon the waveguide. Note that the presence of the pump radiatfon

induces’ gain only on the ortho-NH3 transitions while the par‘a-NH3

113



Fig. 7.4: .

Conventional tunable diode scans of gain and absorption in the

3" 5 W of resonant 9-um fadiation

pump a 1% NHy in N, gas mixture at a total pressure of 5 Torr.

sP(7,K) multiplet of NH

The gas is contained in a 2.5-mm bore, 30-cm Tong wa@eguide

cell. Note that gain only appears on the ortho-tlines (K=3n).

K5

[
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transitions disu}ay a slight-decrease in absorption due to the off-

resonant pumping of the sR(5,1) NH4 transition. This behavior is in
agreement with our experimental observations in NH3 oscillauors end
confirms the absence of collisional coup]ine between. the ortho- and
para-forms of NH3. using‘the TDL as a probe, detailed measurements of
ga1n coeff1c1ents were made for different NH3 transitions. The |
results. were successfully compared with calculations based on a rate-
equatiou model [82]. - The outputs of the-theoretica] model are the
ratio N /N and the absolute popu]at10ns in the vibrational levels.
For the average pump intensity of 400 w/cm2 used in our 1.5-mm bore' 'izi:
. tube, this model predicts a ratio N1/N0=1.02, in“good agreement wi th !
‘our'estimeted value of ﬁ 1{N=1.1. In adaition,.the fDL_measurements
‘have validated the two major cond1t1ons used in section 7.2: (1)
the fast rotational therma11zat1on in, a]] vabratTOnai levels and (2)
the absence of c0111s1ona1 coup11ﬁ§\bezween ortho- and para-NH3.

~The work described in this chapter was concentrated on developi
a detailed understend1ng of the gain distribution and magn1tudeJ§¥<i£é/39
‘.]ineétunable-NH3 laser. As a consequence, the grating-tuned cavity of
Fig 7.2 had only a 1% output coupling. To 1mprove the output power,
the grating was replaced by a variety of output coup]ers hav1ng’f;gﬁ§1
missions rangung from 5 to 50%. Line tunab111ty and single line operation
could sti?T.be obtained by simply changing the cavity length using a
piezoelectric translator. Different NH3'ce11s were 1ﬁvestigated.
Waveguide cells with a 1.5-mm bore and 15-cm length or 3-mm bore and

38-tm length were alternated with large diameter cells with lengths as
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short as 8 ¢cm. In general, best resqu;/;;;:lproduced with the wave-
guide cells. Table 7.1 1ists the optimum single-line oﬁtput power '

observed on the NH3 Tines. These results were obtained with the 3-mm
-waveguide, NH3 mixtures between.0.5 ana 3% ‘and total gas preseref;,\\
ranging from 3 to 10 Torr. Output poﬁers as high-as 760 mW wer?'
measured wiéh only 9 W of pump power and an absorbed power of ~3.4 W,
i.e.,'a photon conversion eff%ciency 6£}:30%1 Moreover, threshold
pumping powers‘as Tow as 1 W were measured* in high-Q cavities where
the grating §a§ rep]éced by a total reflector and an open cell was
employed to minngie the 9- and ]2-um‘propagation Tosses. :Low pump
thresholds are of partigular importﬁnce for producing efficient cw

operation on the weaker lines. , /

7.4 Future Prospects
Pl

- The 1ine—tunab]e NH3'1aser described in this chapter is
. . . ‘\’
efficient and simple to construct and operate. Good -short-term

amplitude stability (typically ~0.5%) was achieved without any active
form of st B?Tizattpn. It should be reﬁatiVE]x\easy to scale the
output power'to several watts on many'NH3,1ines by increasfng'the

‘wavéﬁuide']ength, using a more powerfh] 002 laser- and possib1y by
cooling the waveguide. ' OQur pumping technique is Qeneﬁa] and cw ‘

opefatigp could be extended to para-14NH3 and both forms.of 15NH3.

o !

