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High-efficiency electric-discharge CO lasers 

M L Bhaumik 
Northrop Research and Technology Center , 3401 West Broadway, Hawthorne , 
CaUfornia 90250, USA 

Abstract. Electrical conversion efficiencies exceeding 63% have been dcmonslratei..! with 
CO lasers operating ncar 5 ,lim. The factors con tribuling 10 this high efficiency are analysed 
and the status of different types of e lec trically excited CO lasers are reviewed . 

I. Summary 

Some unique propenies of the carbon monoxide laser have led to the development of 
the highest-efficiency electric discharge laser with high average powers. These proper
ties include: efficient conversion of electrical energy into vibrational energy, anhar
monic pumping to provide sufficient partial inversion, high quantum efficiency, low 
rate of v- T and high rale of V-V relaxations. Efficiencies of 47% in a conventional 
cw longitudinal discharge and 63% in an e-beam stabilized pulsed sustainer discharge 
have been demonstrated. Such high efficiencies with scalability to higher powers also 
appear possible in a supersonic electric-discharge CO laser. 

Nearly 90% of the electron energy in a discharge can be converted into vibrational 
energy of CO molecules via the formation of a transient complex. CO- (or Nl if neces
sary), when the average electron energy in the discharge is controlled to about I·DeV. 
In conventional longitudinal glow discharges, electron temperature may be controlled 
by an additive having a low ionization potential , like Xe. For a more scalable device, an 
e-beam stabiJized sustainer discharge can be used conveniently both for controlling the 
electron temperature as well as for slabilizing a large volume, higher pressure glow 
discharge. 

A slightly anharmonic molecule like CO allows a non-Boltzmann population build
up at a higher vibrational level by a process known as 'anharmonic pumping. ' ThJs 
non-Boltzmann distribution of vibrational population leads to sufficient partial inver
sion to provide for laser operation in many vibrational- rotational lines of the CO mole
cule. The inversion in a particular vibrational - rotational transition and also the gain. 
coefficient are strongly dependent on molecular temperature. With lower gas tempera
tures. the laser performance improves until the boiling point of CO is rcached at 83 K. 

The laser oscillates in cascade on many vibrational-rotational lines, normally P(J) 
lines with D.v = I. The cascade terminates at v = 3 near 100 K gas temperature. Since 
the V-T relaxation rate in CO is low. the population in the final laser terminal state is 
not usually lost. Furthermore, because of the high v-v rate, which gives rise to an 
efficient anharmonic pumping to begin with, the population from the laser terminal 
state can be pumped up the vibrational ladder over again at the expense of the popula
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tion of levels v < 3. This effectively increases the quantum efficiency to nea.r 90%. 
but limits the CO laser to multi-line , longer pulse operation. 

The high overall efficiency of the CO laser is thus a result of high electrical pumping 
efficiency as well as the high effective quantum efficiency. These consideralions lead 
to a theoretical efficiency of about 80%. The experimental observation of an efficiency 
of 63 ± 15% in a 100 j1S pulsed CO laser near 100 K is in reasonably good agreement 
with these predictions. The operating conditions of the pulsed CO laser may be con· 
veniently extended to cw operations using an e-beam stabilized sustainer discharge 
excitation in a supersonic flow . The supersonic expansion will cool the gas to the 
cryogenic temperatures necessary for efficient operation , also providing a means for 
heat rejection after lasing. Furthermore, transit of the laser gas through the excitation 
region may be considered to be equivalent to a pulsed operation. Therefore, similar 
high efficiencies may be expected in both pulsed and supersonic electric discharge CO 
lasers. 

2. Introduction 

The CO laser was discovered by Patel and Kerl (J 964) just about the same time as 
the CO, laser. But while the potential of the CO, laser for high-power operation was 
quickly established, the CO laser appeared to be of little significance in the early stages. 
This is because the mechanism of operation of the two lasers is quite different, even 
though both are molecular lasers operated by electric discharge excitation. A more 
complete understanding of the CO laser has subsequently led to the realization that 
CO may actually have some advantages over the CO, laser for high.-cfficiency, high
power operation. 

