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ABSTRACT

This thesis describes a Vseries of experiments that were
undertaken to extend the 1limits of output power and wavelength coverage
of optically pumped mid-infrared Tlasers. Initially, two new cw Raman
lasers operating at wavelengths of 11.5 and 12.5 um were developed.
Maximum output powers of 650 and 150 mW were produced, with pump powers
of 11 and 3.3 W, respectively. The effect of the pump offset on the
output power was then determined by measuring the efficiency of an NH3
laser pumped at frequency offsets of 94 and 274 MHz. In lasers
operating in pure NH, the Targer pump offset required a greater pump
intensity to reach threshold, but efficiency increased with pump offset.
Higher NH3 pressures could be used at Tlarger pump offsets and the
improved efficiency was attributed to reduced saturation effects at the
higher operating pressures.

Experiments carried out with NH3 inversion Tlasers have greatly
increased the output powers available at a large number of wavelengths
in the 10 to 14 um range. In a buffered NH; mixture, the sR(5,0)
transition was pumped on resonance. Collisions with either N2 or Ar
buffer gases were effective in thermalizing the rotational populations
n the vy=1 vibrational level and producing gain on a wide range of

frequencies. Output powers as large as 3.5 W on a single line and
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greater than 5 W multi-line were produced, at efficiencies of 20 and
30 %4 respectively. The number of 1lasing wavelengths increased
substantially, as more than forty ortho-NH3 transitions were observed to
lase in a grating-tuned cavity. The optical pumping technique was then
used for the first time to produce line-tunable lasing on para-NH;
transitions. The sR(5,1) transition was pumped near resonance and 24
para-transitions we}e observed to lase. 1In total, lasing was achieved
on 65 different transitions in 14NH3, with wavelengths of 10.3 to
13.8 pm.
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CHAPTER 1
INTRODUCTION

Much research has been undertaken over the 1last 25 years to
produce sources of coherent radiation at wavelengths from the
ultraviolet to the far-infrared. Thousands of transitions have been
observed to lase, with outputs at wavelengths as short as 0.14 um and as
long as 1200 um.l However, the number of 1lasers with efficiencies
greater than 1 % is a very small fraction of this total. There is an
ongoing search for high-intensity sources in areas of the spectrum that
have particular scientific interest. One such region is the
mid-infrared (5 to 50 um), where until recently there were few powerful
lasers. The vibrational-rotational transitions of many molecules occur
in this spectral region. Mid-infrared sources would be of value in
measuring the spectroscopic properties of gases and in the detection of
trace gases in the atmosphere. Photochemical applications for industry
are developing as quickly as new lasers are produced and the possibility
of using infrared lasers for isotope separation has also stimulated the
development of mid-infrared lasers.

For any type of lasing it is necessary that the gain medium be
excited to a non-equilibrium state. This excitation is often provided

either by an electrical discharge or by optical pumping. In gas



discharges, collisions between electrons and the gas molecules transfer
energy to the vibrational modes of the gas. If a population inversion
is created between two states then lasing will occur. In the CO2 laser,
the initial excitation of N, is provided by an electrical discharge and
the laser gas is excited by the resonant transfer of energy from N2 to
C02. In general, electrical excitation is not an efficient process, but
the CO and C02 lasers, which operate at 5 and 10 um respectively, are
exceptions to the rule. An electrical-to-optical power conversion
efficiency of greater than 40 % has been produced in a cw CO laser? and
15 % is typical of C02 lasers.l At other infrared wavelengths there are
few electrically-excited lasers of significant power or efficiency.
Optical pumping is one of the pioneering techniques used to
produce lasing. The first laser consisted of a ruby rod that was
optically pumped by a flashlamp. Current high-power Nd:YAG lasers are
similarly pumped, with efficiencies of a few percent. In optical
pumping, a molecule absorbs a photon at one frequency and emits a new
photon at a second frequency. This pumping method 1is generally
inefficient because the radiation from a flashlamp covers a broad
spectral range and only a small fraction of the pump energy is absorbed
by the transition of interest. However, 1in principle almost any
molecule can be made to lase if it is pumped with sufficiently intense
radiation of the appropriate frequency. High efficiency can be attained
if the pump radiation is monochromatic, i.e., if an existing laser is
used as a pump. As each of the major discharge-excited lasers was

developed, it was used to pump a large number of materials and produce



fluorescence or lasing at other wavelengths. CO2 has been one of the
most important sources for optical pumping because it can operate on a
single 1line and still deliver high power at a 1large number of
wavelengths from 9 to 11 ym.

The optical pumping of NH; and other molecules of low molecular
weight is a very effective way to convert C02 radiation to wavelengths
of 10 to 1000 ym. The v, vibrational-rotational frequencies of NHj
overlap those of the CO, 9-um and 10-um bands and the NH3 molecule
interacts strongly with e]ectroﬁaénetic radiation. The narrow spectral
widths and wide spacing between NH3 transition frequencies ensure that
only the transition that 1is pumped will absorb the pump radiation.
However, the highly specific nature of optical pumping has the
disadvantage that very close coincidences between the pump and absorber
frequencies are required. Such coincidences are rare in an individual
absorbing molecule, but a large number of molecules have transitions
that are close to the frequencies of CO2 laser lines. Pumping such
molecules has produced far-infrared (FIR) lasing on numerous wavelengths
from 50 to 1250 um in both pulsed and cw s_ystems.3’4 FIR lasing takes
place between rotational states in an upper vibrational 1level of the
pumped molecule. Theré is generally 1little population in the upper
tevels, so ith is relatively easy to create an inversion and generate
- lasing at these frequencies. Mid-infrared (5 to 50 wum) lasing occurs
between two different vibrational Jlevels and is much more difficult to
achieve. In 1976 Chang and McGee observed 1lasing at 12.81 um when they

pumped NH; with a pulsed Taser operating on the €O, 9R(16) line.> The



power of the 12-uym laser has since increased considerably and power
conversion efficiencies of 28 % have been reported.6 Lasing on a wide
range of wavelengths was achieved when the CO, 9R(30) line was used as a
pump7 and power conversion efficiencies of 10 to 20 % have been
reported.8

In a continuous-wave (cw) system, the use of narrow-bore
waveguides in the NHy laser cavity has'produced results similar to those
of the pulsed laser systems. Intensities as high as 103 W/cm2 can be
produced by focussing the output of a conventional low-pressure C02
laser into a waveguide. Lasing is possible on individual NHg
transitions when the appropriate COZ pump frequencies are used.

Much of the earlier work on cw optical pumping used the o,
9R(30) laser line to pump the NH3 sR(5,0) transition. Output powers as
great as 10 W at 12.08 um and power conversion efficiencies of 28 % were
observed.? At pump frequency offsets greater than 100 MHz the gain in
an optically pumped 1laser is created by a scattering process. The
initial experiments described in this thesis examined the effect of pump
of fset on the performance of mid-infrared 1lasers. Three transitions in
NH3 were pumped at different frequency offsets. The frequency of the
9R(30) CO, line 1is 184 MHz higher than that of the NH3 sR(5,0)
transition.l0 As Raman gain has been found to increase with decreasing
pump offset, it was decided to pump two transitions that have closer
coincidences with CO, laser lines. A (0, sequence laser, operating on
either the 9P(7) or the 9P(17) line, was used to pump the aR(5,1) or the

sR(3,3) transition respectively, and the 12-um output powers and



efficiencies were compared with those of the sR(5,0) system. An
experiment was then undertaken to clearly determine the effect of pump
offset., The 9R(30) pump 1line was wused in conjunction with an
acousto-optic modulator (AOM) to pump the sR(5,0) transition at
different frequency offsets. It was found that, while lasing threshold
could be reached at low pump powers when the pump offset was small, high
efficiency was more characteristic of ‘larger pump offsets. The reason
for this behavior and its implication for Raman lasers in general are
discussed in chapter 3.

Once the work with Raman lasers was concluded, experiments were
carried out to investigate the more versatile NH; inversion laser. In
1984, Rolland et al. demonstrated that line-tunable operation could be
achieved using a cw pump laser.ll The inversion laser produced radiation
on a large number of wavelengths from 11 to 13 um when a single
transition was pumped. In this respect it is far superior to the Raman
laser, which produces output on only the one transition directly coupled
to the pumped transition. rHowever, for a population inversion to be
created it is necessary that an NH3 transition be pumped on resonance.
A pair of AOMs were used to shift radiation from the CO, 9R(30) line
into coincidence with the sR(5,0) transition in 14NH3. In 15NH3, the
akR(2,0) transition can be effectively pumped by the CO, 10R(42) line
without a frequency shift.12 Line-tunable lasing has been produced with
powers as high as 700 mW in 14NH3 and 1.5 W in 15NH3.11’12

This thesis describes recent experiments that have yielded

higher power ( >5W) and efficiency ( >30 %) 1in line-tunable NH; lasers.



The number of observed lasing wavelengths has increased substantially
and the first achievement of cw line-tunable 1lasing on para-NH3
transitions is reported. As there is no significant transfer of energy
from ortho-NH3 to para-NH3, it was necessary to pump a second
transition, the sR(5,1) 1ine, in order to produce lasing on para lines.
Two thirds of NH3 lines are para-transitions and the extension of lasing
to these transitions will mean much more thorough coverage of the 1l-um
to 14-um region.