* . ’

The measurements reported here concern line-tunable operation
using a buffer gas. In pure NH3 at low pressures .(+300 mTorr),
lasing only takes place on the coupled sP(7,0) transition, and 12-um
lasing was observed with pump powers as low as 50 mi.
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. Table 7.2 1ists suitable pump/absorber pairs and .the frequency offset,

which must be corrected with acousto-optic modulators [83]. The

combination of ]qNH3 and_‘SNH3 should proviae over 100 cw laser lines.

between 10.3 and 13.5 ym. Extension to the 16 um region may be

feasible using NDS’ ' .
There exist several potential appiigatTﬁﬁs for this new laser

system in fields such as high resolution spectroscopy or heterodyne
. 5

detection. As emission takes plade at the B \kFenter* Lamb dip""}

experiments.can be carried out to stabi1¥zeﬁ§§§%;2§éf-frgquency or to -

mgke measuremé&ts-of hyﬁerfjne sp]itting :E NH3.1 With a stable NHé .
/# -source, the freqhency of a ;umbér ofINH3 transitions coula be measured (;\

[0S

accurately, providing secondary frequency standards. Compact atmonia v

; lasers can serve as local oscillators for heteroqyne.détection This

S

detection tecﬁnjque.has beep applied to study molecules such as NH3

-

_ . - & '
nd C2H4 in ite]]ar atmospheres using CO2 or N20 lasers as local
. osgg1lators [85]. Qur laser system signi{iffntly extends the frequency
‘Z ! ' ) 't-;/-:" e—/ "
range available for heterodyne detectiof in the—infrared. One very
- interesting prospect is to .use the 12-ym NH3 laser to pump a va?iety of L. e
cw FIR NH3 transitions. NHj is regarded as one of the best. molecules’
for FIR lasers [4,86] but has received 1imited attention in the past

due to the. Tack of exact cdinciggnces between C02 pump lines and NH3

o

*

. Line centet-emission was confirmed by measuring the absarption ’
of several 12-um lasing tran;itions-in low pressure NHB'
. . . & M
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AS
Table 7.2 .
S,  Other Pump/NH, Combinations .
Gas : ’/905\\\\' 'NH3 NHy  Shift from co,
' : Pump™ o Transition Frequency Lasgr Line Centre
R (em™ly (MHz)
14y, .- e | . a b
NH; sequence' (7) 9 um ar(5,1) * 1054.913 .. o8e
TSNH3 regular R(10)'9 un  aR(6,0)  1071.889° _157
]SNH3 regutar R(42) 10 um  aR(2,0)  983.649 o725, g6d
sequence R(7) 9 ym  aR(s,5) 1066.433¢ 120
5
- Reference [45]. .
bReference [53]. .
c ) ‘
Reference [84], . '

d'iIf'tha,pump offset is as little as 26 MHz (Reference [707)
this NH, transition may not require the use of acousto-optic

mfﬁ;]at rs. , ) »

4
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- - - * - ’ 5
“absorption lines . The new line-tunable 12-um NH3 laser overcomes
this Timitation and provides an ideal pump source for FIR NHS']asers- ’
. . y - [ .

operatiné in the 60-400 um region [88].

7.5. Summary

fhis chapter has dealt with the oberation of the first line-
tunéﬂle cwW NH3 laser in ?he midfinfrared. The success of ouf pumping
scheme is based on pumping NH3 at line center. by shifting the pump
“frequency in resonance with the absorbing transition. Tpe downshifted
.radiation éptica11y pumps mixtures of NHé in N2, and creates a vibrational
inversion in the v2-1 mode of NH3 A simp]e model assuming rotational
thermalization fu11y accounts *hr the character1stfcs of the NH3
laser. Even at this eerly stage of development, energy conversion
efficiencies of }]G% ére measured using a wavegu%de cell. The operation

‘of cw line- tunab1e NH3 lasers 15 not limited to ortho-mNH3 and the

use of the para-form and other isotopes should provide a new generat1on
of lasers in the mid-infrared. Section 7.4 discusses a few potent1a1
app]ications in spectroscopy for a 11ne~tunab]e MIR 1aser. The list _57

is not exhaustive and th1s type of laser should prove to be a valuabie

- tool in the future
. , ' o ¢
s
~ ‘ ’
' —
v ~— .

* . ° .
. Where an exact coincidence does exist, very efficient FIR
1@5ﬁ<§khas been obtained, with pump power threshoids as low as 10 mW
7] ‘ '

(8

-\J/



CHAPTER 8
) CONCLUSIQNS _
In this chaptef, we‘but]ine the important conclusions which
can be drawn from the work described in this fhesjs. The aim of this
work wés to explore the possibility of producing cw laser action in the .
mid-infrared using the optical pumping technique, and thereafter to
1dgntify through a comparison of a model with experiment the physical
mechanisﬁs invdlved in fhé 1ésing process. 0pticé1 pumping is demon-
strated to be a very attractive technique for 5eve1op1ng new cw laser
sources since it is energy selective, efficient and éasy to implement.
Prior to this work, only a handful of powgrfgj cw sources existed
between 10 and 30 um t89 90]. Tens of new cw lasers yielding high
output powers are now read11y ava11ah]e in this- reg1on using fa1r]y
simple pumping schemes s The new cw sources are highly eff1c1ent and
the techniques de§cr1bed in this thes1s prom1se to be widely an11cab1e
in the.entife mid-infrared spectruﬁl- The significance bf our experi-
47f; ments was discussed in the vairious sections of Chapters 3 tq 7, and in
- fi;a more condensed form in Refs. [91-97]. This chapter is concerned with
giving a brief overall sumﬁary of the research accomp]ished‘in this
thesis, | £ 7
| The search for optically-pumped cw MIR 1asers was initiated by
. examining the threshold behav1or of pu]sed 12-ym NH3 Tasers. By
opt1‘|z1ng the design of the MIR cavity, we were able to reduce -the

