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ABSTRACT

This thesis describes a- series of experiments that were 

undertaken to extend the limits of output power and wavelength coverage 

of opttcally pumped mid-infrared lasers. Initially, two new cw Raman 

lasers operating at waaeeengths of 11.5 and 12.5 pm were develoted. 

Maximum powers of 650 and 150 mW were produced, with pump powers

of 11 and 3.3 W, resppeCtveey. The effect of the pump offset on the 

output power was then determined by mmaauring the efficiency of an NHg 

laser pumped at feequency offsets of 94 and 274 MHz. In lasers 

operating in pure NH3 the larger pump offset required a greater pump 

intensity to reach threshold, but O'fiii^^r^cy increased with pump offset. 

Higher NH3 pressures could be used at larger pump offsets and the 

improved afficinncy was attributed to reduced saturation effects at the 

fiigher operating pressures.

Experiments carried out with NHg inversion lasers have greaaiy 

increased the output powers waHable at a large number of waaeiangthu 

in the 10 to.14 pm range. In a buffered NH3 mixture, the sR(5,0) 

transition was pumped on resonance. C^llis;o^r^s with either — or Ar 

buffer gases were effective in thermaHzing the rotational populations 

in the v>2=1 vibrational level and producing gain on a wide range of 

frequences. Ot^utput powers as large as 3.5 W on a single Tine and 
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greater than 5 W multi-line were produced, at efficiencies of 20 and 

30 % resppcCtveey. The number of lasing wwveeengths increased 

subsSannially, as more than forty ortho-NHg transitions were observed to 

lase in a grating-buned cai/ity. The optical pu^p^ing technique was then 

used for the first time to produce lnr^e-U^nable lasing on para-NH^ 

transi'toons. The sR(5,l) transition was pumped near resonance and 24 

para-transst'lons were observed to lase. In total, lasing was achieved 

on 65 different arnusitious i'n ^N^Hg, with www lengths of IO.3 to 

13.8 pm.
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CHAPTER 1

INTRODUCTION

Much research has been undertaken over the last 25 years to 

produce sources of coherent radiation at waavlengths foom the 

ultraviolet to the far-infaared. Thousands of transitions have been 

observed to lase, with outputs at waaveengths as shc^r^'t as 0.14 pm and as 

long as 1200 pm.1 Howeeer, the number of laser's 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 spectuum that 

have particular sci’ernific interest. One such region is the 

mid-infrared (5 to 50 pm), where unnil recently there were fee powerful 

lasers. The vibrational-rotatoonal transitoons of many mooecules occur 

in this spectral region. Mid-infrared sources wot^ld be of value in 

meesuring the spectroscopic propprties of gases and in the detection of 

trace gases in the atmosphere. Photochemical appp^^G^ for industry 

are deveeoping as quickly as new lasers are produced and the poosibility 

of using infraer- lasers■for isotope separation has also stimulated the 

development of mid-infraed lasers.

For any type of lasing it is necessary that the gain medium be 

exerted to a 1101^6^^ibnum state. Ths exertation is often provided 

either by an■electrical discharge or by oppical pumppng. In gas 
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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 Wil occur. In the CO? laser, 

the initial excitation of N? is provided by an electrical discharge and 

the laser gas is exccted by the resonant transfer of energy foom N? to 

CO?. In genneal, electrical exertion is not an efficient process, but 

the CO and CO? lasers, which operate at 5 and 10 pm respuectvely, are 

exceptions to the rule. An electrical-to-optical power conversion 

efficenncv of greater than 40 % has Ibeen uaoduted "in a cw CO laser^ and 

15 % is typical of CO? la^eess^At other infrared waaeeengths there are 

few electrical ^-1x0'1^ laser's of significant power or efficiency.

Oppical uumpUng is one of the pioneering techniques used to 

produce lasing. The first laser consested of a ruby rod that was 

typically pumped by a flashlamp. Cuurent high-power Nd:YAG lasers are 

simiarly pumped, with efficlenci es of a few percent. In oppical 

pumppng, a moOecule absorbs a photon at one frequency and emits a new 

photon at a second frequency. pumf^png method is geneerny

inefficient because the raddation foom a flashlpmp coetas a broad 

spetCaal range and onny a simal fraction of the pump energy is absorbed 

by the transiton of inttatet. • Howetee, in principle almost any 

mpOecllle can be made to lase if it is pumped with euUficitetly ieteeee 

radiation of the approoprate frequency. High tfficlency can be attained 

if the pump radiation is mmonohhoomtic, i.e., if an e^xst'^r^g lreta is 

used as a pump. As each of the maaor diecharge-txcited lrstrs was 

dtve■loptd, it was used to pump a large number of maatrials and produce 
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fluorescence or lasing at other wavelengths. C02 has been one of the 

most important sources for optical pumping because it can operate on a 

single line and sill delieer high power at a large number of 

waaeeengths foom 9 to 11 pm.

The optical pumping of NHg and other molecules of low molecular 

weeght is a eery effective way to convert C02 radiation to waaeeengths 

of 10 to 1000 pm. The e^ vibrational-rotational frequencies of NH3 

overlap those of the C02 9-om and 10-pm bands and the NH3 mCe^le 

interacts strongly with eleutsomagneeic radiation. The narrow spectral 

widths and wide spacing between NHg transiton frequencies ensure that 

only the transition that is pumped will absorb the pump radiation. 

Howweer, the highly speec^c nature of sptlual oumping has the 

dlsvdavntvge that eery close coincidences between the pump and absorber 

frequencies are requured. Such coincidences are rare in an indieidual 

absorbing molecule, but a large number of moOecules haee transitions 

that are close to the frequencies of C02 laser lines. Pur^ng such 

moOecules has produced far-infaaeid (FIR) lasing on numerous waweengths 

foom 50 to 1250 pm in both pulsed and cw systems.^>4 fir lasing takes 

place between rotational states in an upper vibrational leeel Of the 

pumped moOecuue. ' There is geneerlly little topolation in the upper 

leeels, so it is relatieely easy to create an inaersion and generate 

lasing at these frequences. Mid-infrared (5 to 50 pm) lasing occurs 

between two different eibrational leeels' and is much more difficult to 

vchieae. In 1976 Chang and McGee obsereed lasing at 12.81 pm when they 

pumped NHg wii;h a pulsed laser operating on the Cl^ 9R(16) line.^ The 
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power of the 12-pim laser has since increased considerably and power 

conversion efficiencies of 28 % have been reported.6 Lasing on a wide 

range of waaveengths was achieved when the CO2 9R(30) line was used as a 

pump? and power conversion effi dencies of 10 to 20 % have been 

repo rted-8

In a continuous-wave (cw) system, the use of narrow-bore 

waveguides in the NHg laser cavity has produced results similar to those 

of the pulsed laser systems. Intensities as high as 10^ W/cm^ can be 

produced by focussing the output of a conventional low-pressure C0g 

laser into a waveguldn. Lasing is possible on individual NHg 

transitions when the approppiate COg pump frequencies are used.

Much of the eadier work on cw optical pumming used the COg 

9R(30) laser line to pump the NHg sR(5,0) transition. Ouuput powers as 

great as 10 W at 12.08 pm and power conversion effidencies of 28 % were 

observed.9 At pump frec^en^ offsets greater tian 100 MI4z the gain i’n 

an oppically pumped laser is created by a scattering process. The 

initial experiments described in this thesis examined the effect of pump 

offset on the pnrfomltncn of mid-infrared lasers. Three trans idons in 

NHg were pumped at different frequency offsets. The frequency of the 

9R(30) CO2 line is 184 MHz higher than that of the NHg sR(5,0) 

tratsition.l0 As Raman gain lias been found to increase with decreasinGi 

pump offset, it was decided ■ to pump two transi'toons that have closer 

coincidences with CO2 laser lines. A CO2 sequence laser, operating on 

either the 9P(7) or the 9P(17) line, was used to pump the aR(5,l) or the 

sR(3,3) transstoon respeedveey, and the 12-Pm output powers and 
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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 line was used in conjunction with an 

acousso-oppfc moouUaaor (AOM) to pump the sR(5,0) transition at 

different feequency offsets. It was found that, wWile lasing threshold 

could be reached at low pump powers when the pump offset was small, high 

efficiency was more chhraaceeissic of ‘ larger pump offsets. The reason 

for this behhaior and its implication for Raman laser's in general are 

discussed in chapper 3.

Once the work with Raman lasers was concluded, experiments were 

carried out to investigate the more verssatle NH3 inversion laser. In 

1984, RoHand et a . demonstrated  that lnne-uunable opeeation could be 

achieved using a cw pump lrssVi11■ihe inversion laser produced radiation 

on a large number of waaveengths foom 11 to 13 pm when a single 

transiton was pumped. In this respect it is far suppe^r to the Raman 

laser, which produces output on oily the one transitoon directly coupled 

to. the pumped transit!on. Howwver, for a popuuation inversion to be 

created it is necessary that an NH3 transifion be pumped on resonance. 