The remainder of this thesis consists of four chapters. Chapter
2 sets forth the general spectroscopic properties of NH3 that are
relevant to the development of a mid-infrared laser. The physical
processes that contribute to the Raman and inversion gain are described,
as are the major features of the computer models wused to calculate the
gain. Chapter 3 gives an account of the experimental investigations of
the Raman laser and of the effect of pump offset on laser efficiency.
The operation of two new cw Raman lasers is described and the
differences in performance of the sP(7,0) laser at pump offsets of 94
and 274 MHz are examined and explained. Chapter 4 presents the
improvements that were observed in the cw line-tunable NH3 laser when
greater pump powers were used. The effectiveness of argon as a buffer
gas 1is compared with that of nitrogen and the achievement of
line-tunable operation on para transitions in NH3 is reported. The
performance of the Tline-tunable 1laser 1is evaluated in light of the
predictions of a simple model described in chapter 2. Finally, chapter

5 summarizes the discoveries made in this work, the improvements in the



output characteristics of the cw NH3 laser, and some present and future

applications of the line-tunabie laser.



CHAPTER 2

THEORY

2.1 Introduction

This chapter presents a brief review of the vibrational and
rotational spectroscopy of NH3. The gain processes that take place when
low-pressure pure NH3 is optically pumped are described in the section
on Raman gain. The results of calculations are presented to evaluate
the possibility of achieving Raman lasing on selected pump/lasing
transitions. Additional effects that are observed when higher-pressure
mixtures are pumped on resonance are described in the subsequent section
on inversion gain. Some predictions about the behavior of line-tunable
NH3 lasers are then made on the basis of simple theoretical

calculations.

2.2  Spectroscopy of NH3

NH3 is a pyramidal molecule with threefold rotational symmetry.
It has four vibfationa] modes, two symmetric and two asymmetric. The Vo
fundamental mode has the Tlowest energy of the four,13 and its
vibrational-rotational lines overlap the 9-um and 10-um bands of CO,.
The Vo mode is symmetric, i.e., it preserves the rotational symmetry of

the NH3 molecule. The NH3 molecule possesses additional symmetry



because its spectroscopic properties do not depend on the orientation of
the nitrogen nucleus with respect to the hydrogen plane. If the
nitrogen atom were confined to one side or the other, the reflection
symmetry would make each vibrational 1level doubly degenerate. However,
the potential barrier at the hydrogen plane is finite, and the nitrogen
atom can tunnel through. There is a mixing of the two spatial states to
form the s (symmetric) and the a (asymmetric) states. The a state is
higher in energy than the s state by 0.8 em~l in the ground (vz = 0)
level, and by 36 em~1 in the V2=1 lTevel.l3

In addition to the energy from vibrational modes, the NH,
molecule also possesses energy that 1is stored in its rotational motion.
In the absence of an external field, the rotational energy depends only
on the quantum numbers J and K, where K = [kl s the projection of the
angular momentum J on the axis of symmetry of the molecule. To first
order, the rotational energy is E = BJ(J+#1) + (C-B)KZ, where B
and C are constants that are determined by the moments of inertia of the
molecule.l3
The selection rules for electric dipole transitions in the

infrared arel4

MK =0 and A

-1, 0, or1 if K#0 ,

AJ = %] if K =0.
In addition there must be a change of symmetry, i.e., a-->s or s-->a.
Therefore any vibrational-rotational transition can be specified by the
notation xY(J,K), where x is a or s, and Y is P,Q, or R, depending on

whether J changes by J = 1, 0, or -1 in going from the upper to the
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lower level. The values x, J, and K are those of the lower level.

It is sometimes necessary, for example in electrical discharges,
to consider the electronic states of the NH3 molecule. However, the
9-um photons used to pump NH3 have much less energy than is required to
excite the molecule to higher electronic states, so only the ground

electronic state must be considered in optically pumped NHy lasers.

2.3 Gain Processes
2.3.1 Raman Gain

Optical pumping has proved to be a reliable and efficient way to
produce gain in the 12-um region. When pumping with a laser there are
usually only three levels that must be considered in gain calculations.
In this thesis, all optically pumped laser systems take the form of an
inverted "vee", as shown in Figure 2.1. The three levels are the lower
levels of the pump and probe transitions and the common upper level. If
there is a small offset ( < 90 MHz) between the pump frequency and the
line center of the NH3 absorption, then the pump radiation will be
absorbed and the molecule excited to the upper level. If a population
inversion is created between Tevels 0 and 1, then stimulated emission
can be produced at the 1line center frequency 91- As the pump offset
increases, fewer NH; molecules absorb the radiation, and Tlittle
population is transferred to the upper 1level. A strong absorption
exists at line center of the 0-1 transition, but a two-photon scattering
process can create gain at nearby frequencies. In the Raman process, a

photon of frequency wp is converted into one of frequency We The



FIGURE 2.1 Diagram of the principal energy levels involved in
the generation of Raman gain. A pump photon of
frequency Wp is offset by a frequency difference
6p from Qgo. Gain is measured at a frequency
wg Offset by 65 from §gq. The Raman resonance

condition is 65 o Gp.
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frequency change corresponds to the energy difference between the
molecular levels 1 and 2. The scattered photon will have a frequency
offset from 901 that is roughly equal to the pump offset. Inversion
gain requires pumping near resonance (ép > 0), whereas the two-photon
nature of the Raman process ensures that, even at fairly large pump
offsets, the Raman resonance condition 65 = Gp can be satisfied. For
convenience, the pump and scattered radiation are Tlabelled with the
spectroscopic notation of the nearby NH3 transitions. It should be kept
in.mind that this notation does not signify that an absorption/emission
process takes place, but merely indicates the levels that are involved
in the resonant Raman process. The selection rules for Raman

transitions are14

AK =0 , a-->a or s-->s

and AJ =0, 1, 2 if K#0 ,

AJ = 0, %2 if K = 0.

The Raman gain is proportional to the population difference
between levels 2 and 1. Generally the population in the
vibrational-rotational levels of NH3 decreases with J, thus maximum gain
will be produced on the coupled P-transition when an R-branch transition
is pumped (M = 2). In thermal equilibrium there is a larger population
in level 1 than in level 2. Consequéntly, it is much easier to generate
gain at low pump intensities by the Raman process than by creating a
population inversion between levels 0 and 1.

Theoretical descriptions developed by Panock and Temkinl® and

Heppner g&_gl}s to describe the gain processes in optically pumped
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far-infrared lasers have been found to work equally well for
mid-infrared lasers. This theory was the basis for the computer model
that was used to make the gain calculations for this thesis. Details of
the calculations have been given by Morrisonl” and Rollandl® and will
not be repeated here. The model employs a density matrix formalism and
considers only the three levels shown 1in Figure 2.1. The cw case is
assumed, i.e., the populations in the three levels are assumed to have
reached a steady state. The standard rotating wave approximation is
used for the polarization terms in the density matrix and numerical
methods are used to calculate the Raman and inversion gains.

The computer model describes many characteristics of Raman gain
that have been observed by Rol1and'g§_gl.19a20 In several experiments, a
tunable diode laser was used to probe the gain in optically pumped NH3.
When the pump and probe propagated in the same direction (copropagated)
the gain was found to have a width equal to the difference between the
Doppler absorption linewidths of NH3 at the pump and probe frequencies.
The width of the counterpropagating gain was equal to the sum of the
Doppler widths and the peak gain was correspondingly smaller than that
observed in the copropagating case. It was also confirmed
experimentally that the small-signal gain scales linearly with the pump
intensity.

In this work, the computer model was modified to make it
suitable for calculating the gafn for any pair of coupled R-P
(absorption-emission) transitions in NH;.  The three transitions that

were optically pumped in the experiments described in chapter 3 are the



14

sR(5,0), sR(3,3), and aR(5,1) transitions. The data used to calculate
the gain on each transition 1is 1listed in Table 2.1. The spectroscopic
information is known to high precision and the calculated thermal
populations have an accuracy of a few percent. The major limitation to
the accuracy of the gain calculations is the wuncertainty in the
population relaxation rates Yo, Yo and Yz, and in the transverse
relaxation rate Y12+ The pressure bfoadening coefficients Yo1 and Ygo
are known to an accuracy of about 10%, but very few of the other
relaxation rates have been measured. In microwave experiments, the rate
Y1 for the s(8,7) level has been found to be approximately equal to
Y01.23 In the v, = 1 Tevel Y is much sTower.24>25 The strongest form of
collisional coupling is to the inversion level of the same rotational
state. The inversion energy separation is 45 times larger in the Vy =1
level than in the ground 1level, so the upper states do not couple as
effectively to one another and the relaxation rate 1is only about one
quarter that of the ground Tlevel. For K=0 there is no inversion
splitting, consequently the population relaxation rates Y1 and Yo, will
be slower than for other values of K. Rolland et al. found that to
describe the saturation behavior in the sP(7,0) laser it was necessary
to use a rate vy = Y1 = Y2 about half that given by the
pressure-broadening coefficient.2® There is no reliable information on

the rate le for any value of K, so it is assumed to satisfy
Y12= Y1+Y2.
2

The large uncertainty in le has its greatest effect on the saturation

behavior of the 12-um gain. Decreasing Y by 50 % does not
12



TABLE 2.1

Spectroscopic data used to calculate the 12-um gain in optically

pumped NH3. The dipole transition moment for the Vo transition

is 0.24 D.