. pumping poweﬁf;zﬁhirements of(EPese1asers by'severa1 orders of magnitude
- 120
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-

to levels accessfb1e‘w{th ow €0, Tasers. It quickly beeame apparent
that the low pumping powers combined with the large pump offset
frequencies used in our experiments were net sufficient to produce a
popu1atjon inversion. The measurements of the NH lasing frequency
clearly demonstrated that a ;wo—photon'trans1tlon is the bas1c mechanism
involved in the 12-um Tasing brocess. Indeed, it is only because the
*Raman process can produce gain in the absence of a popuTatien inversion
that Tow pumping thresholds are.possib]e for tﬁese off-resonantly pumped .
transitions. The sfroné.corre]ation between the magnitude of the pump
offset frequency and the pump threshold value was a further indication
i(of-'the- Raman nature of the gain. These experiments led to the establish-
ment of conditione for, and subsequently the construction of, the ‘first '
optically-pumped cw 1aeer to operatelon a vibrational-rotational
transition. An ihpar%ant factor which contributed to the suchss of

this experiment was the substitutioh of the Tinedr pumping geometry

used for the puised experiments by a Fing configuration. This new
arrangement eliminated the strong feedback between the MIR cavity and ~
the CO2 1aser and prOV1dHH“ﬁtab1e pump1ng powers.
A deta11ed understanding of the lasing process was ach1eved\B
measuring the 12-pm small-signal gain in a separate amplifier gell (
| using a tunable diode laser as a pfgbe. The dependence of the 12-um
gain on pump intensi%y pump offset, pressure and ao]arization was
- examined and the re§ults described in Chapter 4 were found to be in

. . A
good agreement with a model describing the interaction of two laser
fields with a three-level system. A major objective of this investi-
gation was to prevfde an ‘accurate and detailed test of the mode],fa
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task which had never been accomplished in the mid-infrared region.
In add1t1on to this fundamental study, the TDL measurements were a

crucial step in identifying the parameters which influence.the gain.

In particuiar, our experiment emphasized the importance of the pump

intensity in- determining the magnitude of the gain. .The Raman gain -

was shown to be proportional to pumping intensity and this characteristic

was fully exploited by using a waveguide tube to conta1n the NH gas.
The h1gh intensities produced in the waveguide cell gave rise to large
single pass amp11f1cat1on, of part1cu1ar 1mportance for the. design-.of
a high power cw 12-ym Raman laser. .

Based on the findings of Chapter 4, we fmprdved our initial
cavity‘design and-cohetructed a 12-um viaveguide laser. ‘waveguides with
d1fferent bores and 1engths were investigated and the results were
summar1zed in. Chapter 5. Quantum conversion.efficiencies as h1gh as

7

45% were obta1ned in.an 0pt1m1zed waveguide resonator. In other words
for every two 9 -um photons enter1ng the wavegu1de cel], one ]2-um ’
photon is coupled out of the resonator. These,photon conversion
efficiencies are among the highest ever reported for .an optically-
ehmped (both pulsed and cw) laser [10,17,98-100]. The use of a
waveguide tube was undoubted]yigniey element in achieving these
fesults. A lg—um output-pqwer-ef 10.5 W was measured for a maximum
aeai1ab]e pump power of 38 W. ,Eveniai/%hese ppmping Teve]s;ethe Tz;um
‘dutpUt'was still increasing with fﬁe-input COE-power inﬁtjjjfng that

the 12-um ]aser can be sca]ed to higher powers hy simply\using a more

powerfu] pump. In: add1tiqn to prov1d1ngCEI\h\out t powers, the

optimization. of the ]2.08-gm cavity enabled threshoTupumping powers
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as low as 1 W to be obtained. Low pump thresholds are of particular
importance when the pump frequency is far from the absorbing line center.
To test the 11m1ts of the present system we chose to pump an NH3
transition offset by 1.4 GHz from the nearest CO2 pump Tine. CH 1as1ng
was obtained for the first time at 12.18 um, although the laser was
operating near threshold. Clearly, the high pumping fntensities
- produced iﬁ a waveguide resqnetor have considerably e;%ended the range
of pump offsef over which cu operation is practical. As there are
many NH3 trapsitions with pump offset frequencies smaller than 1.4 GHz
our eavity ﬂrrangemeni should provide several new off—resonantly'pumped
cw NH, trénsitjbns in the near future. .
To optimize the energy extraction from the }%-um Raman laser, it
is eesentia] te'idehtify7the role played by the different gain safhragion

i .