The first significant development came when Osgood and Eppers (J 968) found that 
the power output and efficiency could be considerably increased by cooling the laser 
discharge tube to liquid N2 temperature. Using this technique. they obtained a C W 

output of 20W with 9% efficiency compared to only milliwatts of power reported 
earlier. This development created a renewed interest in the CO laser since its output 
became comparable to that of CO2 lasers. Still there was some scepticism because 
of the requirement of inconvenient cryogenic cooling and associated ozone forma
tion which proved to be rather hazardous. The problem of ozone formation was elimi
nated by using a judicious amount of O2 in the gas mixture. The cryogenic cooling 
which is an undesirable feature at lower powers, actually appears to be of some advan
tage in high-power supersonic CO lasers. 

The CO laser became the subject of intensive research following the demonstration 
of 47% electrical efficiency by Bhaumik et al (J 972) and also due to McClatchey 's 
prediction (McClatchey and Selby 1974) of better atmospheric transmission character
istics of some CO laser lines. Rapid advances were made by utilizing electron-beam 
stabilized discharge techniques initially developed for the CO, lasers. The first experi
mental studies of CO lasers using this technique were reported by Mann et al (J 972). 
Subsequently Mann et al (1974) demonstrated an efficiency of 63 ± 15% using a pulsed
sustainer electric-discharge CO laser. Cen ter (J 974) also reported single-pulse energy 
in excess of I kJ using a similar scheme . These developments clearly established CO as 
a viable high-power laser candidate with the possibility of some significant advantages, 
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primarily due to its high efficiency. 
The high efficiency is a resul t of seve ral unique properties of the CO lase r such as 

efficient elec trical exci tation , high quantum efficiency, anharmonic pumping to provide 
sufficient inversion , low rate of V-T and high ratc of v-v relaxation. These properties 
arc described in detail along with importan t experimental results to indicate the state· 
of-the-art of CO lasers . No attempts are made to provide a comprehensive review since 
several excellent review papers (Sobolev and Sokovikov 1973, Mann 1975 , 1976) have 

already appeared. 

3. Efficient vibrational excitation in a sustainer discharge 

Effic ient conversion of elec trical energy into vibrational energy in electric discharges of 
CO or Nl occurs duc to the fortuitous formation of CO - and Nl'-Since adjacent vibra· 
tional energy lcvels of CO or N, are separated by abo ut 0 ·2 eV and the average electron 
tempera ture in the discharge is 1-2 eV, nonresonant direct collision with electrons docs 
not appear to be efficient in populating the vibrational levels . However, indirect reson
ance electron scattering can give ri se to a large crOss section for vibrational exci tation 
by the formation ora short· lived. intermediate complex such as CO- or Nl' which sub
sequently decays into excited vib rational levels of neutral CO o r N, . Schulz (1964) 
has measured these crOSs sections experimentally for seve ral molecules, with the results 
for CO and N, shown in figure I . 
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Figure 1. Experimentally measured clectron-colli
~ion cross sections for indirect vibrational excital
ion of CO (0) and N2 (b) from v = 0 to tI = 1. 2 . . 
8. 

Physically. the process of vibrational excitation can be understood as follows : 
the incident electron with a favourable resonance energy is trapped in the molecular 
potentta.! well, forming a negative compound state that lives for some lifetime r. During 
that time, the energy of the electron is redistributed into the ava ilable modes of the 
complex. When the elect ron is finally re-emitted, the molecule retains some of this 
energy in the form of an excited vibrational level. As shown schematically in figure 2, 
the energy levels of the compound state are not the same as those of the molecule. 
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Figure 2. Schematic r~pr~sentation of tht! resonance structure exhibited by dectron-coUision cross 
section fo r indirect vi brational excitation of CO or Nt through formation of a 'compound state.' 

Electrons with incident euergies of Eo , £ " E" . . . will have an enhanced probability of 
being captured to form the excited compound state. For these energies, the cross 
section will be expected to display resonance peaks. In summary J the exci tation can 
be pictured as a three-stage process: 

(i) e-(I:.) + CO ... CO-: 

(ii) CO-lives fo r time, T , during which time its energy may be red istribu ted interually 
amo ng various ellergy modes ; 
(iii) CO-'" CO(v) + e-(E'). 