A paar of AOMs were used to sthft radiation foom the CO2 9R(30) line 

into coincidence .with the sR(5,0) transstiol in ^NiHg. In INH3, the 

aR(2,0) transiti->n . can be effectively pumped by the C03 10R(42) lnne 

without ■ a feequency■shift.l2Linestlaable. lasing has been produced with 

powees . as ■ .high as ' '700 mW in ^NHg and 1.5 W in 15nh3.11»12

This thesis describes recent experiments that have yiedded 

higher poweo ■ ( >5W) and efficie^ncy ( >30 %) .in line-Uunrble NH3 lasers.
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The number of observed lasing wavelengths has increased substantially 

and the first achievement of cw line-bunnble lasing on para-NHg 

transitions is reported. As there is no significant transfer of energy 

foom ortho-NHg to para-NHg, it was necessary to pump a second 

transition, . the sR(5,l) lne, in order to produce lasing on para lu^es. 

Two thirds of NHg ln^es are paan-transsti'ons and the extension of lasing 

to these wil mean much more thorough coverage of the 11-pm

to 14-pm region.

The reminder of this thesis connists of four chappers. Cheaper

2 sets forth the general spectroscopic properties of NHg that are 

relevant to the development of a mid-infrared laser. The physscal 

processes that contriSbte to the Raman and inversion gain are described, 

as are the ma’or features of the comppber models used to calcblnte the 

gaO. CChaper 3 gives an account of the experimental investigations of 

the Raman laser and of the effect of pump offset on laser efficiency. 

The ope rati on of two new cw Raman lasers is described and the 

diffrrnnces in perfomance of the sP(7,0) laser at pump offsets of 94 

and 274 MHz are examined and expPnitfd. Cheaper 4 presents the 

improvements that were observed in the cw linf-bunnSlf NHg laser when 

greater pump powers were used. The efffctirenfst of argon as a Suufer 

gas is compared with that of nitrogen ' and the achievement of 

l'irf--bunnblf operation on para aransitiont in NHg is reported. The 

perfomance of the ■ linf-bunnSlf laser is evaluated in light of the 

predictions of a simple model described in chapper 2. FinaHy, chapter

5 sum^aarzes the discoveries made in this work, the improvements in the 
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output characteristics of the cw NH^ laser, and some present and future 

applications of the line-Uunable laser.



CHAPTER 2

THEORY

2.1 Introduction

This chapter presents a brief review of the vibrational and 

rotational spectroscopy of NHg. The gain processes that take place when 

low-pressure pure NHg is op^'cally pumped are described in the section 

on Raman gain. The results of calculations are presented to evaluate 

the possibillty of achieving Raman lasing on selected pumppiasing 

transitions. Additional effects that are observed when higher-pressure 

mixtures are pumped on resonance are described in the subsequent section 

on inversion gaan. Some prrdictions about the behhavor of line-uunable 

NHg lasers are then made on the basis of simple theoretical 

calculations.

2.2 Speetroscopy of NHg

NHg is a pyramidal mooecule . with threefold rotational syppptry. 

It has four vibrational modes, two symn^mtric and two asyi^mt^'c. The 

fundammrital . mode has the lowest energy of the four,13 and its

vibrational-rorat•i•onal Unes overlap the 9-pim and 10-pm bands of COg. 

The v g mode is symm^tri'c, i.e., it preserves the , rotational sympmery of 

the NHg mmoecu u e. The NHg ■ mpieculr possesses additional symo^^y 

8
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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 

symmeery would make each vibrational level doubly degeneeaae. Howweer, 

the pooential barrier at the hydrogen plane is finite, and the nitrogen 

atom can tunnel through. There is a mixing of the two spaaial states to 

fom the s (sy™^m^etic) and the a (rsyemetric) states. The a state is 

higher in energy than the s state by 0.8 cm"1 in the ground — - = 0) 

level, and by 36 cm"! in the ^=1 level.13

In addition to the energy foom vibrational modes, the NH^ 

eeiccule also possesses energy that is stored in its rotational m>oion. 

In the absence of an external field, the rotational energy depends only 

on the quantum numbers J and K, where K = |k| is the projection of the 

angi^ar eomentue J on the axis of sym^mery of the eoiecllle. To first 

order, the rotational energy is E = BJ(J+1) + (C-B)K2, where B

and C are constants that are determined by the mrmer^n;s of inertia of the 

mo^c^e.13

The selrctire rules for electric dipole transitrons in the 

infrared are^

AK = 0 ' and AJ = -1, 0, or 1 if K t 0 ,

AJ = ±1 if K = 0.

In addition there must be a change of symmeCt'y, i.e., ■ a—>s or s—>a. 

Therefore■ any . eibiatirnal-rr■trtionrl transitron can be speeified 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 Heotr^onic states of the NHg molecule. Howweee, the 

9-pm photons used to pump NHg have much less energy than is required to 

excite the mooecule to higher electronic states, so only the ground 

electronic state must be considered in oppically pumped NHg lasers.

2.3 Gain Processes

2.3.1 Raman Gain

Oppt'cal pumping ■ has proved to be a reliable and efficient way to 

produce gain in the 12-pim region. When pumping with a laser there are 

usuuny only three levels that must be considered in gain calculations. 

In this thes^, al oppically 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 sroH offset ( < 90 MHz) between the pump frequency and the 

line center of the NHg abbooppion, then the pump radiation will be 

absorbed and the mc^l<^<^ule exccted to the upper level. If a tsio^n

inversion is created between levels 0 and 1, then stimulated emission 

can be - ■ produced at the line center frequency As the pump offset

increases, fewer NHg mooecules absorb the radiation, and little 

poopl<ation is transferred to the upper level. A strong absorption 

exists. at- line center ■ of- the 0-1 transition, but a two-photon scaatering 

process can create gain at nearby frequencies. In the Raman process, a 

photon of frequency Dp is converted into one of feequency 0^. 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 

<Sp from 2q£. Gain is measured at a frequency 

cus offset by 6S from The Raman resonance 

condition is 6S - 6p.
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frequency change corresponds to the energy difference between the 

molecular levels 1 and 2. The scattered photon will have a feequency 

offset foom that is roughly equal to the pump offset. Inversion

gain requures pumming near resonance (<5p - 0), whereas the two-photon 

nature of the Raman process ensures that, even at fairly large pump

offsets, the Raman resonance connition <5$ - <5p can be saaisfied. For

convenience, the pump and scattered radiation are labelled with the

spectroscopic notation of the nearby NHg transito^ns. It should be kept

in■mind that this notation does not signify that an absorption/emission 

process takes place, but meeely indicates the levels that are involved 

in the resonant Raman process. The selection rules for Raman 

transitons are^

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

and AJ = 0, ±1, ±2 if K / 0 ,

AJ = 0, ±2 if K = 0.

The Raman gain is pripoitiinsl to the poptuation difrerencr

between levels 2 and 1. Gererrlly the pop i^ati on in the

vibratlinal-ritational levels of NHg decreases with J, thus maximum gain 

Wil be produced on the coupled P-transition when an R-branch transition 

is pumped (kJ = 2). In thermal equnibHum there is a larger pop^a^on 

in level 1 than in level 2. Cooserqertly, it is much eass'er to generate 

gain at low pump intrnsitil!s by the Raman process than by creating a 

pop^a^on inversion between levels 0 and 1.

Thlr)ieriusl deecr^ti ons (fevered by Panock and Teekinn5 and 

Heppner ' et ' to descrit)e the gain proceccec in oppicalV 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 Morri son I? and Rolland^ and will 

not be repeated here. The model employs a density matrix formalism and 

considers only the three levels shown in 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 Rolland et aR 19>20 jn 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 gain for any pair of coupled R-P 

(absorption-emission) transitions in NH3. The three transitions that 

were optically pumped in the experiments described in chapter 3 are the 
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sR(5,0), sR(3,3), and aR(5,l) transitions. The data used to calculate 

the gain on each transition is liseed in Table 2.1. The spectroscopic 

infomation is known to high precision and the caRulated thermal 

popplations have an accuracy of a few percent. The major limitation to 

the accuracy of the gain caaculatu^ns is the unccerainty in the 

poppuation relaxation rates Yq, Yp and Yg, and in the transverse 

relaxation rate y^p* The pressure broadening coeeficients Yqj and Yq2 

are known to an accuracy of about 10%, but very few of the other 

relaxation rates have been mmaaured. In microwave experimeens. the rate 

Yj for the s(8,7) level has been found to be approximaaely equal to 

Yqp^ ic the vg = 1 ‘leve'l Yq is much slower.^.^ The str^ocges. form of 

c^rliiiH^nal coupling is to the inversion level of the same rotational 

state. The inversion energy seppaation is 45 times larger in the vv = 1 

level than in the ground level, so the upper states do not couple as 

effectively to one another and the relaxation rate is only about one 

quarter that of the ground level. For K=0 there is no inversion 

spHtting, cecseqqeaCly the popuuation relaxation rates Yj and Yg will 

be slower than for other values of K. Rooland et a• found that to 

describe the saturation behhavor in the sP(7,0) laser it was necessary 

to use a rate y = T = Yg about hart that given by the 

uressura-broadecicg coeaficieaC..g There is no rertaMe i’nfomat'ion on 

the rate Y^ for any value of K, so it is assumed to saaisfy

Y12 = Y1 ' + Y2 .
2

The lar^ge u^c^cet«^inty in Ygg has its greatest effect on the saturation 

behaavor of the 12-um gain. Decreasing Y^ by 50 % does not
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TABLE 2.1

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

pumped NH3. The dipole transition moment for the x>£ transition

is 0.24 D.