15

0001 9R(30)

€0, laser transition and pump offset?

184 MHz 0002 9pP(17)

142 MHz

0002 9P(7) 87 MHz

NH3 pumped/lasing transitions and their frequenciesb (cm'l)

sR(5,0)
sP(7,0)
n2 = 1.82
no = 6.46
nl = 3.35
n2 = 1-63

1084.629

sR(3,3) 1046.374

827.878 sP(5,3)  867.720

aR(5,1) 1054.913

aP(7,1)  798.222

Fractional Populations at T=300K (calculated)

x 1074 ng = 2.73 X 1074
X 1073 ny = 2.14 X 1072
X 1072 n, = 3.20 X 1072

!

6.95 X 10-°

H

No
3.68 X 103

0]

9.25 X 103

Ny

Fractional Populations at T=195K (calculated)

X 10-6 ng = 2.83 X 1079
X 10-3 ~ny = 2.08 X 1072
X 1072 n, = 4.95 X 1072

_ -6
ng = 4.11 X 10
= 1.71 X 10°3

3
—t
!

8.34 X 10-3

=
N
1]

a. From Refs. 10 and 21.

b. From Ref,

22.
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significantly affect the small-signal gain, but can reduce the 12-Um
saturation intensity Is by about 30 %. Our limited knowledge of Y12
therefore makes it difficult to predict the maximum powers that can be
produced in a given cavity. The best estimates we have of the unknown
relaxation rates are summarized in the formulas Tlisted in Table 2.2.
These estimates are used in the gain calculations of this chapter and of
chapter 3. |

In principle, the Raman gain can be calculated on any pair of
coupled transitions in the Vo band. The results of calculations on some
fepresentative NH3 transitions are shown in Fig. 2.2. At large pump
offsets the gain scales inversely with the square of the offset. For
pump offsets less than 100 MHz, the inversion gain (or absorption)
combines with the Raman gain, making the gain behavior more difficult to
characterize. Figure 2.2a shows the change in the calculated
small-signal gain with pump offset if transitions having different
values of J are pumped. The variation of gain with J is primarily due
to changes 1in the relative populations in the ground state. The
population difference between initial and final states is greatest for
the aP(4,0) and éP(G,O) lasers, so they show the 1largest gain at any
given offset. The effect of pumping Tevels that have different values
of K is illustrated in Fig. 2.2b. This variation can be accounted for
by the J2-k2 dependence of the dipole transition element, and the
greater degeneracy of the ortho (K=3n) levels compared to the para
(K=3n z1) energy levels.

In a high-Q cavity it was found that the threshold for lasing on
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TABLE 2.2

Relaxation Rates. a) General relations used to estimate the

relaxation rates Yos Y15 Yo, @nd Yy, from Yoy and Ygs.

K#0 K=0
Y1 = Yo1 Y1 = Y2 = V12 T You/2
Y2 = Vo2 Yo © M
Yo = Y1/4
2= 1t
2

b) Pressure broadening rates at temperatures of 300K? and 195k

for the three lasing systems examined in this work.

Lasing YOl sz
Transition 300K / 195K 300K / 195K
(106 s-1 Torr‘l) (106 s-1 Torr‘l)
sP(7,0) 61 91 56 84
sP(5,3) 138 207 121 182
aP(7,1) 74 110 70 106

&. From Ref. 27.
b. Calculated from the rate at 300K, as the rates scale with T7-1
{Ref. 13).



FIGURE 2.2 Variation of the calculated small-signal gain
coefficients as a function of offset, with an incident
9-um pump intensity of 500 w/cm2; Relaxation rates
and energy levels are taken from Refs. 22 and 27. The
pump offsets of a few of the lasers described in this
thesis are indicated by asterisks.

a) Comparison of gain for different values of J when
the aR(J,0) line is pumped and lasing is observed on
the aP(J+2,0) line.

b) Gain for different values of K when pumping the
sR(5,K) transition and lasing on the sP(7,K)

transition.
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the aP(8,0) transition occurred at a pump intensity ( 600 W/cmz)
corresponding to a gain coefficient of n5x10-4 cm-1,28 Taking this gain
to be the minimum required, one can wuse the curves 1in Fig. 2.2 to

estimate the Tikelihood of lasing for any transition and pump offset.

2.3.2 Inversion Gain

Although there are no exact "coincidences of 12C02 laser lines
with 14NH3 absorption transitions, acousto-optic modulators can be used
to shift a pump 1ine into resonance with a nearby absorption line. A cw
line-tunable laser has been developed, based on the processes shown in
Fig. 2.3. Near-resonant optica1‘ pumping of the sR(5,0) transition
transfers a sizeable fraction of the NHg population from the s(5,0)
rotational state in the ground vibrational Tlevel to the a(6,0) state in
the vy=1 level. Dilute mixtures of NH3 and a non-absorbing gas are used
so that collisions with the buffer gas may distribute the population
from the upper pumped state to its companion rotational states, and
repopulate the lower pumped state. The rotational relaxation rate due
to the Dbuffer gas is generally much faster than the
vibrational-translational (V-T) relaxation rate.2Y Consequently, the
population distribution 1in the rotational states remains close to
thermal equi]ibfium, i.e., the ratio of the populations in any two
states in the same vibrational level 1is the same as it would be in
thermal equilibrium at the ambient gas temperature. However, it has
been found experimentally that, when NH3 collides with either Ar or No,

the following changes take place: 4J =0, *1 and AK = 0, +3,30,31



FIGURE 2.3 Spectroscopy and energy levels of NH3 relevant to
line-tunable laser operation. The upper trace is a
tunable diode laser scan near 1084.6 cm~! of a
mixture of NH; and CO, (From Ref. 19). The scan
shows the proximity of the CO, 9R(30) line to the
sR(5,0) and sR(5,1) transitions in NH3. The Tower
figure is a partial energy-level diagram of NH3,
showing several P-transitions which have been
observed to lase when the sR(5,0) transition was
pumped. For simplicity, only K=0 levels are shown.
The curved arrows represent the collisional processes
that thermalize the population in the upper and lower

levels.
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After multiple collisions J can take on any integer value, but K is more
restricted. If a transition with K=0 1is pumped, inversion can be
created only on transitions with K= 0,3,6,... (ortho transitions).
Similarly, pumping a K=1 transition can create gain only on transitions
with K = 1,2,4,5,7,... (para transitions). Hence ortho and para NH,
can be regarded as entirely different species in this laser system.
(K = |k|, so pumping a K=1 transition ‘pumps k = z1, which accounts for
the gain being created on K = 2, 5, etc. )

A computer model has been developed that calculates the gain on
any line in the Vo vibrational band of NH3. Ortho- and para-NH; are
considered separately, each with one half the total population. The
model considers only the Vo = 0, 1, and 2 Tevels and their respective

populations Ng. Np, and N2.17 Four rate equations for N. and for the

i
populations in the two directly pumped rotational states, ry, are used.
To solve in the cw case, the time derivatives of population are set to
zero and a root-finding method 1is wused to determine Ng» Np, and Nj.

The model calculates the fatio Nl/NO, which descibes the degree of
vibrational inversion produced by the pump. The value of N{/Ng is then
entered into a second program, which calculates the gain coefficients
for specific transitions. For simplicity, the populations in the
rotational levels are assumed to follow a thermal distribution at the
ambient gas temperature. Experimental measurements of gain
coefficients, using a tunable diode 1laser, have been found to be in

excellent agreement with the predictions of the mode1.29 There is a

minor discrepancy between the predictions of the simple model and the
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measured gain coefficients on transitions involving the upper or lower
pumped states. A 10 % excess (deficit) in the population of the
upper (lower) pumped state is sufficient to account for the difference.
The presence of a population spike (hole) indicates that the assumption
of complete rotational thermalization 1is not always appropriate.
However, the accuracy of the model is more than adequate for the
purposes of the work discussed in this thesis.

It is of interest to determine the maximum value of Nl/NO that
can be attained when a specific transition is pumped. This value is a
gauge of the effectiveness of pumping a specific NH3 transition to
produce a vibrational inversion. The maximum inversion will be produced
when the pump absorption is saturated. The rate of pumping from
rotational state ry to ry is

Wybr = (Ip/hvy)o [rg -ry(90/9;)]

where Ip is the pump intensity at the frequency v,, o is the absorption

P’
cross section, and 9dg and g; are the degeneracies of the two rotational
levels. If complete rotational thermalization is assumed, then
ry = fiNj,  where f; s the rotational partition function given in
Ref. 13. When saturation is reached, therefore,
(Nl/NO)max = exp[(E; - Eg)hc/kT]
where E; is the rotational energy in level ry. To first order,
Ey - Ep = B[Jy(J; + 1) - Jg(Jg+t1)].  Thus the 1largest values of Ni/Ng
‘'will be produced when an R-transition having a high value of J is

pumped. For the sR(5,0) and sR(5,1) transitions, (N1/Npdpax = 1.8 at

300 K and (Ny/Nplpax = 2.4 at 200 K. Improvement in lasing performance
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should therefore be expected if the ammonia is cooled.