The measured cross section for vibrational excitation by the above processes can be 
used in calculating the fractional amount of input electrical energy that is deposited 
into the vibrational levels. Such a calculation requires a knowledge o f the electron 
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Figure 3. Fracti onal eleL"tran power Figure 4. Vibral jonal- ro tationallcvcls 
transfer in a CO -N~ - Xe ·- He (0·05 - o f the electronic ground sla te (X ' 1:+) of 
0 ·05 - (j·05 0·85) mi.'\ture. CO. 
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energy distribution. For a ftxed gas composition, the fractional transfer of electrical 
input into vibrational or electronic energy states can be calculated as a function of 
E/N and vibrational population distribution. Nighan (I972) has carried out detailed 
calculations to determine the fractional power transfer for various gas mixtures, includ
ing CO and N, . 

The results of a typical calculation are shown in figure 3 for a CO-He-N,-Xe 
mixture. It is evident that for certain values of £/N nearly 100% of the electrical energy 
can be transferred into vibrational excitation of CO. In order to achieve the optimum 
transfer of electrical en.ergy into vibrational population , an ionizer-sustainer discharge 
is essential. In ordinary electric discharges, the electron distribution function must 
adjust itself in such a way that average electron energies are high enough to provide 
the ionization necessary to sustain the discharge . In order to optimize the plasma 
characteristics of a discharge system, it is desirable to have an independent control 
over the ionization process and the electrical excitation of the molecular vibrational 
levels so that the £/N could be adjusted to have the most favourable value. The best 
technique for achieving this objective is to obtain ionization with a high-energy e-beam 
(that creates a volume-ionized gas of low-energy secondary electrons) which are then 
accelerated by an applied e-field to produce the required electron temperature . ntis 
technique also allows a uniform glow discharge for a large volume which helps in the 
scalability of the device. Feasibility of these concepts for the efficient creation of 
vibrational excitation has been clearly demonstrated by the achievement of 63% elec
trical efficiency with outputs of hundreds of joules. 

4. Anharmonic pumping to go up vibrational ladder 

Anharmonic pumping is a unique fea ture of diatomic molecules such as CO, having only 
one ladder of energy levels (figure 4), corresponding to a single vibrational mode. This 
mechanism allows a slightly anharmonic diatomic molecule to pump energy from lower 
vibrational levels to higher levels . Qualitatively, the process can be described as follows. 
Consider first, two molecules A and 8, as shown in figure 5. Because of the coincidence 
of energy levels £, and E" ene rgy will go back and forth between the two molecules 
by resonance. But molecule A can relax to a level 8 2 (e.g., by vibration to translational 
energy transfer), thereby terminating the resonance. If the molecular kinetic tempera
ture T is high enough so that kT is larger than::.E = £, - £" the resonance still could 
be maintained since kinetic energy can supply the balance of the energy for the reverse 
process. But if 6.£ > kT, the energy will get 'trapped' in level £,. 

An ensemble of a single diatomic molecule is similar to the mixture of A and B since 
the energy spacings between the vibrational levels become successively smaller with 
increasing vibrational quantum number; eventually the "anharmonic defect', 11E. will 
be larger than kT so that the vibrational populations will be ' trapped' at high vibrational 
levels. Thus the population will start to build up at these higher vibrational levels by 
collisions with lower levels leading to a non-Boltzma nn distribution and population 
inversion. 

The vibrational level vat which population of a diatomic molecule begins to be 
trapped is calculated from the anharmonic energy defect ::.E. 