CO^ laser transiton arid pump offset3

000l 9R(30) 184 MHz 00°2 9P(17) 142 MHz 00°2 9P(7) 87 MHz

NH2 pumpeedlasing ■transiti’ons and thei r feequencies^ (cm- J)

sR(5,0) :1084.629 sR(3,3) 10415.374 aR^.l) 105-4.913

sP(7,0) 827.878 sP(5,3) 867.720 aP(7,i) 793.200

Fractional Poopuations at T=300K (canulated)

n° = 1.19 X 1O’4 n° = 2.73 X 10"4 n° = 6.95 X 10"5

"T = 7.26 X 10‘3 nj = 22 14 X 1O~2 n = 3.68 X 10"3

n2 = 1.82 X 10-2 n2 = 2.20 X 10‘2 n2 = 9.25 X 10-3

Fractional Poppuations at T=195K (calculated)

n0 = 6.46 X IO’6 nQ = 2283 X 1O-5 n° = 4.11 X IO-6

nl = ' 3.35 X 10’3 nj = 2>08 X 10’2 n = 1.71 X 10-3

n2 = 1.63 X 1O-2 n2 = 2.95 X 10‘2 n2 = 8.34 X 1O“3

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-bm 

saturation intensity I$ by about 30 %. Our limited knowledge of 7^2 

therefore me^lkes it difficult to predict the maximum powers that can be 

produced in a given caaity. The best estimates we have of the unknown 

relaxation rates are summarized in the formulas lSsted in Table 2.2. 

These estimates are used in the gain caR^ations of this chapper and of 

chapter 3.

In principle, the Raman gain can be caRulated on any paar of 

coupled trans!toons in the v? band. The resuuts of caRuuations on some 

represennative 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 MHh, the inversion gain (or absorption) 

comb^es with the Raman gai'n, mmaing the gain behhaRr more difficult to 

charaacerize. Figure 2.2a shows the change in the calculated

smU-signal gain with pump offset if transit'ions having different 

values of J are pumped. The variation of gain with J is primaariy due 

to changes in the relative populations in the ground state. The 

population difference between initial and final states is greatest for 

the aP(4,0) and aP(6,0) lasers, so they show the largest gain at any 

given offset. The effect of pumping levels that have different values 

of K is il■|usiaaned in Fig. 2.2b. This variation can be accounted for 

by tfie j2-K2 dependence of Re dRoR transiton element and tiie 

greater degeneracy of ' the ortho (K=3n) levels compared to the para 

(K=3n ±1) energy levels.

In a high-Q cavRy 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 y0, Yp y2, and Yi2 from Y01 and YQ2.

K * 0 K = 0

Y1 = Y01 Y1 = y2 = Y12 * Y01/2

Y2 = Yo2 Yo " Yi

Yo = Yi/4

Y12 = Yi + Y2
2

b) Pressure broadening rales at temperatures of 300Ka aed 195K^ 

for the three lasing systems examined in this work.

13).

Lasing Y01 y02

Transstion 300K / 195K 300K / 195K

(106 s-1 Torr_~) (106 s _1 Toor-1)

sP(7,0) 61 91 56 84

sP(5,3). 138 207 121 182

aP(7,l) 74 110 70 106

a. From Ref. 27.

b. Calculated foom the rate at 300K, as the rates scale with T"



FIGURE 2.2 Variation of the calculated small-signal gain 

coefficients rs a function of offset, with rn incident 

9-pm pump intensity of 500 W/cnA Relaxation rates 

and energy levels are taken foom RRfs. 22 and 27. The 

pump offsets of a few of the lasers described in this 

thesis are indicated by asterisks.

a) Commarisen of gain for difeerent values of J when 

the aR(J,0) line is pumped and lasing is observed on 

the ^(0+2,0) line.

b) Gain for different values of K when pumping the 

sR(5,K) transition and lasing on the sP(7,K) 

t^ns^on.
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the aP(8,0) transition occurred at a pump intensity ( 600 W/cm^) 

corresponding to a gain cooeficient of ^5x10“^ cf-L^O Taking this gain 

to be the minimum required, one can use the curves in Fig. 2.2 to 

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

2.3.2 Inversion Gain

Although there are no exact ' coincidences of laser lines

with 14NHj absorptoon transitoons, acousto-optic moduiatoss can be used 

to shift a pump lnne into resonance with a nearby absorption lnne. A cw 

line-Uuoable laser has been developed,■ based on the processes shown in 

Fig. 2.3. Neea-resonant oppical pumping of the sR(5,O) transition 

transfers a sizeable fraction of the NH3 popuiation foom the s(5,0) 

rotational state in the ground vibrational level to the a(6,0) state in 

the ^*2=1 level. Dilute mixtures of NH3 and a non-absorbing gas are used 

so that collisions with the buffer gas may distribute the poppuation 

from the upper pumped state to its compannon rotational states, and 

repopuuate the lower pumped state. The rotational relaxation rate due 

to the buffer gas s generally much faster haan hhe

vibrrtihoal-trroslrtioorl (V-T) relaxation rate.29 Cornsqque01y, the 

a^p^L^i<^t:ih^n distribution in the rotational states remains close to 

thermal i.e., the ratio of the poppuations in any two

states in the same vibrational level is the same as it would be in 

thermal , equilibi,ium at ■ the amtbent gas temppraaure. Howwver, it has 

been found experime^taiy that, when NHg c^lld^e^s with either Ar or N?, 

the snowing ctan^s take, (^lace: AJ ±1 and AK = 0, ±3.30,31 



FIGURE 2.3 Spectroscopy and energy levels of NHg relevant to 

lnne-tunable laser opprraion. The upper trace is a 

Enable diode "laser scan near 1084.6 cm_l of a 

mixture of NHg and C0£ (From Ref. 19). The scan 

shows the proximity of the C0^ 9R(30) line to the 

sR(5,0) and sR(5,l) transitions in NHg. The lower 

figure is a partial eneegg-level diagram of NH-g, 

showing several P-transitoons which have been 

observed to lase when the sR(5,0) transit-ion was 

pumped. For simpl^it-, only K=0 levels are shown. 

The curved arrows represent the coolisional processes 

that thermalize the poppuation in the upper and lower 

levels.



ENERGY (cm-1)

o



ro 
o



21

After multiple collisions J can take on any integer value, but. K is more 

restricted. If a transitlon with K=0 is pumped, inversion can be 

created only on transitions ' with K= 0,3,6,... (ortho transitions). 

Similarly, pumping a K=1 transition can create gain onty on trans■it:o^ns 

with K = 1,2,4,5,7,... (para transitions). Hence ortho and para NH3 

can be regarded as ennirely different species in this laser system. 

(K = |k|. so pumpnng a K=1 trans^oon pumps k = ±1, which accounts for 

the gain being created on K = 2, 5, etc. )

A commpuer model has been developed that calculates the gain on 

any line in the V2 vibrational band of NHg. Ortho- and para-NHj are 

considered separately, each with one , haH the total poouuation. The 

mo<d«el considers oMy the v2 = 0, 1, and 2 levels and their respective 

populations Ng, Np and N^-?? F<^l^|a rate equaaions for N.j and for the

popp^tions in the two directly pumped rotational states, rp are used. 

To solve in the cw case, the time derivatives of popalation are set to 

zero and a rooo-f-inding method is used to determine Ng, Np and N2- 

The model ctlculttes the ratio Nj/Ng, winch descibes the degree of 

vibrational inversion produced by the pump. The value of N^/Ng is then 

entered into a second program, winch calculttrs the gain cooeficients 

for speeific tr^ans'itof^ns. For simplicity, the popp^ti ons in the 

rotational levels are assumed to foHow a thermal distributon at the 

amtbent gas temppraaure. Experimental measurements of gain

col!eficients7 using a tunable diode laser, have ■ been found to be in 

excenent agreement with the predictions of the iTOoeL^There is a 

minor discreptncy between the predict ions of the simpO model and the



22

measured gain coefficients on transit-ions involving the upper or lower 

pumped states. A 10 % excess (deficit) in the popplation of the 

upper (lower) pumped state is sufficient to account for the eifeee»nce. 