‘ﬁ,“xmmecha isms, There exist two major processes responsible for the

reduction of the Raman gain; (1) the conversion of 9-um photons to '
T2-u$ photons'as'the pump beam propagates aiong the waveguide cell and
(2) a decrease 1n the population d1fference which dr1ves the Raman
Tgaln The latter is caused by the transfer of a large fract1on of the
‘5 - pumped level popu]at1on to the lower Iaser level. - In Chapter 6 the
‘ga1n saturat10n effect is 1nvest1gated for the first time by pump1ng

a waveguide amp11f1er w1th 1ntense 9~ and 12- -um f1e]ds Qur measure-
ments show that under cond1t1ons similar to those present in 12-um
'osc111ators, the Raman small-signal gain is reduced substantially
without a correspond{né chenge 1n the pump power. These results

indicate that pump depletion is not the dominant §aturat16n mechanism,

“in agreement with the ﬁaSing behavior observed iﬁ'high power 12-um
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\systems The saturat1on measurements are accounted for us1ng the

~ simple model descr1bed in Chapter 2 and an effective relaxation rate -
(y) for the individual 1eve1 populatjons. Our analysis emphasizes
the importance of the relaxation rate y-in determining thejrelative
confributidn of population transfer and pump depletion in reducing the
gain in 12-um lasers. |

The results reported in this thesis have clearly demonstrated

that off-resonant pumping is capable of pro&ucind very efficient q{f _
laser operation. However, the technigue is regtricted sgmewhat by th
fact that every lasing transifion‘requires the use of a different pump
line. Cﬁapter 7 describes a different app%oach_whereby cw operation
on tens of NH3.transitionsiis obtained between 10.7 and 13.3 um by
using a siﬁé]e COéﬁbump.]ine. The success of our pumping scheme relies
on fhé following two‘#actors: (1) efficient pumping of the absorbing
transition.and (2) the presenée of fast rotational reTﬁig;ion rates
in the vibratjonal levels. Very)eff1c1ent pumping was accomp11shed by
shifting the R(30) 9-um CO2 pump 11ne into resonance with the sR(5, 0)
NH3 absorbing transition us?gg.acousto—oppjd modulators. The down;

. shifted CO radiatfon a?lowed the transfer of a significant fraction of

_the NH3 ground state popuiat1on to the vz“l v1brat10na1 Yevel. The
fast rotat1ona] relaxation rates obtained by adding a buffer gas (N )
to NH3 ensured rotational equ1T1br1um inside the different v1brat10na1
levels. As lr‘:\>?esu1t gain was produced in the entlra'P- and Q- branches

The dynamics of this new laser system are exp1a1ned us1ng a simple model

wh1ch,assumes comp]ete rotational thenna11zat1on.
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' It is clear from the exheriments reported ih Chapters 3 to 6
that the ﬁreation of a vibrational inversion would not have been
pbssibTe by pumping the sR(5,0)} transition off-resonance.(.contrary to
’the situation with pulsed ]asers). One of the innovativé ideas developed
in this work was to utilize acousto-optic modulators to compensate
'\\\\.'. for a pump offset frequency and the resu]fs présented in Chapter 7
indiqﬁte the great potential of such a teéhnique'for generating aew
~ ]1Héj£unab1é cw MIR ]aﬁers . . . . e
~Although the research described in this thes1s is concerned
entirely with optically- pumped ]4VH3, most of the pumping schemes ’f
rEported in this work can be app]1ed to other, NH isotopes and
- possibly other mo1ecq]es (e.qg., CF4 and CH3F) [101]. In particular,
~the models validated by our experiments éan be used to predﬁét the
gain attainable witglnoIecules other than NH3. The work presented in
this thesis has opened the way to a new generation of cw lasers in the
mid-infrared and it is expected that this research'wiil be of consider-

able value in the future development of cw MIR lasers.