::.E = G(I)  G(O)  G(v)+G(v  l) 
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A B I : Figure S. Population trapping in colli
sions betw~n molecules A and B. Figure 6. Qualitative description 

o f anharmonic pumping in a CO 
laser. Since for a gas temperature 
T, orabaut 150K , 4E '::!k TJ • the 
process COtS) + eO(O) - CO(4) 
+ CO(1) is inefficient, and the 
population at v = 5 is 'trapped : 

where G(O), G(I), G(v) are the vibrational energies o f the lowest, the first, and vth 
vibrational levels. respectively. These energies in terms of standard spectroscopic nota
tion (see Herzberg 1950) are: 

G(v) - G(v - I) = w.(v + t) - w.x.(v + t)' - w.(v- n+ w.x.(v - t)' 
= We - 2weXev (I ) 

G(l)-G(O) = w.(1 +t) - weX.(I +t)' - two + iWeXe 

= We - 2weXe (2) 

M = 2w.xe(v - I) . (3) 

For the CO molecules with w.x. = 13-46. the vibrational level for which the condition 
M = 2wex.(v - I) '" kT. is satisfied at a gas temperature T. of 150 K is shown in 
figure 6. The non -Boltzmann population begins to build up at levels higher than v = 5. 
However, for molecules like CO, the spontaneous emission rates increase with vibra
tional quantum number and perhaps the V - T rates also become larger at higher v 
levels. Therefore, the population actualJy starts decreasing after certain higher vibra
tional levels due to excessive losses. Thus the non-Boltzmann population exists only 
for a certain range of vjbrational levels which take part in the CO laser osciJJaLion. 

5. Partial inversion and cascade transitions 

Because of the losses described above, a total inversion in vibrational population does 
not appear to be possible in electrically excited CO lasers. The non-Boltzmann popula
tion distribution for room temperature CO lasers is shown in figure 7. Clearly there is 
no total inversion . But as was indicated by Polanyi (1965), even in the absence of 
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Figure 1. Estimated vibrational  Figure 8. Partial inver
rolational population distri sion in He!. The verti
bution in room temperature cal lines indicate a pair 
CO lasers. The peak heights of the high P and low R 
along the abscissa represent transitions which exhi
population densities. Significant bit population inversion 
departure from Boltzmann (from Polanyi 1965). 
distribution occurs at levels 
v > 8. (Not aU rotati onal lines 
are shown in the diagram.) 

total vibrational population inversion, it is possible to have inversion between certain 
rotational levels of adjacent vibrational levels because of the nature of rotational popula
tion distribution. This condition is illustrated in figure 8. The selection rules require 
that the vibrational quantum number v change by I, while the rotational quantum 
change by + I (P transition) or - I(R transition}. 

Although there is no population inversion between the upper and lower vibrational 
levels in figure 8, inversion exists between J = 5 of V' and J = 6 of V as weD as J =4 
of V' and J = 5 of V. which can result in a pair of P transitions. As indicated in the 
figure, R transitions may also be possible . However, in molecules like CO, the P tran
sitions usually have larger gains which prevent the build-up of R lines. 

It was indicated earlier that partial population inversion may occur in several vibra
tionallevels of CO. This gives rise to the interesting possibility of a series of cascade 
transi tions obeying the proper selection rules, as shown in figure 9. In this case several 
cascades are shown beginning with J = 4 and ending in J = 8, 7 and 6 of the terminal 
vibrational level. In pulsed operations, whether the sequence in any particular cascade 
begins at the top or the bottom depends upon where the inversion is highest. But in 
any event it is obvious that the onset of the cascade in the initial member increases the 
gain in the subsequent members of the chain, by either increasing the upper state popula
tion or by decreasing the population of the lower state . This is why the CO laser is 

usually found to operate in cascade transitions. 
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Figure 10. Vibrational relaxation fates: V- T col
lisional deacti"ation (Millikan and White 1963). 

rotational transition (from Warren 

1975). 


6. Low V- T relaxation and high quantum efficiency 

The V- T coBisional deactivation in CO molecules, especially at lower v levels , is unus
ually slow. These rates for CO deactivation are shown in figure 10 for various molecules 
including He, N" Ar and CO which are the usual constituents in a CO laser. The major 
constituent in the regular longitudinal-discharge CO laser is He. At cryogenic tempera
tures deactivalion of CO by He requires nearly a second which is much longer than that 
involved in other kinetic processes in the CO laser. 