The presence of a population spike (hooe) indicates that the assumption 

of complete rotati onal thermalization is not always app^n'ate. 

Howwver, the accuracy of the is more than adequate for the

purposes of the work discussed in this thesis.

It is of interest to determine the maximum) value of N^/Ng that 

can be attained when a sptf^fic transiton is pum^<^<e. This value is a 

gauge of the vffectiveness of pui^m^ing a sptfiilic NHg transiton to 

produce a vibrational inversion. The maximum inversion wil be produced

when the pump absorption is saturated. The rate of pumping foom

rotational state rg to r^ is 

wppr - (It/het)o ['o -r1(go/g1)3 

where Ip is the pump intern Ry at the 

cross section, and gg and g^ are the '

frequency Vp, a is 

degeneracies of

the absorption

the two rotational

levels. If completv rotati onal thermaH zation is assumed, then

Ref. 13.

(Nl/No)max

where fj

When

is the rotati onal partition function given in

saturation is reached, therefore,

- expUEj - E0)hc/kT|

where E ' is the rotational energy in level r.j. To first order,

Ej - Eg - + 1) ' - Jq(Jq+1)3. Thus the largest values of Nj/Ng

0j - f-N j

will be produced when an R-transHion having a high value of J is 

pumped. For the sR(5,0) and sR(5,l) transit-ions, (Ni/Ng)max - 1.8 at

300 K and 5^/Ng)max - 2.4 at 200 K. Improvement in lasing perforaance 



23

should therefore be expected if the ammonia is cooled.

The compter model does not at present describe the behhvior of 

the pop pi la ti on inversion and gain in the p resence oo a strong 12-tm

field. C^nneeueetl.y, it cannot be used to prpdict the saturation

intensity or maximum power output foom the laser. Howeevr, the model 

was used to predict the threshold gains in the weaveglde caaity, and to

determine which transitions were ■ likely se inse i e e given

configuration.

2.4 Semmmry

The previous sections have presented an overview of the theory 

that describes the behhaior of oppically pumped lasers. The theory was 

the basis for two compter moodes dpvdloppd by Monr^eoni7 and RoUand^ 

to calculate gain for either Raman or inversion lasers. The folding 

chapters describe the experiments that were carried out to eva^te the 

nm^c^d^es and to make iolprnvpoente in the pprfomlatcp of the mid-infraeed 

lasers.



CHAPTER 3

RAMAN LASERS

3.1 Introduction

The operation of a cw mid-infrared laser using the sR(5,0) 

transition in NHg opened up the possibility that cw lasing could be 

produced if other transi'toons were used. In pulsed laser experiments, 

the 9R(30) and 9R(16) lines in the 9-dm band of COg are those most 

commmnly used to oppically pump NHg lasers. The R(30) line has a 

feequency offset of 184 MHz foom the sR(5,0) transitisn in the •• band 

of NHg, and the R(16) line is offset by 1.35 GHz foom the aR(6,0) 

transstion. In cw experiments, high power and efficiency were achieved 

by pumppng tiie NH3 sR5,0) transi'tion.9 Depp’te the "larc^ pump offset, 

lasing was also achieved in a high-^Q cavity in which the aR(6,0) 

transition was pumped. . Opec^tion near threshold was obtained with 30 W 

of pump ppoer.er As the Raman gain decreases with increasing pump 

offset, an improvement in perforniance can be expected at reduced 

offsets. Careful compprison of the feequencies of and laser

Hnes wth those of 1NNHg trmsiti’ons d'sclosed only two suitaNe 

coincidences within 180 MHz. The • 9P(7) and 9P(17) sequence lnnes of C0g 

have offsets• of 87 and 142 MHz resppecively foom the aR^l) and sR(3,3) 

trtnsitions in NH-g. In pulsed systems, Znooins • et • al. achieved lasing 

when either of these lnnes were used to pump NHh,^ and • RoHand showed 

24
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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 s^uern^-aser pumming arrangemmnt. When 

lasing was achieved, the output perfomiance of the two new ce lasers was 

measured and compared to the perfomiance of the sP(7,0) laser. An 

experiment was then perfomied to isolate and determine the effect of the 

pump frequency offset on lasing efficiency. A convennional cw COg laser 

can be tuned only about 30 MHz foom the gain peak, so an a^outo-copic 

moouuator was used to u^p^sif't or d^i^wnsifft 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 der^oonsi-ated the effect of . pump offset on the performance of a 

Raman laser.

3.2 Sequence Laser Co-struction

In the rid-tevvrtirs, Reid and Siemsen discovered that COg could 

be made to lase on a pair of sequence bands that pa^nel the 9.4-um and 

10.4-pm regu^r bands.32 Figure 3.1 is an ene^g-level diagram showing 

the 9-pm reg^ar and sequence bands in COg. In a typical gain cell, a 

sequence line will ' have a gain co-eficirnt about liaaf that of its 

reg^ar neighbours. The larger regu^r gain prevents any sequence lines 

foom lasing in al but the most ^^11^11x^1 of catitlet. A hot CO2 cell 

placed in the laser cavity has been found to pr-Secn tueflclent 

absorption on the regu^r trtntitions to permit the sequence lines to 

lase. At a ■ temperature of 630 ■ K, ■ a considerable of CO2 



FIGURE 3.1 Energy level diagram of CO2 showing the 9-Um regular 

and sequence bands. The lower levels of the 9-um 

lasing transitions are also labelled with the 

percentage of CO2 moOed es in the level at 630K, 

to illustrate the effect of the holt cell. The 

lower (bracketed) number is the percentage of mooecules 

in the level at room temppraaure, 290 K.
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molecules will be in the [10®0,02^0]jj level and therefore produce 

absorption on the regular 9-um lines. The popplations in the lower 

levels of the sequence bands Wil Sill be small and thus not produce 

signi'fi'c^ant absooppion. ExppeimeenaHy, an absorption cell c<^nt:aining

50 Torr of C0£, and having about one third the length of the laser 

discharge, is s^Ulficient to ensure lasing on m)l^0t sequence lnnes.

The CO2 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 M3 cm was 

conntructed. The ceU consisted of a glass tube of 20 mm i.d., the ends 

of which were sealed with NaCI windows mounted at the Brewsser angle. 

The cell was electrically heated by a coil of Nichrome wire on the 

inside surface of the ceU, which was wrapped with glass wool insulation 

to maantain a uniform temperature along its length. Temmeenture 

measurements were made along the central axis of the cdl with a 

thermocouple. At typical operating conditions, the tempprature 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 low values of J, the effectieeneoo of the holt cell 

absorption diminishes, and regu^r lnnes begin to compete with the 

sequence l-lnes. At high J, the ■ hot cell continues to be effective and 

lasing occurs onny■ on sequence lines. Some high-J lu^es exPibit 

anomelouuiy large powers because there is overlapping gain foom higher 

sequence . bands. . Of the two sequence.lnnes that were■used to optically 

pump NH-g, the P(17) line had the higher gain, and consequeenty produced 

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



FIGURE 3.2 Typical output powers produced on different CO? 

sequence lnr^es 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^-cHe content approximaaely 

8:18:74. The powers observed on the commiting 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 acoostOoOotic moOulaaor (AOM) operates by light scattering 

off a periodic structure in a crystal in a manner similar to diffraction 

by a grating. Figure 3.3 thowt the imaor features of an AOM. An 

acoustic (pressure) wave travelling through a solid produces a spp^'ally 

periodic variation in the index of refraction of the medium, with a 

chhaaattnssic wwaveength A = v/f , where v is the veeocity of sound 

in the sobd, and f is the feequency of the wave. For a light beam 

propagating through the medium at an angle • with respK^'t to the plane • 

of acouutic waaefronts, Bragg dif facto on wil occur when

n A sin 0j = A /2,

where A is the wa^^ngth of the light in the medium. For the 

IntraAction AGM 903 acouuto-ooPic mo0dlaror, this conndtion turrftputUt 

to an angle of incidence outside the mood^or of about four degrees. 

Depending on whether the light is incident at a pou^tivf or nogg^ee 

angle with respect to the direct!on of sound prupagariun, the scattered 

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

Fig. 3.3a).