-

~

o
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APPENDIX A <
DENSITY MATRIX SOLUTION
Heppner gz 7. [37j have derivgd an explicit solution of the
deﬁsity maPrix equation sysﬁga’;;>\the general case of arbitrary fTe]d“
strengths- and broadeningé.. This appéﬁﬁ?;-followg_the treatment given

in Heppner et @i, and gives the explicit expressions used in our

_tdmputer evaIGEtions of the gain. The CGS system of units is employed

in this'appendi;. ‘The MIR gain for motecules moving with axial velocity
’ ®

o

Im(S (M) ry(M,0) +/5,(M, V) (V) (2.6)

v is giJEn by

f'amié(M’v) = Knip

where the various Symbolghhere defined ip/sectigfh 24.1. This _

e sum o ifferent contri-
=

e population difference

expression shows that the MIR gain is
butions. The first term is proportiézgh
between the upper and 1ower“$hser-1evel (£fg7» while the sekond term

is driven by'the population difference between the pumped\lg!:} an Z?
:5

the lower laser devel (rz]). 51 and S, are given by

luggl?
100 = 4 g (lal? + LR - Jal®)

2
' |uz0] a2
Sz(MsY) = 47 RN (L1R - [317)
where the following symbols are used
. ] - . \-
- : ' - * ﬁ
Aslz) = E /2 exp=ilk, 0z = ¢q)
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Anir(2) ) Enip/2 exp=ilekp; 2 - o)

1_-1 = LlJp - QO] - ka + 1"{-'m

2™ nip g2 toekyiY *ivpg

R = (mp - 9gy) - (onip = %) - (kp B Ekmir)v * v,

X 2 2 )
= L1g2R - L1|a] ‘JrLZIB[ - _ (A.2)

<

=
° |

9 and 9, are arbitrary phase constants and the other symbo]s are

defined in Chapter 2. Note that in a first approximation, R gives

the difference between the pump and lasing offset frequencies and

thus becomes resonant at the Raman condition. Moreover, R also accounts

for the residual Doppler width:between the 9- and 12-um radiations

which defetmines the Raman linewidth at low preséurg. The population

differences induced by the.fields are given by

b

_ 0 ' 0
MMy} = (Jpprg * 1p o)/ (d9995p = d1p957)

) _ o 0 ,
raolMv) = (Jg1 7y *+ Iqy ve)/ (393922 = dq2951)

Pz](M,V) = rzo(M:V) - r10(MsV)- ’ ) -
] 2Y . . MY
2 01 2 2
I =1 - I:i (2 (LR = fal®) + 81"
J =f§L§ii Im{[ EIIQ.I 12 4 LR - J8]23/M)
12 Yo Yy ¢ 1

i

2 . 2Y : ',-
2|a (EEH £Y20 1,12 L2
oy v L Y. |8] + LoR |o|“1/NY

1]

218l &Y | ' O
Yy =15 T ([ _;gg (LIR - [8[%) + [al?1/M) (A:3) .
} 0 ' : .

where the population difference between levels i“and j iﬁ the absence

P

J ‘.-

-

. ///;\ | | -
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1" : A

o _ 0 .
rij = P339 - P33/,

with s ' *

' o~ g} =21, + 1 ‘ ' : _ _/

o

for.the degeneracy of 1eve1 J In this model, the M-degeneracy 6?
the molecular 1eve1s was removed by dividing the totaI 1eve1 popu]at1on
equally among the d1fferent M sub 1evels and by treat1ng “them separately.
In such a case, the M-depeedence of the'd1p01e'matr1§ elements must be

taken into account. The direetion-césine matri$ elements in the R and

P branches are given as follows [25]: ‘ . .
- ' ’ '
- 2 2 [ae)? - KArH)? - v
R(JaK) . ]Ui-l. =¥ 5 —
: _J R (J+1)5(23+1)(20+3)

'|z= 2(2 2) (32-P)

JORIENIT
a¥ 3%(23-1) (20+1)

(A.4)

T .
,

, where'p is the mo]ecu]er dipole mement .

The equat1ons (A 1) to (A.4) are used to ca]cuTate the gain

for mo]ecu]es be]ongﬁrg to the M sub 1eve1 and md&1ng at a velocity.
I

- L
Vi The tota] ga1n expression 15Jg1ven in Chapter 2 (see eq. 2.7)

and 1nc1udes the. 1ntegrat1on over~Q\ESPp1er ve10c1ty pr0f11e and sums’

¢.-

gain and Fig. 2.4 d1sp1ays an example. of a gain caicuWat1 n

o~

over al] M—va1ues A computer code was - 1mp1en?mted to e§;1uate)the

o=
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