Due to this low rate of V---T deactivation most of the vibrational energy can be 
channelled into the lasing levels rather than being lost as kinetic energy. This channel
ling occurs by rapid vibrational croSS relaxation. As mentioned earlier , the CO molecule 
has only one ladder of vibrational energy levels, approximately those of a slightly an· 
harmonic oscillator. A large number of these levels are strongly in resonance , There

11 , J I I 


o 

--.. II·• 
' H 

.:;;. " ..... ..... 
, I , •.,., 

~:;. " '"' _. ' .,... ,. II ,",.,.,..,
H' ~ .. 

- ' ..... ....... ,'IfI,·• 
,~ . .. ......,,,, 
~ ...,:a:: ::., 

///q~/~~.., 
~: :: 
4 

.' . 010 
,-3IK-1J 

~'. 

015 

--........t..:: l. 3 
~~";>

Figure 9. Diagram illustrating cas
cade transitions in m olecular 
lasers operating on partial inver· 
sion. The J values, indicated by 
the numbers, changes by one in 
each successive vibrational 

' ~f I 
I ,~~ h II 1_,;=1===::==:= 

!i. Coob'ol Coolonl Ii V Go, " hausIJ~, --lS ""~ "t ~~l.CNIPUl beanl
I~d-·.----,-- '-;,-_ ~~. j= 

