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ABSTRACT

The work presented in this thesis concerns the development

and characterization of the

lasers in the mid-infrared.

first optically-pumped continuous (cw)
\

Ammonia is chosen as the active lasing

me~m, and this research describes e~periments in which NH 3 is pumped

both off- and on-resonance with a CO 2 laser using several innovative

techniques. The new lasers provide efficient, powerful and line-tunable

cw radiation in a region (10 to 30 ~m) where such sources are scarce.

Initial experiments were performed with several off-resonantly

pumped 12-~m NH 3 transitions and, at low pumping powers., a Raman two­

photon process was identified as the dominant mechanism responsible for

the gain. The two-photon process results from the coherent interaction

of two laser fields wit~ a three-level system and can create gain in

the absence of a population inversion. This property was essential to,...
the 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.

Adetailed understanding of this new cw laser was achieved by

~obing the small-signal gain with a tunable diode laser in an amplifier

cell. A theoretical model based on a density matrix formalism approach

was developed and good agreement was found between experiment and,
theory. The tunable diode laser measurements emphasized the importance

of the pump intensity in determining the magnitude of the Raman gain.

Following this study, an optimized 12-~m cavity was contructed in which
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the pump intensity was maximized by using a small capillary tube.

Quantum efficiencies as high as 45% and output powers up to 10.5 W

were obtained.

Line-tunability between 10.7 and 13.3 ~m was accomplished

with a novel pumping scheme. The frequency of the CO 2 laser is shifted

into coincidence with the line center of an ~H3 transition using acousto­

optic modulators. This on-resonance pumping enabled us to create a

vibrational inversion between the NH 3 ground state and the upper ~

vibrational level "2=1. By adding a bl1[fer gas, gain was obtained fn
..

the entire P- and Q-branches. A simple model which assumes thermali-

zation among the rotational levels fully accounts for the lasing

behavior.
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Fig~, 1.1: Typical energy level structure.of an optically-pumped 2

molecul~. In one case, ·the ground state is pumped

and FIR lasing occurs betwe~n two rotational levels

(J' -- J"(FIR)) within the same excited vibrational

state. In the MIR case, the emission is a vibrational-

rotational transition (J' -- J"(MIR)). Also shown

are typical thermal populations relative to the

Fig. 2.1:

pumped level population of 100.

Energy levels of the lower vibrational modes in NH 3.
p

The values of the corresponding inversion doubling

are also given.

12

Fig. 2.2: Energy level scheme for an 9ptically-pumped MIR

.~5er. ~O? and ~Ol are the pump and lasing·

. transition frequencies respectively, wp an~ wmir

represent the field frequencies and POO' Pll'

P22 correspond to ~he population in levels 0,

and 2,.respectively.

Fig. 2.3: Vibrational-rotatlonal energy levels of NH 3 relevant
\"

to ,~.08-~m lasing. The insert is a hi?h-resolution

NH 3/C0 2 absorption spectr.um taken near 1084.6 cm-1.

The CO 2 absorption is indicated by the arrow. The

other absorption peaks belong to the sR(5,K) mani-
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fold of NH3.

. sR(5,0) line

Fig. 2.4: Small-signal

The offset between the R(30) and

center is l1V = 190 ± 7 MHz.
p ,

gain profile for co- and counter-

Page

25

propagating 9- and 12-~m beams calculated using

the computer code. The small-signal gain is plotted

as a function of the lasing offset frequency (nOl ­

wmir)' The pump intensity.is 500 W/cm2 at 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 o~tained in the coun~er-'

propagating case ..

Fig. 3.1: Relevant energy levels of the four NH3:transiti6ns

Jj nvesti gated. l1vp represents the pump offset

frequen cy "

Fig. 3.2: Schemat~c diagram of the experimental apparatus used

31

33

"

, ~r·-

to pump NH3 with

.' M2. is mounted on

-" ..-.:-"~ ~ -..;.---

low-power CO2 laser pulSes. Mirr:or-,'"

a piezoelectric translator (pzt) .

Fig. '3.3: Small-signal absorptio~ of the 12.81~~m laser as a 37

function of the square of the NH 3 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 indicates the large

absorption which would be o~served if the 12.81-~m·

1aser was operati ng at li ne center.