The computer model does not at present describe the behavior of
the population inversion and gain in the presence of a strong 12-um
field. Consequently, it cannot be used to predict the saturation
intensity or maximum power output from the laser. However, the model
was used to predict the threshold gains in the waveguide cavity, and to
determine which transitions were ' likely to lase in a given

configuration.

2.4  Summary

The previous sections have presented an overview of the theory
that describes the behavior of coptically pumped lasers. The theory was
the basis for two computer models developed by Morrisoni’/ and Rollandl8
to calculate gain for either Raman or 1inversion lasers. The following
chapters describe the experiments that were carried out to evaluate the
models and to make improvements in the performance of the mid-infrared

lasers.



CHAPTER 3
RAMAN LASERS

3.1 Introduction

The operation of a cw mid-infrared 1laser using the sR(5,0)
transition in NH3 opened up the possibility that cw lasing could be
produced if other transitions were used. In pulsed laser experiments,
the O9R(30) and 9R(16) lines in the 9-um band of CO, are those most
commonly used to optically pump NH3 lasers. The R(30) 1line has a
frequency offset of 184 MHz from the sR(5,0) transition in the V2 band
of NHy, and the R(16) 1line is offset by 1.35 GHz from the aR(6,0)
transition. In cw experiments, high power and efficiency were achieved
by pumping the NH3 sR(5,0) transition.9 Despite the large pump offset,
lasing was also achieved in a high-Q cavity in which the aR(6,0)
transition was pumped. Operation near threshold was obtained with 30 W
of pump power.28 As the Raman gain decreases with increasing pump
offset, an improvement in perforﬁance can be expected at reduced
offsets. Careful comparison of the frequencies of 12CO2 and 14N20 laser
Tines with those of 14NH3 transitions disclosed only two suitable
coincidences within 180 MHz. The 9P(7) and 9P(17) sequence lines of CO,
have offsets of 87 and 142 MHz respectively from the aR(5,1) and sR(3,3)
transitions in NH3. In pulsed systems, Znotins et gl:achieved lasing

when either of these lines were used to pump NH3,21 and Rolland showed

24



25

that lasing could be achieved with less than 20 W of pump power.32

This chapter describes the experiments which were undertaken to
produce cw lasing with a sequence-laser pumping arrangement. When
lasing was achieved, the output performance of the two new cw lasers was
measured and compared to the performance of the sP(7,0) laser. An
experiment was then performed to isolate and determine the effect of the
pump frequency offset on lasing efficiency. A conventional cw C02 laser
can be tuned only about 30 MHz from the gain peak, so an acousto-optic
modulator was used to upshift or downshift the frequency of the pump
radiation by 90 MHz. The sR(5,0) transition was pumped at frequency
offsets of 94 and 274 MHz and the results of output power measurements
clearly demonstrated the effect of pump offset on the performance of a

Raman laser.

3.2 Sequence Laser Construction

In the mid-seventies, Reid and Siemsen discovered that C02 could
be made to lase on a pair of sequence bands that parallel the 9.4-um and
10.4-ym regular bands, 33 Figure 3.1 1is an energy-level diagram showing
the 9-um regular and sequence bands in C0p. In a typical gain cell, a
sequence line will have a gain coefficient about half that of its
regular neighbours. The larger regular gain prevents any sequence lines
from lasing in all but the most selective of cavities. A hot C02 cell
placed in the laser cavity has been found to produce sufficient
absorption on the regular transitions to permit the sequence lines to

lase. At a temperature of 630 K, a considerable fraction of C02



FIGURE 3.1

Energy level diagram of C02 showing the 9-um regular
and sequence bands. The Tower levels of the 9-um

lasing transitions are also labelled with the
percentage of CO2 molecules in the level at 630K,

to illustrate the effect of the hot cell. The

Tower (bracketed) number is the percentage of molecules

in the level at room temperature, 290 K.
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molecules will be in the [1000,0220311 level and therefore produce
absorption on the regular 9-um 1lines. The populations in the lower
levels of the sequence bands will still be small and thus not produce
significant absorption. Experimentally, an absorption cell containing
50 Torr of CO,, and having about one third the length of the laser
discharge, is sufficient to ensure lasing on most sequence lines.

The COZ gain tubes that were used in this work had discharge
lengths of 1.0 to 1.4 m, so a hot cell of effective length V43 cm was
constructed. The cell consisted of a glass tube of 20 mm i.d., the ends
of which were sealed with NaCl windows mounted at the Brewster angle.
The cell was electrically heated by a coil of Nichrome wire on the
inside surface of the cell, which was wrapped with glass wool insulation
to maintain a uniform temperature along its Tlength. Temperature
measurements were made along the central axis of the cell with a
thermocouple. At typical operating conditions, the temperature was
630 £20 K over a length of 41 cm.

Typical output powers produced by the sequence laser are shown
in Fig. 3.2. At Tow values of J, the effectiveness of the hot cell
absorption diminishes, and regular 1lines begin to compete with the
sequence lines. At high J, the hot cell continues to be effective and
lasing occurs only on sequence 1lines. Some high-J 1lines exhibit
anomalously large powers because there is overlapping gain from higher
sequence bands. Of the two sequence lines that were used to optically
pump NH3, the P(17) line had the higher gain, and consequently produced

a more powerful and stable output than the P(7) line.



FIGURE 3.2 Typical output powers produced on different COZ
sequence lines in a laser having a discharge length
of 120 cm. The laser was run at a pressure of 17 Torr
with a mixture of COZ:NZ:He content approximately
8:18:74. The powers observed on the competing regular
transitions are shown below the axis. The output

mirror transmissions were a) 22%, and b) 8% .
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3.3 Acousto-Optic Modulator Performance

An acousto-optic modulator (AOM) operates by light scattering
off a periodic structure in a crystal in a manner similar to diffraction
by a grating. Figure 3.3 shows the major features of an AOM. An
acoustic (pressure) wave travelling through a solid produces a spatially
periodic variation in the index of refraction of the medium, with a
characteristic wavelength A = v/f , where v is the velocity of sound
in the solid, and f is the frequency of the wave. For a light beam
propagating through the medium at an angle @i with respect to the plane:
of acoustic wavefronts, Bragg diffraction will occur when

nAsin 85 = A /2,
where X is the wavelength of the 1light in the medium. For the
IntraAction AGM 903 acousto-optic modulator, this condition corresponds
to an angle of incidence outside the modulator of about four degrees.
Depending on whether the light is incident at a positive or negative
angie with respect to the direction of sound propagation, the scattered

beam will be shifted up or down by the frequency of the sound wave (see

Fig. 3.3a).

The diffraction efficiency of an AOM is proportional to the
(linear) acoustic power density Pa/H, where H is the height of the
acoustic- beam. - Consequently, acousto-optic modulators are generally
designed with relatively small active areas. The modulators used in
these experiments had an acoustic beam height of ~3 mm, so it was

necessary to focus a C02 beam to ensure that most of the radiation



FIGURE 3.3 Operation of an acousto-optic modulator.
a) Scattering processes in the modulator that
increase or decrease the frequency of the
deflected beam when the radiation is incident
at the Bragg angle, Og.
b) Cross-sectional views of the modulator, showing
its physical construction (from Ref. 34). The
acoustic wave of height H and wavelength A is
produced by a piezoelectric fransducer mounted on
one end of a germanium crystal. To prevent the
buildup of standing waves, the acoustic wave is
deflected to an absorber after passing through the
interaction area. In general there are two output
beams produced, with the frequency-shifted beam

deflected by 2 eg from the incident direction.
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entered the interaction region. Experimentally it was found that at
long focal 1lengths the beam was apertured vertically by the active
region, but with short focal lengths the angular divergence of the beam
was too large for the entire beam to be deflected. Maximum power in the
deflected beam was achieved when a wmirror of focal 1length 80 cm was
used. |

Initial measurements of the efficiency of the AOMs were made
with a CO, laser operating on the 9R(30) line. Initially the laser mode
resembled a ring more than a Gaussian spot. Such a mode has a larger
spatial extent than a Gaussian beam and is apertured to a greater extent
when passing through a modulator. A maximum diffraction efficiency of
50% was observed with the ring mode. Higher efficiencies were observed
when the beam took on a more Gaussian appearance, SO0 an aperture was
inserted in the laser cavity and several laser tubes of different bore
were tested to determine which produced the best output. A tube of
10 mm bore was found to give a good transverse mode structure without
sacrificing a great deal of power. Narrower-bore laser tubes generally
produced higher powers due to more effective cooling of the laser gases
at the walls, but the mode structure of the output beam became more
complicated as the diameter decreased. Deflection efficiencies of 56 %
per pass were consistently produced with the Gaussian mode. As a final
test of the efficiency limitations of the AOMs, the diffraction
efficiency of the beam was measured when the radiation was focussed into

a modulator by mirrors with focal lengths of 80 and 105 cm. The overall
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efficiencies were 56 % and 43 %, respectively. When an aperture was
placed at the front of the modulator, and only the central 3-mm-diameter
portion of the beam was examined, the efficiencies were 58 % and 64 %
respectively. Thus the deflection efficiency of an AOM is limited by

the size of its active region.