~ony JIIA:t-lVe=~=t= - -...d YL~dY 
~~~ng . ~ ItIC SUPPly ! I. ~~~ttng 

Fipre 11. Schematic of a longitudinal-discharge CO laser. 



High-efficiency eleccric-<iischarge CO lal'ers 251 

fore, if energy is extracted from some levels by stimulated emission , the vibrational 
excitation quickly migrates by efficient cruss relaxation into those levels . Thus , even 
though about 90% of the popula tion is found at any particular time in a cW CO laser 
in the noniasing levels , almost 1000/0' of the vibrational excitation power may be ex
tracted in the form of coherent radiation . This is possible due to a unique combina
tion of factors discussed above : the absence of any other vibrational mode and the high 
rate of vibrational cross relaxation coupled with an extremely low rate of V- T relaxa
tion . The effective quantum yield of the CO laser is therefore nearly 100% evcn in 
the absence of lasing in the lower vibrational levels near the ground state . These dis
cussions are supported by experimental results presented in tbe subsequent sections. 

7_ Low-pressure longitudinal-discharge CO lasers 

The longitudinal-discharge CO laser operating at prcssures of 10-20 Torr is physically 
much like the CO2 laser. The schematic of such a CO laser is shuwn in figure 11. The 
laser can be operated at room temperature with water cooling or at cryogenic tem
perature with liquid N2 in the cooJing jacket. Typical operating characteristics of this 
laser are shown in table I , taken from Bhaumik ef 01 (1972). The characteristics at 
intermediate temperatures were obtained by immerSing the laser tube in a controllable 
temperature bath instead of the usual cooling jacket. 

The role of He in the gas mixture is to cool the rotational temperature as well as 
to provide discharge stability . The amount of O2 in the gas mixture , although quite 
small, provides a significant improvement in the laser performance, possibly by pre
venting CO decomposition . A larger amount of oxygen , however, is very detrimental 
due to electron attachment by O2 and more notably dne to hazardous ozone fonna
tion and condensation at low temperatures. Although N2 is not essential in the gas 

Table 1. CO laser operating characteristics. 

Configurationt Pressure (Torr) Discharge Discharge Output Efficiency 
and wall voltage current 
temperature Total He CO N, 0 , Xc (kV) (mA) (W) (%) 

D.77K 18 16 0·5 J.5 0·01 0·3 12-4 ]2 70 46·9 
A, 77K 16 ·00 15 0·4 0·4 0·01 0· 15 12-8 10 51 39·8 
A.77K 16·1 15 ·25 0·25 0·6 0·01 - 13-6 18 60 29·2 
A. 77 K 16 ·25 15·25 0·25 0·6 0·01 0·15 12-8 18 70 36·7 
B.77K 17-3 14 ·9 1·6 1·8 0·01 - ]20 27 91 28 

B_ 150 K 18·32 14 ·9 1·5 1-9 0·02 ]2·0 10 25 20·8 

C. 220 K 16·26 12 ·5 0·45 3·0 0·02 O·J 9·0 22·5 42·5 21 

C 300K 15·97 12·5 0·45 J ·O 0·02 - 14 Il 10 5·5 
C 300 K 16·26 12·5 0·45 J ·O 0·02 O·J 9·2 22·5 25 12 ·1 
E 300K 16·J6 12·5 0·45 J ·O 0·02 0·4 14 12 12 ·5 7·0 

tConfiguration : discharge length 126 em; cooling jacket 115 cm ; a 10m to tal reflector and a plane 
output minor of reflectivity R in each ease; cavity length for A. Band C is 215 em with two 
Brewster windows; cavity length for 0 and E is 165 em with internal mirrors . Values of R: 
A = 95%, B = 90%. C = 85%, D = 80%, E = 85%. 
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mixture, its addition appears to result in Some improvement possibly by assisting in 
achieving a proper E/N and also by utilizing a larger portion of the electron energy 
distribution curve, since its excitation cross section covers a slightly different range 
than that of CO. The vibra,ional levels of N, are nearly resonant with those of CO; 
therefore the energy deposited in N2 is transferred to CO without loss. The primary 
effect of the Xe addition is to alter the electron temperature for a better match with 
the energy of the peak cross sections for vibrational excitation. 

The best efficiency obtained in these experiments was 46'9% with a cw output 
of 70W at a laser·tube wall temperature of 77 K. This has been the highest efficiency 
obtained in a longitudinal electric-discharge laser. The laser was also operated at ambient 
temperatures although with much less efficiency. Figure 12 shows the variation of 
efficiency with temperature. 

The spectral characteristics of the CO laser are shown in figure 13 . As expected from 
the discussions in § 5, it consists of a large number of vibrational-rotational transitions. 