The Uiffrrttiot effieie^r^cy of. an AOM is proportional to the 

(linfra) acouutic power dennity Pf/H, • where H is the height of the 

acouutic • beam. •. Connteqently, • acouuto-oppit .moUdlaturt are aefnfrlly. 

designed . with relatively simai active areas. The moOdlaturt used in 

these experiments had an acouutic beam h<^'iah'i of ^3 mm, so it was 

necessary to focus a C0£ beam to ensure that most of the radiation



FIGURE 3.3 Operation of an acousto-optic modulator.

a) Scattering procettet in thr modulator that 

increase or drarrttr thr frequency of thr 

deflected betm when thr rtdittion it incident 

tt the Brtgg tngle, Qg.

b) Croos-sectiontl views of the moOdlator, thowing 

itt phys-ctl construction (foom Ref. 34). The 

t^c^i^stic wave of height H tnd watvlrngth a. is 

produced by t eiezodieeCria taansduarr mounted on 

one end of s germtnium crysttl. To prevent the 

buildup Of sttnding waves, thr tcoustic wave is 

deflected to tn tbsorber tfter passing through the 

isteraat■ios tret. In genertl there tre two output 

betms produced, with thr faequennc-s-hfted betm 

deflected by 2 ©g foom the incident direction.
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entered the interaction region. Experimentally it was found that at 

long focal lengths the beam was apertured vertically by the active 

region, but with shc^r^'t focal lengths the angglar divergence of the beam 

was too large for the mnim beam to be deflected. Maximum power in the

deflected beam was achieved when a mirror of focal length 80 cm was

used.

Initial eeeaurreents of the efficinncy of the AOMs were made

with a CO2 laser ope rating on the 9R(30) lire. Initially the laser mode

resembled a ring more than a Gaausian spot. Such a mode has a larger

spaaial extent than a GGausian beam and is apertured to a greater extent 

when passing through a eo0ulaaor. A maximum diffaaction of

50% was observed with the ring ' m^<d(r. Higher rfficierlcirs were observed 

when the beam took on a more GGausian aeeeQratcr, so an aperture was 

inserted in the laser covity 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 taansvrrsr mode structure without 

sGari'ficing a great deal of power. Narrower-bore laser tubes gen^any 

produced higher powers due to more effective coding of the laser■gases 

at the wals, but the mode structure of the output beam became more 

romee^rated as the diameter decreased. 06^01:^ effidencies of 56 % 

per pass were connistmtly produced with the GGuusian mode. As a final 

test of the ^1’0 60^ limitations of the AOMs, the diffraction 

.of■ the beam was measured when the radiation was focussed into 

a eeOulator by mirrors with focal lengths of 80 and 105 cm. The o^^i^i^i^ll 
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efficiencies were 56 % and 43 %, respectively. When an aperture was 

placed at the front of the modulator, and only the cennral 3-mm-diameeer 

portion of the beam was examined, the effice^nc'^es were 58 % and 64 % 

respeetiveey. Thus the deflection efficeency of an AOM is limited by 

the size of its active region.

3.4 Experimental Apparatus and Reeults

3.4.1 Sequence Laser Pump

Figure 3.4 shows the maaor features of the arrangement used to 

oppt'cally pump NHg with a sequence laser. For stabiiity the sequence 

laser was mounted on one optical table, which eectcsitateU the use of a 

been-caaity conniguration. A combirletire of wire-grid polarizer and 

Frcuecl prism was used to isolate the C0£ 'aser from opPRa' fee^aclt.35 

This isolation technique provided the adcd'tional berndt of connieting 

the linearly polarizeU pump radiation into circularly polarizeU light, 

which has been shown to produce higher gains in similar opticaUy-pimpeU 

systems.19’35,36 chopper with a 1/5 duty cycle was used to reduce the 

average power and prevent damage to the pdarizer. Al powers have been 

scaled to cw values. The pump radiation was focussed into a pyrex 

waveguide set inside a second resonant taaity. The waveguide served to 

maintain . the high intensity of the radiation for a considerable distance 

without severe loss (Traesmi.ssioe of pump ■ radiation in alm, 2.5-mm 

bore tube was M4 The ■ circular p^Oa frizati o^n of the pump and lasing

radiation made Brewster windows unsui'table for use in the NHg taai■ty, so 

the end fittiggs of the waveguide had sightly-ti'Ued ZnSe windows that 



FIGURE 3.4 Schematic diagram of the apparatus used to optically 

pump NHg with t sequence laser. PiezooleeCric 

translators PZT were used to tune the cavity lengths 

of the pump and waveguide lasers. Dichroic 

mirrors Mg reflect ^98 % of incident radiation at 

12 pm and transmit %90 % at 9 pm. Ouuput mirror Mj 

was selected for each transition so as to produce the 

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

Output foom the NHg laser was reflected foom two dichroic 

mirrors to eliminate 98 % of the unabsorbed pump radiation and thereby 

ensure that only the 12-pim power was meesured. A calibrated Scientec 

365 power mmeer was used to measure the ot^ftpu't power and a 0.25 m 

monocCromaSor served to isolate and idennify the lasing transition. 

Lasing was detected and optimized by mooitoring the signal produced on a 

HgCdTe detector.

Preliminary measuremmnts were made with a 60cm, 2.5mm-bore 

waveguide in the NHg caaity. Lasing thresholds were determined for the 

three transitoons pumped by the C02. regular 9R(30) and sequence 9P(7) 

and 9P(17) lines. The waveguide was cooled to 200 K by enecosing it in 

a dry-ice jacket. The cooling served to increase the difeeeence in 

populations between the initial and final lasing levels in NH3, and 

thereby to increase the gain produced.

Table 3.1 lists the resu^s of the threshold meeauremeens. The 

threshold powers for the sP(7,0) and aP(7,l) lasers agree with the 

expected scaling of gain with pump offset. The ratio of pump powers 

(.18) is comp^aa^i^a^le to the inverse of the squares of their respective 

feequency offsets (-22). Howweer, 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 relstionuhip does ■ not geneeraiy hoH. Different 

transitions have maakedly different relaxation rates and ground state 

popp^ti^s, parai'meers that have a significant effect on . the Raman 

gain. If these addHional factors are taken into accounn, then there is



35

TABLE 3.1

Lasing threshold powers for a 60cm-long, high-Q NH3 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? NH3 Absorption NH3 Lasing Pump Threshold nH3
Pump line and Trannition Offset3 Pump Pressure

Line frequency and frequencyb co2-nh3 Power (mTTor)

(cm"") (cm--) (MHz) (W)

00°2 sR(3,3) sP(5,3) 142 4.0 150

P(11)ll 104(5.374 867.720

00°2 vRR5,1) a^((^)i) 87 0.4 140

P?)ll 1054.913 7913.222

000l sR(5,0) sP(7,0) 184 2.5 320

R(3O)n 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 comppter model mennioned in chapper 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 ptmp and probe beams had a Jg (zeroth order Bessel 

function) distribution in the waseegtde. Depending on the transition, 

the canulated 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 is compprabbn to the losses from 

the optical elements in the caaity, which amount to about 10 %. 'The 

intenssty dependence of the gain makes it sennst^ to the exact spaaial 

distributon of the pump beam in the waveguude. Thus we estimate that, 

within the unncetaanties of the experiment, the gain calculations agree 

with the experimental threshold mmasuremmnns.

To produce the maximum output power foom the NHg laser, the 60cm 

waveguide was then replaced with one that was 1 m long. The sequence 

laser produced 13 W on the P(17) line when an 80 % reflecting mirror was 

used at the output. This resumed in about 10.5 W incident on the 

waveguide laser, winch produced a maximum output power of 650 mW on the 

sP(5,3) traction. Optimum power fom the NHg laser was produced when 

a Ge mirror with an 83 % reflectivity was used at the output end. The 

waveguide contained 120 ' monr of NHg and was cooled with dry ice. To 

determine . the . variation of output power with input powwr, an absorption ■ 

ceH was inserted in the path of the pump beam and filled with NHg 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 

M7 % at 12 pm was found to give the maximum powwr, 

at an NH3 pressure of 120 mToor.

b) Vv nation of oi^ltpuit with input power for the 

rP(7,l) laser. Maximum power was produced with an 

output coupling of 10 % and an NHg pressure of 

130 mToor.
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that resulted. The 11.5-pm power varies linearly with input (slope 

^8 %) and no saturation is evident.

The lower gain on the P(7) sequence line made it necessary to 

use a 90% reflecting mirror in the C0£ 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,l) 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 

mmasured and is shown in Fig. 3.5b. Again there is no evidence of 

saturation and the slope Officie^r^cy is 6 %.

The output effidencies of both the sP(5,3) and aP(7,1) lasers 

are much lower than the 28 % effCcinncy that Rooland et a.measured for 

tfie sp(7,0) las^r.9 Muchi of the disparity w power output is due to tfie 

smaller pump powers avvnable foom the sequence laser. Howevee, the 

lower optimum pressures, which resuR foom pumping at smmaler feequency 

offsets, affect the saturation behaaior of the laser and thus limit the 

output powwr. The low power conversion vfficlentivs of the sP(5,3) and 

aP(7,l) lasers indicate that it may be disadvantageous to operate Raman 

laser's in pure NH3 at smaH pump offsets. To determine clearly the 

effect of pump offset on laser performance was therefore the obbective 

of the next experiment.