3.4 Experimental Apparatus and Results
3.4.1 Sequence Laser Pump

Figure 3.4 shows the major features of the arrangement used to
optically pump NH3 with a sequence laser. For stability the sequence
laser was mounted on one optical table, which necessitated the use of a
bent-cavity configuration. A combination of wire-grid polarizer and
Fresnel prism was used to isolate the CO, laser from optical feedback . 3°
This isolation technique provided the additional benefit of converting
the linearly polarized pump radiation into circularly polarized light,
which has been shown to produce higher gains in similar optically-pumped
sys’cems.19’35=36 A chopper with a 1/5 duty cycle was used to reduce the
~average power and prevent damage to the polarizer. All powers have been
scaled to cw values. The pump radiation was focussed into a pyrex
waveguide set inside a second resonant cavity. The waveguide served to
maintain the high intensity of the radiation for a considerable distance
without severe loss (Transmission of pump radiation in a 1 m, 2.5-mm
bore tube was v94 %). The circular polarization of the pump and lasing
radiation made Brewster windows unsuitable for use in the NH3 cavity, so

the end fittings of the waveguide had slightly-tilted ZnSe windows that



FIGURE 3.4 Schematic diagram of the apparatus used to optically
pump NH3 with a sequence 1asef. Piezoelectric
translators PZT were used to tune the cavity lengths
of the pump and waveguide lasers. Dichroic
mirrors My reflect ~98 % of incident radiation at
12 um and transmit 90 % at 9 um. Output mirror M,
was selected for each transition so as to produce the

maximum 12-um output power.
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were anti-reflection coated for 12-um radiation.

Qutput from the NH3 taser was reflected from two dichroic
mirrors to eliminate 98 % of the wunabsorbed pump radiation and thereby
ensure that only the 12-um power was measured. A calibrated Scientec
365 power meter was used to measure the output power and a 0.25m
monochromator served to 1isolate and identify the lasing transition.
Lasing was detected and optimized by mbnitoring the signal produced on a
HgCdTe detector.

Preliminary measurements were made with a 60cm, 2.5mm-bore
waveguide in the NHy cavity. Lasing thresholds were determined for the
three transitions pumped by the CO, regular 9R(30) and sequence 9P(7)
and 9P(17) lines. The waveguide was cooled to 200 K by enclosing it in
a dry-ice jacket. The cooling served to increase the difference in
populations between the initial and final lasing levels in NHs, and
thereby to increase the gain produced.

Table 3.1 1ists the results of the threshold measurements. The
threshold powers for the sP(7,0) and aP(7,1) lasers agree with the
expected scaling of gain with pump offset. The ratio of pump powers
(.18) is comparable to the inverse of the squares of their respective
frequency offsets (.22). However, the threshold pump power for the
sP(5,3) laser is larger than that of the sP(7,0) laser, indicating that
Such a "simple relationship does not generally hold. Different
transitions have markedly different relaxation rates and ground state
populations, parameters that have a significant effect on the Raman

gain., If these additional factors are taken into account, then there is
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TABLE 3.1

Lasing threshold powers for a 60cm-long, high-Q NHy cavity. A
2.5mm-bore waveguide was used and the cavity was formed by two dichroic

mirrors. The waveguide was cooled with dry ice (T=195K).

co, NHy Absorption NHy Lasing = Pump Threshold NH4

Pump 1ine and Transition Offsetd Pump Pressure

Line frequenc_yb and frequencyb COZ-NH3 Power (mTorr)

(em1) (em=1) (MHz) (W)

0002 sR(3,3) sP(5,3) 142 4.0 150
P(17)II 1046.374 867.720

0002 aR(5,1) aP(7,1) 87 0.4 140
P(7)11 1054.913 798.222

0001 sR(5,0) sP(7,0) 184 2.5 320
R(30)II 1084.629 827.878

a. From Refs. 10 and 21.

b. From Ref. 22.
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good agreement between experimental thresholds and theory. Gain
calculations were made using the computer model mentioned in chapter 2
and the data in Tables 2.1 and 2.2. The gain was integrated over the
cavity length and over the area of the beam, assuming that the electric
fields of the pump and probe beams had a Jg (zeroth order Bessel
function) distribution in the waveguide. Depending on the transition,
the calculated gain was 20 to 30°% in the forward direction. An
absorption of 5 to 10 % was predicted in the reverse direction, giving a
net gain of 10 to 20 %. This net gain 1is comparable to the losses from
the optical elements in the cavity, which amount to about 10 %. The
intensity dependence of the gain makes it sensitive to the exact spatial
distribution of the pump beam in the waveguide. Thus we estimate that,
within the uncertainties of the experiment, the gain calculations agree
with the experimental threshold measurements.

To produce the maximum output power from the NH3 laser, the 60cm
waveguide was then replaced with one that was 1 m long. The sequence
laser produced 13 W on the P(17) Tine when an 80 % reflecting mirror was
used at the output. This resulted in about 10.5 W incident on the
waveguide laser, which produced a maximum output power of 650 mW on the
sP(5,3) transition. Optimum power from the NH3 laser was produced when
a Ge mirror with an 83 % reflectivity was used at the output end. The
waveguide contained 120 mTorr of NH3 and was cooled with dry ice. To
determine the variation of output power with input power, an absorption
cell was inserted in the path of the pump beam and filled with NH3 to

attenuate the pump. Figure 3.5a shows the variation in output power



FIGURE 3.5

a) Variation of output power with input power for
the sP(5,3) laser. An output mirror of transmission
n17 % at 12 um was found to give the maximum power,
at an NH3 pressure of 120 mTorr.

b) Variation of output with input power for the
aP(7,1) laser. Maximum power was produced with an
output coupling of 10 % and an NH3 pressure of

130 mTorr.
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that resulted. The 11.5-um power varies Tlinearly with input (slope
8 %) and no saturation is evident.

The Tower gain on the P(7) sequence line made it necessary to
use a 90% reflecting mirror in the C02 laser, and 4.0 W of power was
obtained. Approximately 3 W was incident on the cooled NH3 laser and
served to produce a maximum output of 155 mW on the aP(7,1) transition.
A 90 % reflectivity mirror was used at the output, and the optimum NH3
pressure was 130 mTorr. The variation of output power with input was
measured and is shown in Fig., 3.5b. Again there is no evidence of
saturation and the slope efficiency is 6 %.

The output efficiencies of both the sP(5,3) and aP(7,1) lasers
are much lower than the 28 ¢ efficiency that Rolland et al.measured for
the sP(7,0) laser.? Much of the disparity in power output is due to the
smaller pump powers available from the sequence Taser. However, the
lower optimum pressures, which result from pumping at smallier frequency
of fsets, affect the saturation behavior of the laser and thus limit the
output power. The low power conversion efficiencies of the sP(5,3) and
aP(7,1) lasers indicate that it may be disadvantageous to operate Raman
lasers in pure NH; at small pump offsets. To determine clearly the
effect of pump offset on 1laser performance was therefore the objective

of the next experiment.

3.4.2 Variable-Offset Pump
To examine the behavior of the NH3 laser at different pump

offsets, the CO, 9R(30) laser line was chosen to pump ammonia. The
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90 MHz frequency shift provided by an IntraAction acousto-optic
modulator resulted in pump offsets of 94 or 274 MHz from the sR(5,0)
transition. The pumping configuration is shown in Fig., 3.6. An
amplifier stage was added to the C02 laser to compensate for the losses
in the AOM. To prevent thermal damage to the modulator, the 65 W beam
was chopped with a 1/20 duty cycle. The C02 beam was focussed into the
modulator, and the frequency-shifted odtput directed into the waveguide.
The AOM isolated the CO, Tlaser from feedback, as any returning light
would be shifted an additional 90 MHz from the C02 lasing frequency and
thus be outside the gain linewidth of the pump laser. A small amount of
feedback was observed when the AOM was operating, indicating that the
deflected beam was partially reflected at the rear surface of the
modulator. (The surfaces of the AOM were AR-coated at 10.6 Mm and had

5 % reflectance at 9.2 um.) The feedback did not seem to affect the
stability of the CO2 laser output, which was dither-stabilized at the
gain peak of the CO, Tine.

Initially the AOM was oriented to provide a 90 MHz downshift in
the pump frequency. With a pump power of 32 W at an offset of 94 MHz,
6.3 W of output was produced in a dry-ice-cooled waveguide. The output
is smaller than that obtained by Rolland et al. at 184 MHz offset,? but
differences in pump polarization and cavity length account for much of
the decrease. These differences were not of greatv concern, as the
behavior at a frequency offset of 94 MHz was directly compared to that
at 274 MHz.