Fi g. 3.4: Scliemati c di agram of the opttea lly-pumpedri ng 1aser. 39
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The solid line indicates the path taken by the pump

radiation while the 12.08-~m coprapagating wave

follows the dashed line.

Fig. '3.5: Absorption coefficient of the cw 12.08-~m laser as a 42"

function of the square of the NH3 pressure in an

externarce11. The solid line is a best fit to the

/

.'

experimental data using a lasing offset frequency of

170 MHz and Taylor's calculated values for }'ine

strength and 1in~width £41].

, Fig. 3.6: Chopped 12.08-~m output as a function of the MIR

resonator length. The lower trace displays the
, .':'..~\

1i near ramp app1 i ed to the MIR pi ezoel'ect'ri c trans-

lator. The horizontal scale is 3.7 MHz per division.

Fig. 4.1: Simplified energy level diagram of NH 3. The insert

as a TOL scan of the sR(5,K) multiplet in NH 3 near
-11084.6 cm . Also .shown is the R(30) CO2 absorpti~n_.

line indicated by, an arrow. Th~ relevant energy",

leve1~ of the transiti~ns with the two smallest pump

44

49

..0'·
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", ,

offsets are illustrated below.'

Fig. 4.2: Schematic diagram of the apparatus used for the co- 51

propagating small-signal gain measurements. The

pump CO2 beam is represented by a dashed line and the

probe TOL beam by a sol id 1i ne. Oi ch rai c mi rrors Mf

and M2 transmit 90% of the g-~m CO2 radiation and

reflect 97% of the 12-~m beam. Two types of cell are

x



\

•
Page

probed; either a large diameter cell or a waveguide

capillary tube. The Freon cell is used to preven~
,

residual CO 2 radiation from \eaching the HgCdTe

detector. \'

Fig. 4.3: TDL scan of the sP(7,O) dnd sP(7,l) transitions in 53

..

,

~he presence of CO2 radiation. The two sharp spikes ~

offset from the line center absorptions are the

Raman transitions associated with the sP(7,O) and

sP(7,1) lines. The pump and TDL probe beams are

cop ropagati ng ina 50-cm long wavegui de. Pump .,
. 2

intensity is ~l kW/cm at an NH3 pressure of ~800

mTorr:-

Fig. 4.4: High-sensitivity scans of l2-~m Raman gain. The CO2 55

1aser is chopped 'and the TDL beam synchronous ly

detected. Results are given for co- and counter-

--propagating beams in ~400-mTorr NH3. Average pump

intensity is ~200 W/cm2. The line centers of both

the sP(7,O) and sP(7,1) lines are indicated with

arrows. In each trace, the Raman feature near the

sP(7,1) line is shown on an expanded scale. In

additi on to the i ndi cated amp1itudeexpans i on, the.
wave number scale lias been expanded in the upper

. trace by a factor of 4. The signals observed near
.....

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

in the text. ..
xi ~



Fig. 4.5: Comparison of experimental and theoretical spectra

near the sP(7,O) transltion. The solid line is a

conventional TDL scan taken with 500 mTorr' of NH 3
in a 15-cm long waveguide. The calculated spectrum

(e) uses a pump intensity of 900 W/cm2 to best fit

Page
57

the experimental peak gain. The sloping bacKground

caused by the TDL is included in the calculation.

Fig. 4.6: Differential scans of the sP(7,Q) region taken to 59

illustrate the frequency tuning of 'the Raman gain.

Results are shown as the, CO2 laser is tuned from -25

to 50 MHz around the line center. The T.DL signal in

the bottom trace was expanded by a factor of·2. The

measurements were made in the 26-cm open. cell at an
•

pressure of 500 mTorr. The best fit straight line

through the data gives a slope of 3,04 x 10-5 crnW- l .

Fig. 4.8: Raman gain coefficient'as a function of NH 3 pressure 64

,
Fig. 4.7:

NH 3 pressure of only ~300 mTorr to minimize pres~ure

broadening.

Raman gain coefficient as a function oJ pump intensity
. I

measured in a 15-cm long waveguide at a constant

62

I fo~ copropagati ng beams.

~played in (a) and ~he

The low-pressure range is

high-pressure in (b).

Fig. 4.9: Raman gain coefficient as a function of NH3 pressure 65

for counterpropagating beams.

Fig. 5.1: Schemati c di agram of the optically-pumped 12-~m wave- 72

gui de 1aser.






























































































































































































































































































































