3.4.2 Vaaiable-Offset Pump

To examine the bel^aor of the NH3 laser at different pump 

offsets, the CO2 9R(30) laser line was■■chosen to pump ammmoia. The 
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90 MHz frequency shift provided by an IntraAction acousto-optic 

modulator retsSted in pump offsets of 94 or 274 MHz foom the sR(5,0) 

transstion. The pumptng configuration is shown in Fig. 3.6. An 

amplifier stage was added to the CO? laser to compensate for the losses 

in the AOM. To prevent thermal damage to the po0ulator, the 65 W beam 

was chopped with a 1/20 duty cycle. The CO? beam was focussed into the 

po0ulaaor, and the freqsencc-shhfted output directed into the waaveulde. 

The AOM isolated the CO? laser foom feedback, as any returning light 

woodd be shifteU an additional 90 MHz foom the CO? lasing frequency and 

thus be outside the gain li'newidth of the pump laser. A stomal amount of 

feedback was observed when the AOM was ope er Ung, indicating that the 

deflected beam was partially reflected at the rear surface of the 

poUulator. (The surfaces of the AOM were AR-coated at 10.6 Pm and had

5 % reflecaance at 9.2 pm.) The feedback did not seem to affect the 

sta^iity of the CO? laser output, which was dither-stabilized at the 

gain peak of the CO? line.

Initially the AOM was oriented to provide a 90 MHz Uowwnt■ift in 

the pump frequency. With a pump power wf 3? W at an offset of 94 MHz, 

6.3 W of output was produced in a Ury-ico-couloU wwteeuldo. The output 

is simller than that obtained by Rd land et al. at 184 MHz uffssti,iut 

Uif0eoencos in pump polarization and cavity length account for much of 

the decrease. These Uif0eoences were not of great concern, as the 

behhaidr at a foequoccy offset of 94 MHz was directly compared to that 

at ?74 MHz.

To pump NHg at an offset of ?74 MHz, al that was required was a



FIGURE 3.6 Schematic diagram of the apparatus used to optically 

pump NHg at different pump offsets. The

rcousSo-ootic moOdlaaor (AOM) shifts the feequency 

of the pump radiation by 90 MHz. The arrow shows 

the direction of propagation of the ^o^sic wave in 

the mo0dleror when a 'dowwnshft is required. The 

waveguide was terminated nth . NaCl Brewnter window 

fittings to minimize the loss in the NHg cavity.

The mirrors MQ were dichroic and the output coupler 

Mj had a 12-vm taansmission of 43 %. Piezooleccric 

translators PZT were used to optimize power in both 

the pump and 12-pm 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 oppooite direction relative to the AOM 

acousSic 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 ooveegude. 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 

resppcdvely. 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 difeerence in the slope effice'encies is directly related to the 

optimum operating pressures of which were (cold / warm)

240 / 360 morr at 94 MHz offset and 440 / 700 luTTor at 274 MHz. As the 

pump offset is increased, the smmll-signal gain decreases and higher 

pump powers are required to reach threshold . Howweee, wing absorption 

foom the 12-pm transitoon becomes less important and higher pressures of 

NHg can be used. The moll^i^c^Sar relaxation rates in NH3 increase with 

pressure, conseqquetly at higher pressure the moleccSar saturation 

effects, which tend to limit the 12-pm output powwr, are not as great. 

Gain calculaCions made using the average pump intensity in the waveguide 

(600 W/cm^) ^Ocate that, althouth the smmn-signal gain at 94 MHz I's 

seven times as large -as that at 274 MHz, the saturation (half-gain) 

intensity - 1$ is 30 W/cm^ i’n the 94 IMHz laser andl 1200 W/cm^ in the 

274 MHz laser. Thus, higher output powers and efficeencies can be 

expected in larger-offset lasers, if suSficictt pump itlctsity is



FIGURE 3.7 Variation of 12-pm output power as a function of the 

C0£ input power, at pump offsets of 94 and 274 MHz.

The 12-pm cavity contained a l.Om-long, 2.5mm-bore 

capillary tube and the output mirror Mj had a 

transmission of M3% at 12 pm. The insert shows the 

principal NH3 vibrational-rotational energy levels 

involved in the laser system.
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provided.

3.5 Conclusion

Oppically pumped cw Raman lasers can operate successSully with 

pump offsets as large as 1 GHz.28 in pure NZ-g, the 12-pm lasers reach 

optimum efflci'cney for pump offsets of 100 tn 300 MHz. At large pump 

offsets (greater than 1 GHz), very little gain is created at intensities 

that can be produced with a low-pressure CO? laser and at smU pump 

offsets (less than 100 MHz), the low operating pressures limt the 

effc(ie^nc^y of the NH? laser. The use of mixtures of NH? with a buffer 

gas would improve Raman lasing at low offsets by increasing the 

relaxation rates in the vibrational levels. However, at low offsets 

inversion gain increases in importance and it becomes possible to 

operate the laser on a large number of transi'toons in the v? band. 

NH--N? and NHz-Ar mixtures play an im^or^'^ant role in the operation of 

line-uunable NH^ lasers, which are the subject of the next chapter.



CHAPTER 4

LINE TUNABLE LASERS

4.1 Introduction

Pulsed CO2 laser's have been widely used tr optically pump single 

transitions in the 1 band of NHg, and generate lasing on many ln^es in 

the 12-um region.?»8 Recenniy, this technique has been extended tr cw 

operation by empPoying acoruto-ortic moiulators tr downnNft CO2 

radiation intr exact eoioeidcoec with the NHg sR(5,0) transition. This 

dowwntiftcd radiation is a very efficient rptical pump of NH3/N2 

mixtures, and gain can be created throughout the P-branch of the NHg v 

band. In (rrevious work lasi'ng was achieved on 20 'lines w 1NNHg with 

a maximum output power of 0.7 W and waaveengths ranging from 10.7 to

13.2 pm Al the observed transitions occurred in ortho-NHg, i.e., Al 

transitrons had K= 0, 3, or 6.

In this chapter we describe , an improved lnne-tunable NHg . laser 

with cw output powers as high as 5.5 W. The pum[^tng technique has been 

extended to produce lasing on para-NHg lnnes by pumppng the sR(5,l) 

transition. ■ A total of 65 different transitions with waaeeengths from

10.3 to 13.8 pm have been observed to lase.

4.2 Experimental Apparatus

The 1 spectroscopy of NHg in the vicinity of the ■ CO2 9R(30) li’ne

44
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was shown in Fig. 2.3. The frequency offsets of the sR(5,0) and 

sR(5,l) t^ansHions are 184 and 336 MHz rrspertively.1^’37 Thus one CO2 

laser line can be used to pump either ortho or para NHg if the pump beam 

is frequence-shifted by 180 or 360 MHz. The experimental apparatus was 

arranged to achieve the necessary' frequency shifts with only one or two 

acouuto-ooeic moddlators. Figure 4.1 shows the initial pumpeng 

cooffguration. The oscil lator-amp!ifier conbinnaion provided 65 W of

pump powwr. To prevent damage to the AOM, the beam was chopped with a

5 % or 10 % duty cycce. The pump radiation was focussed into a single

AOM, which downn^t-ted the frequency by 90 MHz. A retro-reflector

displaced the beam Mmmm hor’izontai ly and sent it back through the

mood^a©^ The emerging radiation, boww^^ed 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

wa aeguude. NaCI Breewste nge! a fintisgs sealed hhe ends of thss

g u de, which contained a mixXure oo NH3 and During an

experiment the mixture was ffowed aa a soww aaee oo ensue unfoomg NH3

cdnfeenraaiof, and to aaiow the ppeettue be changed to optimize the

eerfomatce on each lasing transition.

10

4.3 Experimenta. Resets a Ortoo-NHg

4.3.1 Noon0elacCxer Cavety

In initial rxeer^ments, a two-mirror cavety was used to maximize 

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

on a e■iezooleeCric translator (PZT) at the input to the wavegulde, and



FIGURE 4.1 Schematic diagram of the apparatus used to produce 

lasing on ortho- and para-NH^ transitions in the 

non-selective cavity. PiezooleeCric translators 

PZTs were used to tune the cavity lengths of the 

pump and NHg lasers. The retro-reflector RR 

sent the pump radiation back thoough the 

acouutt^-^t^f)Pic maoulator AOM. Mo indicates a 

dichroic mirror. The output mirror M} was selected 

to give maximum output powers on the lasing 

trr-sit-o-t and the Freon cell was used to eliminate 

any residual 9-pm radiation.
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the 12-pm 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-pm radiation, and was then directed to the Scientec power 

meeer. Idenntfication of the lasing waav]ength was made using a 0.5 m 

mooooCrommaor.

To achieve maximum output power, mixtures of 1.0 and 2.0 % NH3 

in N£ were pumped. The 1.0 % mixture gave higher ovd'all powwcs, and 

the maximum output was produced with an output mirror that had a 

taansmission of 43 % at 9 and 12 pm. Approximaaeey 18 W of pump power 

reached the NHg laser after passing thoough the mcodlaaor. At 300 K the 

laser produced a maximum (multt-lire) 12 pm 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 afficnnncy of 44 %.