To pump NH; at an offset of 274 MHz, all that was required was a



FIGURE 3.6 Schematic diagram of the apparatus used to optically
pump NH3 at different pump offsets. The
acousto-optic modulator (AOM) shifts the frequency
of the pump radiation by 90 MHz. The arrow shows
the direction of propagation of the acoustic wave in
the modulator when a downshift is required. The
waveguide was terminated with NaCl Brewster window
fittings to minimize the loss in the NH3 cavity.

The mirrors Mo were dichroic and the output coupler
M1 had a 12-um transmission of 43 %. Piezoelectric
translators PZT were used to optimize power in both

the pump and 12-um lasers.
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rotation of the AOM by 180° . The pump beam followed the same path as
before, but was deflected in the opposite direction relative to the AOM
acoustic beam. Thus the only change in the experimental conditions was
an increase in the pump offset to 274 MHz. A maximum output power of
4.5 W was produced in the cooled waveguide. The graphs of the variation
of output with input power for the two offsets have an interesting
feature. For the laser with the 94 MHz offset, the slopes of the graphs
correspond to efficiencies of 15 % and 20 % at 300 K and 200 K
respectively. The slopes of output curves for the laser with the 274
MHz offset were 28 % and 30 %. Two of the curves are shown in Fig. 3.7.
The difference in the slope efficiencies is directly related to the
optimum operating pressures of NH3, which were (cold / warm)
240 / 360 mTorr at 94 MHz offset and 440 / 700 mTorr at 274 MHz. As the
pump offset is increased, the small-signal gain decreases and higher
pump powers are required to reach threshold . However, wing absorption
from the 121pm transition becomes less important and higher pressures of
NH; can be used. The molecular relaxation rates in NHg increase with
pressure, consequently at higher pressure the molecular saturation
effects, which tend to limit the 12-ym output power, are not as great.
Gain calculations made using the average pump intensity in the waveguide
(600 W/cmz) indicate that, although the small-signal gain at 94 MHz is
seven times as large as that at 274 MHz, the saturation (half-gain)
intensity IS is 30 W/cm2 in the 94 MHz laser and 1200 W/cm2 in the
274 MHz laser. Thus, higher output powers and efficiencies can be

expected in larger-offset lasers, if sufficient pump intensity is



FIGURE 3.7 Variation of 12-um output power as a function of the
C02 input power, at pump offsets of 94 and 274 MHz.
The 12-um cavity contained a 1.0m-long, 2.5mm-bore
capillary tube and the output mirror Ml had a
transmission of v43% at 12 um. The insert shows the
principal NHy vibrational-rotational energy levels

involved in the laser system.



ro



43

provided.

3.5 Conclusion

Oppically pumped cw Raman lasers can opc'ate successfully with
pump offsets as large as 1| GHz.28 io pure NH-g, the 12-pm lasers reach
optimum efficioney for pump offsets of 100 to 300 MHz. At large pump
offsets (greater than | GHz), very little gain is created at intensities
that can be produced with a low-pressure CO? laser and at pump
offsets (less than 100 MHz), the Ilow operating pressures limit the
efcieieccy of the NH? laser. The use of mixtures of NH? with a buffer
gas wouUd improve Raman lasing at Ilow offsets by increasing the
relaxation rates in the vibratoonal levels. Howeeer, at low offsets
inversion gain increases in importance and it becomes posssble to
operate the laser on a large number of taaositioos in the v? band.
NHg-N? and NHz~Ar mixtures play an imcortant role in the operation of

line-tunable NHc lasers, which are the subject of the next chapper.



CHAPTER 4
LINE TUNABLE LASERS
4.1 Introduction

Pulsed COZ lasers have been widely used to optically pump single
transitions in the Vo band of NH3, and generate lasing on many lines in
the 12-um region.7s8 Recently, this technigue has been extended to cw
operation by employing acousto-optic modulators to downshift C02
radiation into exact coincidence with the NHy sR(5,0) transition. This
downshifted radiation is a very efficient optical pump of NH3/N2
mixtures, and gain can be created throughout the P-branch of the NH, VZ
band. In previous work, lasing was achieved on 20 lines in 14NH3, with
a maximum output power of 0.7 W and wavelengths ranging from 10.7 to
13.2 um.ll A1l the observed transitions occurred in ortho-NH3, i.e., all
transftions had K= 0, 3, orl6.

In this chapter we describe an improved line-tunable NHy laser
with cw output powers as high as 5.5 W. The pumping technique has been
extended to produce lasing on para-NH; lines by pumping the sR(5,1)
transition. ‘A total of 65 different transitions with wavelengths from

10.3 to 13.8 um have been observed to lase.

4,2 Experimental Apparatus

The spectroscopy of NH3 in the vicinity of the COp 9R(30) Tine
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was shown in Fig. 2.3. The frequency offsets of the sR(5,0) and
sR(5,1) transitions are 184 and 336 MHz respective]y.10’37 Thus one 002
laser line can be used to pump either ortho or para NHy if the pump beam
is frequency-shifted by 180 or 360 MHz. The experimental apparatus was
arranged to achieve the necessary frequency shifts with only one or two
acousto-optic modulators. Figure 4,1 shows the initial pumping
configuration. The oscillator-amplifier combination provided 65 W of
pump power. To prevent damage to the AOM, the beam was chopped with a
5% or 10 % duty cycie. The pump radiation was focussed into a single
AOM, which downshifted the frequency by 90 MHz. A retro-reflector
displaced the beam ~4mm horizontally and sent it back through the
modulator. The emerging radiation, downshifted by 180 MHz, was picked
off by the edge of a gold mirror. The beam was directed to a second
gold mirror, which focussed it into the 2.5-mm bore, 1.0-m long
waveguide. NaCl Brewster angle fittings sealed the ends of this
waveguide, which contained a mixture of NHy; and N,. During an
experiment the mixture was flowed at a slow rate to ensure uniform NH3
concentration, and to allow the pressure to be changed to optimize the

performance on each lasing transition.

4.3 Experimental Results: Ortho-NH3
4.3.1 Non-Selective Cavity
In initial experiments, a two-mirror cavity was used to maximize

the output power produced by the NH3 laser. A dichroic mirror was fixed

- on a piezoelectric translator (PZT) at the input to the waveguide, and



FIGURE 4.1 Schematic diagram of the apparatus used to produce
lasing on ortho- and para-NHy transitions in the
non-selective cavity. Piezoelectric translators
PZTs were used to tune the cavity lengths of the
pump and NH3 Tasers. The retro-reflector RR
sent the pump radiation back through the
acousto-optic modulator AOM. M0 indicates a
dichroic mirror. The output mirror M, was selected
to give maximum output powers on the lasing
transitions and the Freon cell was used to eliminate

any residual 9-um radiation.
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the 12-pym output was taken from a mirror at the other end of the cavity.
The output beam passed through a Freon-12 cell, which removed the
residual 9-um radiation, and was then directed to the Scientec power
meter. Identification of the 1lasing wavelength was made using a 0.5 m
monochromator.

To achieve maximum output power, mixtures of 1.0 and 2.0 % NHj
in N2 were pumped. The 1.0 % mixture Agave higher overall powers, and
the maximum output was produced with an output mirror that had a
transmission of 43 % at 9 and 12 ym. Approximately 18 W of pump power
reached the NH; laser after passing through the modulator. At 300 K the
laser produced a maximum (multi-line) 12 um output power of 3.9 W, at a
pressure of 5.0 Torr. When the waveguide was surrounded with a dry-ice
jacket, the output power increased to 5.5 W, at an optimum pressure of
3.0 Torr. This represents a power conversion efficiency of 33 % and a
quantum efficiency of 44 %.

Maximum powers on several strong 1lines were measured at 200 K.
The 12-um cavity was tuned from 1line to line by changing the cavity
length, which could be varied by several tens of wavelengths by
adjusting a differential micrometer on the PZT stage. The operating
point for an individual 1line was chosen so as to minimize the
competition ffom other 1lines. Output powers obtained on individual
transitions are listed in Table 4,1. Although complete isolation of an
individual line was not always achieved, for the strongest 5 of the 6
lines that were measured, at least 80% of the total output power was on

the transition indicated. On the sP(5,0) and the sP(7,0) transitions,
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TABLE 4.1
Observed cw laser transitions in ortho-NH3. The 9-um pump power was
~18 W on the sR(5,0) transition. In all cases the length of the NH3

cavity was 1.0 m. The relative powers were measured in the grating-tuned
cavity and the maximum powers in the two-mirror cavity.