The shift of the spectral distribution to higher v levels with increasing temperature is 
consistent with the mechanism of population 'trapping' discussed in § 4 . In fact, as is 
shown in t ..ble 2, the observed threshold band correlates remarkably well with that 
expected from equation (3); this provides a strong evidence in support of the mech
anism of anharmonic pumping. 

.J 
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Table 2. Correlation between gas temperature and spectral threshold band. 

Input power Output power Heat input Tw T. v, Observed 
(W) (W) (W) (K) (K) threshold band 

160 20 140 77 19 7 6 6-5 
160 25 135 15 3 228 7 7..(, 

120 6 114 233 280 8 ~7 

130 2 118 273 322 9 9--8 

In table 2, Tw and T, are the wall and gas temperatures , respectively; v, is th e 
vibrational band that sa tisfies the relation 

M = 2w,x,(v-I)"'kT,. 

T, is calculated from Tw lIsing the expression (Gordictz el at 1968): 

(4) 

where Q(T, ) is Ihe heat input to the gas per second per unit length of the laser tube and 
AT is the thermal conductivity of the gas. 

8. Small.signal gain measurement 

The most direc t as well as accurate determination of the population densities of the 
vario us vibrational levels is obtained from the measurement and analysis o f small-signal 
gains. Comparison of these experimentally measured population densities with those 
ohtained by kinetic modelling provides the best method of verifying the accuracy of 
the model which is essential for scaling predic tions. There fore the gain measurement 
and the kine tic modelling is described in some detaiL including some unpublished 
data by Bhaumik and lacina. 

The measured gain coefficie nts of a large number of vibrational- rota tional tran
sitions fro m v = 4 to v = 24 for several diffe rent CO partial pressures arc presented in 
table 3. The experi mental arrange men t fo r these measureme nts employed a typical 
oscillator- amplifier technique (Bhaumik er al 1972). Careful attention was given to 
the measurement of CO partial pressures as well as to prevention of gain saturation 
in the amplifier. The following procedures were employed to determine the popula
tion densitie s from the measured gain values . For a CO laser operating at cryogenic 
tempera tures (e.g., -100 K), it is important to no te tha t the line will be both Dopple r 
and collision-broadened if the to tal pressure is greater than a fe w Torr (assuming that 
the gas mixture is mostly helium). The small-signal ga in coefficient c> for a prJ) tra n
sition from v'" v - I is given by the expression (lacina 197 1) : 

IOV"J Rv V- IA .J 1 I' 
"" -V-I . P(J) = 8,,;;' kT ~R S(v)

10 10 

N B - r-Bv1(J - I)] _ B [ - Bv. ,J(J + I)])
x v v exp L kT NV _ v- I exp kT (5){ 1 

where v; i~ the transition frequency , A 10 = 30·3 S- I is the spontaneous ra<..liation rate , 
k ;::;: 0· 6945 cm-1 K- 1 is the Boltzmann constant , T is the molecular gas temperature 
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Table 3. Small-signal gain coefficients for various vibration~ot3tional transitions orco at 
different pressures. 

Branch 
v- v - I 

J for P(J) 
transition 

Q·19Torr 

Measured gain (pet/em) 

0·33 Torr 0·47 Torr 0·61 Torr 

7-f> 
8-7 

9~ 

1D-9 

11-10 

12-11 

13-12 

14-13 

15 
9 

10 
12 
14 
8 
9 

13 
8 
9 

10 
II 
12 
13 
8 
9 

10 
II 
12 
13 
8 
9 

10 
II 
12 
I3 
14 
9 

10 
11 
12 
13 

7 
8 
9 

10 

0·193 
0·539 
0·522 
0·399 
0·260 
0·174 

0-474 
0·465 
0·384 
0·316 
0·456 
0·492 
0·518 
0·418 
0·364 
0·322 
0·567 
0·551 
0·492 

0·242 
0·461 
0·43 7 
0·442 
0·327 
0·288 
0·394 
0·418 

0·236 
0·647 
0·591 
0·501 
0·343 

0·518 
0·433 
0·658 
0·669 
0·650 
0·650 
0·530 
0·433 
0·647 
0·621 
0·693 
0·583 
0·522 
0·447 
0·789 
0·739 
0·669 
0·563 
0·474 
0·423 
0·343 
0·583 
0·632 
0·6 32 
0-456 
0·394 
0·579 
0·59 1 

0·749 

0·271 
0·G93 
0·641 
0·551 
0·389 

0·522 
0·487 
0·733 
0·742 
0·764 
0·790 
0·621 
0·501 
0·729 
0·703 
0·807 
0·68.9 
0·625 
0·526 
0·928 
0·867 
0·789 
0·654 
0·560 
0·492 
0·409 
0·647 

0·739 

0·465 

0·682 

0·801 

0·294 
0·699 
0·654 
0·583 
0·423 

0·509 
0·530 

0·80 1 
0·836 
0·912 

0·745 

0·771 

0·830 
0·723 
0·614 
0·542 
0·461 
0·686 
0·825 
0·804 
0·571 
0·530 
0·755 
0·733 

0·899 

(assuming Trot '" T). and Nv and Nv-r are the tota! population densities (cm -3) of the 
upper and lower vibrational levels. Bv and BV_ 1 are the rotational constants of the upper 