Maximum powers on several strong. lnnes were mmasured at . 200 K. 

The 12-pm cavity was tuned fi~om lne to lnne by changing the cavity 

length, which coud be varied by several tens of eavvnengths by 

adjusting a differential micrometer on the PZT stage. The ope rating 

point ' for an individual lnne was chosen so as to minimize the 

conmptition foom ' ' other lnnes. Output powers obtained on individual 

transitions are lismd in Table 4.1. ' Although conmlete isolation of an 

individual ■ line was not always achieved, for the strongest 5 of the 6 

lnnes that were mmaaured, at least 80% of the total output ' power was on 

the transit-ion indicated. On the sP(5,0) and the sP(7,0) transit-ions,
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TABLE 4.1

Observed cw laser transitions in ortho-NHg. The 9-pim 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.

Tr^<^nuii:ioua Frequency 12-pm Power
[cm‘-1] (observed) Relativeb Maximum0

(±.l0 cm"~) ' (%) (W)

sQ(3,3) 967.346 967.18 42d

sQ(4,3) 966.905 966.64 28d

sQ(6,6) 965.354 965.24 43d

sQ(7,6) 964.596 964.37 5d
aR(0,0) 951.776 951.69 28d

sP(l,O) 9413.232 948.02 33d
aQ(5,3) 932.992 932.97 30d

aQ(4,3) 931.774 931.69 40d

aQ(3,3) 930.757 930.72 53e

aQ(7,6) 929.162 929.27 10e

aQ(6,6) 927.323 927.39 40
a^(<9>9) 921.255 921.27 7
sP(3,0) 908.199 9018.23 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
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Table 4.1 (cont. )

sP(7,O) 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(1D,6) 766.252 766.20 2

aP(9,3) 760.694 760.74 11
aP(9,6) 753.590 753.76 29
aP(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

I From Ref . 22.

) 100 % corresponds'to <300 mW cw. Unless otherwise noted, the
measurement was made in the 2.5-mm'bore waveguide at 300K.

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

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

e) Measured . in the 1.5mm 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 opernaion. 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 offressonance eu^meng. Siemsen et al. observed cw l’ine-uunable 

lasing with pump offsets as ' large as 50 MHz (offset foom the aR(3,3) 

tr^anrtrioiin a ^elimina^ exjjernment R was decidled to use a 

single modduaaor 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.

m<aximum multi-line power of

When a 64 % reflexivity mirror was used, a

800 mW was produced. The output power and

number of lasing transit!'ons is less than that found in similar

connitions when eum-eog close to resonance. Thus the improved

effectieeness of punnming near resonance meore than compensat.es for the

the loss from an adchtional pass through the -codRaor.

4.3.2 Grating-Tuned Cavity

The substaa’ial improvement in power obtainable on ' individual 

lnnes in the line-UunaSle NHg laser.should be accompanned by an increase 

in the number of traotitiont on which lasing can be achieved in a



FIGURE 4.2 Vaaration of the 12-pm power as a function

of the input power pumping the sR(5,O) transition 

on resonance. A 1.C% NH3/N2 mixture at a 

pressure of 3.C Torr was used in a 1.C-m long, 

2.5-mm bore waveggide. The output mirror had a 

taansmission of M3%.



12
/x

m
 Ou

tp
ut

 Po
w

er
 (W

)

tn 
O1



51

grating-tuned cavity. To verify this expectation, we replaced the 

output mirror of the NHg cavvty with a 12-pm grating (79 lnees/mm 

35° blaze). The dichroic mirror then served ae both the input and the 

output coupPer (see Fig. 4.3). A second dichroic mirror was teed to 

direct the output to the 0.5 m lmmnnctrom/tor and the deeector. The

perfc/iances of 0.5 % and 1.0 % WH-j/Ng mixtures were compared to 

determine if improvements in line tunnaillty could be made by operating 

at higher pressures. The 0.5 % mixture proved to be significantly 

beeter, and lasing was observed at room temppeature on 31 different 

transitions (see Table 4.1). Optimum pressures for lasing varied foom 5 

to 8 Torr, geneeraiy increasing as higher-J transi'toons were examined. 

When a 0.5 % NHH/Argon mixture was used, a few more high-J transi^oris 

were observed to lase. This improvement may be attributed to the slower 

V-T relaxation rate of NHg in argon compared with the rate of NHg in 

Ng.38 The rotational relaxation rate due to argon i’s also slower. 

Hence, in argon mixtures the optimum opeeating pressures are higher than 

those found in Ng mixtures, and larger gain coeCfiticnts .are produced on 

al transitions.

G^an on the Q and R trvnsitions in NHg is eevritulvrly s^r^niitiv^e 

to the ratio Nj/N0, which is determined by the pump intenssty. Changing 

the 2.5-mm bore waveguide to one of 1.5mm bore increased the average 

pump intensity by a factor of 3. This gave much beeter lasing 

perfomalnte ■ . on .. . the Q-branch transstoons, but several of ■ the 

longer-wavelength Ti nes no longer lased, due to the increased 

propagation and diffrac^on losses in the narrower-bore tube. To



FIGURE 4.3 Schematic diagram of the apparatus used to produce 

line-tunable lasing in NHj when grating

tunability was desired, (cf. Fig. 4.1) A dichroic 

mirror Mq was used as a beamsplitter to direct 

the 12-pm 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% N^-Ar mixture was used, at pressures of 8 to 9 

Torr. In addition to observing several new Q lines and the sP(l,O) 

transstion, we achieved the first cw lasing on an NH3 v2 R-branch 

transition, the aR(0,0) transition. Lasing on an R-transstion indicates 

that there is a high degree of inversion between the v^=l and ground 

(\>2=0) vibrational states. For gain to appear on the aR(0,0) 

transstion, the ratio -j/Nq must exceed 1.0, i.e., at least half the 

ortho-NHg popuuation must be transferred to the v2=l level.

In total, lasing was observed on 41 distinct ortho transstions. 

U^^ing the comppter model described in section 2.3.2, the gain

coeeficients on the ortho lunes in the s- band were caRunted for each 

of the connigurations used. The resuuts are shown in Figs. 4.4 and 

4.5. The ca'lculati’ons RdRate that a gain of °.14 % cm_l was

required to produce lasing in the 2.5-mm bore waveguide cavity and

0.42 % cm"! in tiie 1.5-mm iaore wave^u'de. All rrnnsiti'nss wRh gaw

exceeding loss have been observed 

closelysppaced lines.

The grati ng-tuned ' cavvty 

lasing trrnsitions than does the 

tw^nsmission of the input/output . 

power. 1 - The efficiency of the 

near-•Littoow cooniguration, using

to lase, with the exception of a few

permits much greater selectvty of 

two-mirror cavvty, but the low 12-pim 

dichroic mirror limits the output 

12-pim - - grating was measured in a

the 12-pim output foom the two-mirror

NHg laser. ApppoximaVely 90% of the output was reflected back foom the 

gfratting. As a consequence of the high grating effice^ncy, very little



FIGURE 4.4 Calculated small-signal gain for various P, Q, and R 

transitions in the v? band of NH3. A 0.5 % 

NH^/Argon mixture was used, at a ' pressure of 8 Toor. 

The caRi^ation was made for a pump intensity of 

234 W/cm^ on the sR(5,0) transHion, indicated by 

the asterisk. This intenssty is the average produced 

by the 18W pump beam in a 2.5-mm bore waveggide, after 

losses foom the two dichroic mirrors and foom coupling 

into the waveguide are taken into account. The dashed 

line represents the estimated average loss in the 

waveguide caaity. The increase in losses at short 

waavlengths is primaaily 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 band of NH3. A 0.5 % NHg-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.
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power was measured in the zeroth order reflection from the gralting. 

Several other gratings were tried, the best of which (PTR ML303, 150 

liess/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 mrror. 

Howevee, the range of optimum coupling off the grating was limited 

because the reeiecCivity of the grating changed conniderably over the 

range of wavelengths used. An adddtional disadvantage of coup^ng off 

the grating is the change in the direction of the output beam whenever a 

new lasing transition is seated. The best solution to maaimizing 

output power and line tunaamty would involve changing the input/output 

mrror of the NH3 laser. Dichroic mirrors having 12 pm reflectivities 

of 50 % to 90 % would be needed and the 12 pm grating wouud be retained 

at the other end of the NHg caaity to provide wwvvIength seeeecivity.

4.4 Experimental ReeuHs: Para-NHg

PaoloMing successful lasing in ortho-NHg, the pumF^ing

configuration was . modified to bring the CO2 radiation into coincidence

Awith a para transition. second A0M was ' inserted before the

retro-refl ector to provide a total of 360 MHz dov^wnshiit in the feequency

of the R(30) pump* ' The ac^diiiionvl loss in the mooduaaor reuulted in 

onny ■6 W of 9-pm power being incident on the NH3 laser, at an offset of 

about 25 MHz from ■ the sR(5,l) transst!on. To increase the p'ot^baility 

of multi-linv lasing we used a 1.5-mm bore w^a^v^c^uide, which mai’ntained 

an average intenss'ty crm/prablv 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-pm radiation was produced in the noonsslective cavity. 