Transitiond Frequency 12-um Power
[em=1] (observed) RelativeD Max imum®
(+.10 ecm~l) (%) (W)

sQ(3,3)  967.346 967.18 424

sQ(4,3)  966.905 966.64 2gd

sQ(6,6)  965.354 965. 24 434

sQ(7,6)  964.596 964.37 5d

aR(0,0)  951.776 951.69 28¢

sP(1,0)  948.232 948.02 33¢

aQ(5,3)  932.992 932.97 30d

aQ(4,3)  931.774 931.69 a0d

aQ(3,3) 930.757 930.72 53¢

aQ(7,6) 929.162 929.27 108

aQ(6,6)  927.323 927.39 40

aQ(9,9)  921.255 921.27 7

sP(3,0)  908.199 908.23 34

aP(2,0)  892.156 892.16 44

sP(4,3)  887.877 887.88 11

sP(5,0)  868.002 867.99 100 3.1
aP(4,0)  853.818 853.76 75 2.5
aP(4,3)  851.327 851.23 42

sP(6,3)  847.578 847.63 63

aP(5,3) 832.635 832.56 49 2.0



Table 4.1 (cont.)

sP(7,0) 827.878 827.90 71 3.5
sP(7,6) 826.470 826.51 5
aP(6,0) 816.651 816.74 31 1.9
aP(6,3) 814.241 814.36 53 1.2
sP(8,3) 807.472 807.57 9
sP(8,6) 806.274 806.34 18
aP(7,3) 796.134 796.17 8
aP(7,6) 788.510 788.59 13
sP(9,3) 787.576 787.72 3
sP(9,6) 786.191 786.22 3
aP(8,0) 780.568 780.67 13
aP(8,3) 778.290 778.37 8
aP(8,6) 770.914 770.99 13
sP(10,3) 767.809 767.80 <1
sP(10,6) 766.252 766.20 2
aP(9,3) 760.694 760.74 11
aP(9,6) 753.590 753.76 29
apP(10,0)  745.420 745.50 6
aP(10,3)  743.307 743.43 4
aP(10,6) 736.509 736.68 9
aP(10,9) 723.270 723.31 <1

a) From Ref. 22.

b) 100 % corresponds to 300 mW cw. Unless otherwise noted, the

d)
e)

measurement was made in the 2.5-mm bore waveguide at 300K.

The maximum powers were measured with an output coupling of
36-43 %. The 2.5-mm bore waveguide, cooled to 200K, was used.

Measured in the 1.5-mm bore waveguide cooled to 200K.

Measured in the 1.5-mm bore waveguide at 300K.
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more than 3W of output power was produced.

To determine the dependence of output power on input power, the
pump power was reduced by decreasing the RF power driving the AOM.
Figure 4.2 shows the variation of output with input power for both
single- and multi-line operation. In each case the output varies
linearly with input power and no saturation is evident.

Although it is advantageous to'pump close to resonance to obtain
maximum inversion of the vibrational levels, inversion can be created
with off-resonance pumping. Siemsen et al, observed cw line-tunable
lasing with pump offsets as Tlarge as 50 MHz (offset from the aR(3,3)
transition).12 In a preliminary experiment it was decided to use a
single modulator and pump a 2.0 % NH3/N2 mixture at an offset of 94 MHz.
A 2.5-mm bore, 1.0-m long waveguide was used and, with an input power of
32 W, lasing was observed on 10 transitions. A 90 % reflectivity mirror
was used at the output end. When a 64 % reflectivity mirror was used, a
maximum multi-line power of 800 mW was produced. The output power and
number of lasing transitions is less than that found in similar
conditions when pumping close to resonance. Thus the improved
effectiveness of pumping near resonance more than compensates for the

- the Toss from an additional pass through the modulator.

4.3.2 Grating-Tuned Cavity
The substantial improvement in power obtainable on individual
lines in the line-tunable NH; laser should be accompanied by an increase

in the number of transitions on which 1lasing can be achieved in a



FIGURE 4.2 Variation of the 12-um output power as a function
of the input power pumping the sR(5,0) transition
on resonance. A 1.0% NH3/N2 mixture at a
pressure of 3.0 Torr was used in a 1.0-m long,
2.5-mm bore waveguide. The output mirror had a

transmission of Vv43%.
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grating-tuned cavity. To verify this expectation, we replaced the
output mirror of the NH3 cavity with a 12-um grating (79 lines/mm
35° blaze). The dichroic mirror then served as both the input and the
output coupler (see Fig. 4.3). A second dichroic mirror was used to
direct the output to the 0.5 m monochromator and the detector. The
performances of 0.5 % and 1.0 ¢% NH3/N, mixtures were compared to
determine if improvements in line tunability could be made by operating
at higher pressures. The 0.5 % mixture proved to be significantly
better, and Tlasing was observed at room temperature on 31 different
transitions (see Table 4.1). Optimum pressures for lasing varied from 5
to 8 Torr, generally increasing as higher-J transitions were examined.
When a 0.5 % NH3/Argon mixture was wused, a few more high-J transitions
were observed to lase. This improvement may be attributed to the slower
V-T relaxation rate of NH; in argon compared with the rate of NH3 in
N2.38 The rotational relaxation rate due to argon is also slower.17
Hence, in argon mixtures the optimum operating pressures are higher than
those found in No mixtures, and larger gain coefficients are produced on
all transitions.

Gain on the Q and R transitions in NH3 is particularly sensitive

jto the ratio Nl/N , which is determined by the pump intensity. Changing
the 2.5-mm bore waveguide to one of 1.5-mm bore increased the average
pump intensity by a factor of 3. This gave much better lasing
performance . on.. the (Q-branch transitions, but several of the
longer-wavelength lines no longer 1lased, due to the increased

propagation and diffraction losses in the narrower-bore tube. To



FIGURE 4.3 Schematic diagram of the apparatus used to produce
line-tunable lasing in NHy when grating
tunability was desired. (cf. Fig. 4.1) A dichroic
mirror Mo was used as a beamsplitter to direct

the 12-um radiation to the detector.
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further improve the gain on low-J transitions, the waveguide was cooled
with dry ice. A 0.5% NH3-Ar mixture was used, at pressures of 8 to 9
Torr. In addition to observing several new Q lines and the sP(1,0)
transition, we achieved the first ¢cw lasing on an NH; Vv, R-branch
transition, the aR(0,0) transition. Lasing on an R-transition indicates
that there is a high degree of inversion between the V,=1 and ground
(v2=0) vibrational states. For gain to appear on the aR(0,0)
transition, the ratio Nl/NO must exceed 1.0, i.e., at least half the
ortho-NH3 population must be transferred to the Vo=1 level.

In total, lasing was observed on 41 distinct ortho transitions.
Using the computer model described in section 2.3.2, the gain
coefficients on the ortho lines in the v, band were calculated for each
of the configurations used. The results are shown in Figs. 4.4 and
4.5. The calculations indicate that a minimum gain of 0.14 % cm~! was
required to produce lasing in the 2.5-mm bore waveguide cavity and

0.42 % cmf1 in the 1.5-mm bore waveguide. All transitions with gain
exceeding loss have been observed to lase, with the exception of a few
closely-spaced lines.

The grating-tuned cavity permits .much greater selectivity of
lasing transitions than does the two-mirror cavity, but the Tow 12-um
transmission of the input/output dichroic mirror 1limits the output
power.  The efficiency of the 12-um - grating was. measured ‘in a
near-Littrow configuration, wusing the 12-um output from the two-mirror
NHy laser. Approximately 90% of the output was reflected back from the

grating. As a consequence of the high grating efficiency, very little



FIGURE 4.4 Ca1cu]ated'sma11-signa1 gain for various P, Q, and R
transitions in the Vo, band of NH3. A 0.5 %
NH3/Argon mixture was used, at a pressure of 8 Torr.
The calculation was made for a pump intensity of
234 W/cm? on the sR(5,0) transition, indicated by
the asterisk. This intensity is the average produced
by the 18W pump beam in a 2.5-mm bore waveguide, after
losses from the two dichroic mirrors and from coupling
into the waveguide are taken into account. The dashed
line represents the estimated average loss in the
waveguide cavity. The increase in losses at short
wavelengths is primarily due to the change in
reflectivity of the input dichroic mirror in this

region.
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FIGURE 4.5 Calculated small-signal gain for various transitions
in the vV, band of NH3. A 0.5 % NH3-Argon
mixture at a pressure of 10 Torr was assumed. A pump
intensity of 650 W/cm? on the sR(5,0) transition
was used, corresponding to the average intensity,
with losses taken into account, produced in the
1.5-mm bore waveguide. The dashed lines represent
the estimated average loss in the waveguide cavity.
The insert shows the improvement in lasing
performance on low-J transitions when the waveguide

was cooled with dry ice.



Small Signal Gain (% cm ')

i

e Lasing transitions
° Non -lasing transitions

T =300K

' ORTHO

[

1.0 12.0
Wavelength (pm)

13.0 14.0

Gq



56

power was measured in the zeroth order reflection from the grating.
Several other gratings were tried, the best of which (PTR ML303, 150
lines/mm) produced about 800 mW of power on the sP(7,0) transition.
This is a factor of 3 greater than the maximum power that was obtained
when the dichroic mirror served as both the input and output mirror.
However, the range of optimum coupling off the grating was Timited
because the reflectivity of the grating changed considerably over the
range of wavelengths used. An additional disadvantage of coupling off
the grating is the change in the direction of the output beam whenever a
new lasing transition is selected. The best solution to maximizing
output power and line tunability would involve changing the input/output
mirror of the NHy laser. Dichroic mirrors having 12 um reflectivities
of 50 % to 90 % would be needed and the 12 um grating would be retained

at the other end of the NH3 cavity to provide wavelength selectivity.