Maximum output power was achieved with a 1.0 % NHyAr mixture cooled to 

200 K ' and an output mirror transmitting 36 % of the 12-pm radiation. 

The output powers on several individual transitions are listed in Table 

4.2. The levels are much smaller than those on similar lines in

ori^h^oNMHg due to the lower pump power and the greater loss in the 

narrow-bore tube. In a high-reffedivvty caav'ty, a 9-um power of 1.4 W 

was required to reach the threshold of lasing on the sP(7,l) transition. 

The low avaHable pump power is the major factor limiting the cw 

para-NHg laser to low-effici'ency ope ration at present.

In the grating-unned caavty, only two transitions were observed 

to lase at room temperature, but dry-ice coding brought about lasing on 

a total of 24 para-NHg transitions. The relative powers of these lnnes 

are summmrized in Table 4.2. The commuter model can also be used to 

predict gain on uaai-riantitions. The calculated gain contficitnts are 

shown in Fig. 4.6 for a 0.5 % -H^Ar mixture pumped with an intensity 

of 225 W/cm^. . Once again a t^es^'M gain of 0.4 % cm"-- "is required 

and all isolated transit'ions with higher gains are observed to lase.

4.5 ■ Conclusions

* In this chafer, subltaaCial improvements in the ptrl^n)mrcce of

NHg inversion ■ lasers are reported. In ortho-NHg, output ■ powers in

excess of 3 W have been generated on individual l'ines, and power

conversion efficiencies of 33% have been achieved in multrln^e
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TABLE 4.2

Observed cw laser transitions in para-NHg. The 9-pm pump power was 
%6W on the sR(5,l) transition and all measurements were made using a 
1.5-mm bore, 1.0-m long waveguide cooled to 200K.

Transition3 Frequency
(observed) 

(±.10 cm"1)

12 pm Power
[cm'1] Relative11

5%)

Maximum0

(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,i) 908.177 908.11 59
aPP2,i) 891.882 891.97 65

s^P5^,l) 888.079 887.96 41
aPP3,i) 872.567 872.60 43
aP(3,2) 871.737 871.87 51
sPP5,l) 867.969 867.91 54
aPP4,i) 853.548 853.44 39

aP(4,2) 852.725 852.65 20
sPP5,l) 847.876 847.79 4
aPP5,l) 834.824 834.79 27 90
aP(5,2) 834,012 834.03 16 90
aP(5,4) 830.653 830.63 21

sP(7,l) 827.833 827.94 86 220
aP(5,l) 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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a) From Ref. 22.

T^l^le 4.2 (conn.)

Trannitiona
[cm""]

Frequency
(observed)

(±.10 cim_1)

12 pm Power
rr Ta five*3 Maximum0

(%) (mW)

aP(7,i) 798.222 798.25 6
aP(7,2) 797.448 797.55 27
aP(7,4) 794.244 79-4.30 14
aP(7,5) 791.727 791.78 ' 10

b) Relative powers were measured in the grating-tuned cavity. The 
increase in taansmission cf the dichroic inptt/cttptt mirrcr 
at frequencies greater than 850 cm-'*- results in increased 
relative powers in that region.

c) Maximum powers were measured in a 2-mirrcr cavity with 35 to 43 % 
output coi^u^ling and 1.0 or 2.0 % N^/Ar mixtures.



FIGURE 4.6 Calculated gain on para transitions in the band 

of NHg when the sR(5,l) line is pumped. Parameeers 

were set to correspond to a pump intensity of 

225 W/ce^, a temperature of 200 K, and a 0.5 % 

NIHgArgon mx at a pressure of 4.5 Torr. The 

estimated loss lu^e for the 1.5-me bore waveguide 

cavity is shown.
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operation. In addition, we have produced the first cw line-tunable 

ope ration on para-NH^ transstions, maaing a total (ortho and para) of 65 

Ines on which lasing takes place in the 10.3 to 13.8 urn wavvlength 

range. In the following chapper, several applications of this laser 

Wil be described and future developments of continuous-wave NHg lasers 

Wi l be discussed.



CHAPTER 5

CONCLUSION

This thesis presented the results of several experimental 

investigations of cw mid-infrared laser systems. Both Raman and 

inversion 12-pm lasers have been examined and evaluated using comppter 

mod-ls of the separate gain processes. Conniderable improvements were 

made in the output power and in the number of weav^ng^s produced by cw 

line-tunable NHg lasers. In the light of the experimental resets, 

future developments and applications of cw NHg laser's will be discussed.

In optically pumped NHg lasers, both Raman and inversion 

processes occur, but at pump offsets signi'ficantly greater than 90 MHz 

only the Raman scaatering process generates gain. Prror to the present 

work, onny two cw Raman lasers had been made to operate, with pump 

frequency offsets of 184 MHz and 1.35 GHz. The lnitlll focus of the 

present work was the construction of two new cw lasers that were pumped 

at fluency offsets of less than 150 MHz. Smaner pump frequency 

offsets g^nneany impty greater Raman gain for a given pump intensity 

and therefore lower istrssitiri required to reach lasing threshold. The 

two new laser's did not conform to this behhvior because factors such as 

the ground state popuUations and dipole transition elements,■ which also 

affect gain, change foom one transition to mother. A single pvavmeeea 

is not adequate to determine the lasing ciavavCtristici of a Raman 
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system, but detailed computer calculations accurately predict the gain 

produced for a variety of experimental ptmmung connitions.

The effect of pump offset was isolated expurimenttlly by pumping 

a single transition, the sR(5,0) line, 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 significantly higher (30 % compared 

to 20 %) at the larger 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 moo<^<^ules approaches the rate at which mooecules 

repopulate the lower pumped level. , This relaxation rate is uropiotional 

to the gas pressure. At smaH pump offsets it is necessary to operate 

at lower NHg pressures, where saturation occurs at lower ietensitiei and 

the effice'ency of the laser is reduced. At larger offsets it is 

uossi■ble to operate at higher pressures, where saturation is not as 

great. When a s^Hficiently high pump intensity is used, Raman lasing at 

frequency offsets greater than 200 MHz can be very efficient.

In chapper 4, an investigation of the perfomlaecr of the cw 

linr-Uueablr laser was described. It was found that output powers 

increased ■substaaniaHy when higher pump powers were used and argon 

performed somewhat beeter than niiio^c^r^e as a thrrralizing gas. Many new 

cw ■ lnnes were observed to lase in a grating-unned caaity, but no one 

cavity conniguration was optimal for al lasing waveeength^ A low-loss 

waveguide was requured for lasing on the loeg-waveeeegth, low-gain 

arvetiaioet. In■a narrower-bore tube, the higher pump iearesiaiet 
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greatly increased the gain at shorter wavelengths and additional lines 

were observed to lase. CooOing to 200 K further improved the 

perfomiance in the 10 to 11 pm region. Prior to the present work, cw 

li'ne-Uunable lasing had been achieved onny on ortho-NHg transitions. By 

frequency shifting the CO2 9R(30) pump radiation into resonance with the 

sR(5,l) transition, lasing was produced on several para-NHg transitions. 

A total of 65 (ortho and para) transitions have been observed to lase, 

at wavveengths of 10.3 to 13.8 pm.

The results of chapter 4 clearly demonnsrate that high output 

power and wide lnne tunnablty can be achieved in NHg lasers. Further 

developments along the lnnes of ■ a compact pumoing arrangement, in which 

^NHg is pumped directly by C0g radiation, are expected in the n^<ar 

futuie, and it -is likely that a 13c°2 laser will be used with 14NHg in a 

similar arrangement shooriy thereafter. The l■inr-Uunablr NHg laser has 

already been used to establish secondary feequency standards in the 11 

to 13 pm regon.10 Tte ‘laser would be an exc^tion!^ efficient pump 

of low-pressure pure NHg because it lases at line center of the NHg 

transitions. In principle, any transition that lased in the . NHg cavity 

could be used to produce ^-0^8^ lasing. A lnnr-Uunvblr far-IR 

laser could be mmde, with . output at wavelrngths of 50 to 2000 pm.

In sumnmay, the cw ' NHg laser has extended the derirvblr 

chavavttristics of the COg laser to a new range of frequencies. A large 

number of lasing transitions now cover the 11 to 14-pm wwwlength region 

and powers in excess of 1 W have been produced 'on several lnnes. Many 

Of ■ the applications that have ■ been found for COg lasers can now be
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considered for NH3 lasers and serious cons; ide ration can be given to the 

development of cw NH^ lasers ope rating in other parts of the infrared.
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