4.4 Experimgnta] Results: Para-NH3

Following successful lasing in ortho-NH3, the pumping
configuration was modified to bring the CO, radiation into coincidence
with a para transition. A second AOM was inserted before the
-retro-reflector to provide a total of 360 MHz downshift in the frequency
of the R(30) pump. The additional loss in the modulator resulted in
only 6 W of 9-um power being incident on the NH3 laser, at an offset of
about 25 MHz from the sR(5,1) transition. To increase the probability
df multi-line lasing we used a 1.5-mm bore waveguide, which maintained

an average intensity comparable to that produced in the 2.5-mm bore tube
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in the previous experiment. Lasing was readily attained, and a maximum
of 240 mW of 12-um radiation was produced in the non-selective cavity.
Maximum output power was achieved with a 1.0 % NH3/Ar mixture cooled to
200 K and an output mirror transmitting 36 % of the 12-um radiation.
The output powers on several individual transitions are listed in Table
4.2. The power levels are much smaller than those on similar lines in
ortho-NH; due to the lower pump power and the greater loss in the
narrow-bore tube. In a high-reflectivity cavity, a 9-um power of 1.4 W
was required to reach the threshold of lasing on the sP(7,1) transition.
The 1low available pump power is the major factor limiting the cw
para-NH3 laser to low-efficiency operation at present.

In the grating-tuned cavity, only two transitions were observed
to lase at room temperature, but dry-ice cooling brought about lasing on
a total of 24 para-NHy transitions. The relative powers of these Tlines
are summarized 1in Table 4.2. The computer model can also be used to
predict gain on para-transitions. The calculated gain coefficients are
shown in Fig. 4.6 for a 0.5 % NHa-Ar mixture pumped with an intensity
of 225 W/cmz. Once again, a threshold gain of 0.4 % em-1 s required

and all isolated transitions with higher gains are observed to lase.

4.5 - Conclusions

* In this chapter, substantial improvements in the performance of
NH3 inversion lasers are reported. In ortho-NH3, output powers in
excess of 3 W have been generated on individual 1lines, and power

conversion efficiencies of 33% have been achieved in muliti-line
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TABLE 4.2

Observed cw laser transitions in para-NH;. The 9-um pump power was

~6W on the sR(5,1) transition and all measurements were made using a
1.5-mm bore, 1.0-m long waveguide cooled to 200K.

Transition® Frequency 12 um Power
[em™1] (observed) RelativeP Maximum®

(.10 cm-1) (%) (mW)

aQ(2,2) 931.333 931.44 32

aQ(4,4) 929.898 929.77 100

aQ(5,5)  928.754 928.62 53

sP(3,1)  908.177 908.11 59

aP(2,1)  891.882 891.97 65

sP(4,1)  888.079 887.96 41

aP(3,1)  872.567 872.60 43

aP(3,2)  871.737 871.87 51

sP(5,1) 867.969 867.91 54

aP(4,1)  853.548 863.44 39

aP(4,2) 852.725 - 852.65 20

sP(6,1)  847.876 847.79 4

aP(5,1)  834.824 834.79 27 90

aP(5,2) 834,012 834.03 16 S0

aP(5,4) 830.653 830.63 21

sP(7,1) 827.833 827.94 86 220

aP(6,1) 816.386 816.52 15 50

aP(6,2) 815.591 815.53 ' 34 70

aP(6,4)  812.301 812.30 14 40

aP(6,5)  809.715 809.70 24 |
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Table 4.2 (cont.)

Transitiond Frequency 12 ym Power
[em~1] (observed) Relativeb Maximum®
(£.10 cm=1) (%) (mW)
aP(7,1) 798.222 798.25 6
aP(7,2) 797.448 797.55 27
aP(7,4)  794.244 794.30 14
aP(7,5)  791.727 791.78 ' 10

a) From Ref. 22.

b) Relative powers were measured in the grating-tuned cavity. The
increase in transmission of the dichroic input/output mirror
at frequencies greater than 850 cm=! results in increased
relative powers in that region. .

c) Maximum powers were measured in a 2-mirror cavity with 35 to 43 %
output coupling and 1.0 or 2.0 % NH3/Ar mixtures.



FIGURE 4.6 Calculated gain on para transitions in the Vv, band
of NH; when the sR(5,1) line is pumped. Parameters
were set to correspond to a pump intensity of
225 W/cmz, a temperature of 200 K, and a 0.5 %
NH3-Argon mix at a pressure of 4.5 Torr. The
estimated Toss line for the 1.5-mm bore waveguide

cavity is shown.
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operation. In addition, we have produced the first cw line-tunable
operation on para-NH; transitions, making a total (ortho and para) of 65
lines on which lasing takes place in the 10.3 to 13.8 um wavelength
range. In the following chapter, several applications of this laser
will be described and future developments of continuous-wave NH, lasers

will be discussed.



CHAPTER 5
CONCLUSION

This thesis preseﬁted the results of several experimental
investigations of c¢w mid-infrared laser systems. Both Raman and
inversion 12-um lasers have been examined and evaluated using computer
models of the separate gain processes. Considerable improvements were
made in the output power and in the number of wavelengths produced by cw
line-tunable NH3 lasers. In the 1light of the experimental results,
future developments and applications of cw NH3 lasers will be discussed.

In optically pumped NH3 lasers, both Raman and inversion
processes occur, but at pump offsets significantly greater than 90 MHz
only the Raman scattering process generates gain. Prior to the present
work, only two cw Raman lasers had been made to operate, with pump
frequency offsets of 184 MHz and 1.35 GHz. The initial focus of the
present work was the construction of two new cw lasers that were pumped
at frequency offsets of 1less than 150 MHz. Smaller pump frequency
offsets generally 1imply greater Raman gain for a given pump intensity
- and therefore lower intensities required to reach lasing threshold. The
two new lasers did not conform to this behavior because factors such as
the ground state populations and dipole transition elements, which also
affect gain, change from one transition to another. A single parameter

is not adequate to determine the 1lasing characteristics of a Raman
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system, but detailed computer calculations accurately predict the gain
produced for a variety of experimental pumping conditions.

The effect of pump offset was isolated experimentally by pumping
a single transition, the sR(5,0) 1line, at offsets of 94 and 274 MHz.
The lasing threshold at 94 MHz offset occurred at a much lower pump
power than for the 274 MHz offset, but the power conversion efficiency
after lasing had been achieved was sighificant1y higher (30 % compared
to 20 %) at the 1larger pump offset. The output power of the laser is
determined by the saturation of the 12-um gain, which is reached when
the pumping rate of the molecules approaches the rate at which molecules
repopulate the lower pumped level. This relaxation rate is proportional
to the gas pressure. At small pump offsets it is necessary to operate
at lTower NH3 pressures, where saturation occurs at lower intensities and
the efficiency of the 1laser 1is reduced. At larger offsets it is
possible to operate at higher pressures, where saturation is not as
great. When a sufficiently high pump intensity is used, Raman lasing at
frequency offsets greater than 200 MHz can be very efficient.

In chapter 4, an investigation of the performance of the cw
line-tunable laser was described. It was found that output powers
increased ‘substantially when higher pump powers were used and argon
performed somewhat better than nitrogen as a thermalizing gas. Many new
cw lines were observed to lase in a grating-tuned cavity, but no one
cavity configuration was optimal for all lasing wavelengths. A low-loss
waveguide was required for 1lasing on the long-wavelength, low-gain

transitions. In a narrower-bore tube, the higher pump intensities
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greatly increased the gain at shorter wavelengths and additional lines
were observed to lase. Cooling to 200 K further improved the
performance in the 10 to 11 gm region. Prior to the present work, cw
line-tunable lasing had been achieved only on ortho-NH; transitions. By
frequency shifting the COZ 9R(30) pump radiation into resonance with the
sR(5,1) transition, lasing was produced on several para-NHy transitions.
A total of 65 (ortho and para) transitions have been observed to lase,
at wavelengths of 10.3 to 13.8 uym.

The results of chapter 4 clearly demonstrate that high output
power and wide line tunability can be achieved in NH3 lasers. Further
developments along the lines of a compact pumping arrangement, in which
15NH3 is pumped directly by CO, radiation, are expected in the near
future, and it is likely that a 13C02 laser will be used with 14NH3 in a
similar arrangement shortly thereafter. The line-tunable NH3 laser has
already been used to establish secondary frequency standards in the 11
to 13 um region.10 The laser would be an exceptionally efficient pump
of lTow-pressure pure NH; because it Tlases at line center of the NHj3
transitions. In principle, any transition that lased in the NH5 cavity
could be used to produce far-infrared 1lasing. A line-tunable far-IR
laser could be made, with output at wavelengths of 50 to 2000 um.

In summary, the cw NH; laser has extended the desirable
characteristics of the C02 laser to a new range of frequencies. A large
number of ]asing transitions now cover the 11 to 14-um wavelength region
and powers in excess of 1 W have been produced on several lines. Many

of the applications that have been found for C02 lasers can now be
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considered for NHy lasers and serious consideration can be given to the

development of cw NH3 Tasers operating in other parts of the infrared.
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