and lower levels , and VJO is the frequency difference between levels I and O. (v repre
sents frequencies in wave numbers, em - I .) The square of the ratio of dipole moments 
can be approximated by 'Rv,v _IIR lO f2 .:::::. v for low vibrational levels; for higher values 
of v, a better approximation is given by the result obtained by Heaps and Herzberg 
for a Morse oscillator (Penner 1959, equation 7-93). The line shape function S(v) at 
resonance is given (Lacina 1971) by 
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Branch /for P(J) Measured gain (pet/em) 
v-v - I transition 

0·19 Torr 0·33 Torr 0-47 Torr 0-61 Torr 

14 - 13 11 0·384 0·571 0·675 0·736 
13 0·294 0·423 0·496 0·543 
14 0·369 0·492 

15-14 10 0·374 0·567 0·668 0·726 
11 0 ·389 0·579 0·679 0·742 
12 0·379 0·501 0 ·591 
13 0·379 0·483 0-474 
14 0·189 0·305 0·384 0·437 

16-15 9 0·364 0·543 0·621 0·675 
12 0·294 0-428 0·530 0·595 
13 0·332 0-423 OA92 

17- 16 10 0·518 0·583 0·629 
11 0·271 0·418 0·526 0·598 
12 0·353 0·447 0·522 

18-1 7 9 0 ·277 0·423 0 ·543 0·614 
11 0-271 0·409 0·513 0·591 
12 0·248 0·369 0·456 0·513 

19-18 8 0·327 0·513 0·640 
9 0·343 0·518 0·647 O· 719 

10 0·332 OA 79 0'591 0·675 
11 0 ·271 0·418 0·513 0·571 

20-19 12 0 ·180 0·266 0·332 0·369 
21-20 7 0·294 0·369 0·423 

8 0·310 0·379 OA23 
9 0·205 0·338 0-423 0·492 

10 0·277 0·359 OA14 
11 0·288 0·)48 0·394 

22-21 7 0 ·127 0·2 18 0·283 0·332 
8 0 ·332 0-418 0·465 
9 0·224 0·294 0·327 

10 0·186 0·327 0·418 0·474 
11 0·266 0·359 OA33 
12 0·316 0·399 0·461 

23-22 10 0·140 0·242 0·322 0·379 
24-23 8 0·106 0·174 0-227 0-271 

11 0·147 0-224 0-271 0·316 

erfcCx)
SCv;) ; 2 exp «') (6)

1T1 /'l~VD 

where x = iJ.ve/iJ.vo , iJ.ve is the collision full-width Cat the half-power point), and 
ilvo is the Doppler full width Cat the e- I point). The collision full-width iJ.ve is given 
by iJ.ve ; fe / rr, wherefe is the coliision frequency, 

J~ ; L o(CO, X) N x < v""CCO. X) > T, (7) 
x 

http:iJ.ve/iJ.vo
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and where 

(tJ,.j(CO, X»T = [(BRT/1TXMClo +MJi )]"' (8) 

is the relative thermal velocity (cm S-I) between CO and X molecules at temperature 
T, R = 8·317 X 107 erg mol- I K- ' is the gas constant, M are gram-molecular weight" 

i, the number of X molecule,/cm' , and a(CO, X) is the optical broadening cross N x 
section (cm') for the pair of molecule, (CO, X). The Doppler fuil-width is defined in 
terms of the e- I point, and is given by 

.c.VD = Vo (8R T/Ml 1i2. (9) 

The gain value, given in table 3 were fitted numerically to equation (5) by a least 'quare 
fitting method to obtain the calculated population densitie, ,hown in figure 14. 

' 0 

N. 

Figure 14. Population densities of the 
various vibratjonalleveis at different CO 
partial pressures as derived from gain 
measurements. The partial pressures for the 
curves beginning from the lowest one are 

1O'.l _ 0-19,0·33,0-47, and 0-61 Torr respectively . o 10 20 

9. Kinetic modelling of the CO laser 

The kinetic modelling of the CO laser has been reported in several publications . To 
compare the experimentally determined population densities with those obtained by 
modelling, the kinetic model constructed by Lacina l1971) was employed . This model 
include, the following process: 

(i) Electron impact collision,. 
(ii) V- T colli,iun, (,ingie quantum) by impact with A. 
(iii) V - T colli,ion, (,ingie quantum) by impact with B, C, .. 
(iv) V- V- T near resonant exchange collisions with another At molecule. 
(v) V - V - T near resonant exchange collisions with; Bt molecule. 
(vi) Spontaneou, decay (.c.v = I and liv = 2). 
(vii) Stimulated emission processes, resulting from input radiation 
for an arbitrary number of vibrational - rotational lines. 
(viii) Miscellaneous pumping or decay terms. 
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Filure IS. co-co v - v probabilities 
from the theory of Jeffers and KeUey . 

The rates for most of these processes are known with reasonable accuracy except 
for the V- V- T rates. The formulation of these rates for (CO, CO) collisions was based 
on long-range dipole-dipole forces and short-range exponential repulsive forces, follow
ing the work of leffers and Kelley (1971). Probabili ties calculated by this theory for 
the endothermic reaction (n, 0 ~ n - I , I) are shown in figure 15 for several gas tem
peratures. A se rious drawback of this theory is that the probabilities for the highly 
resonant collisions become comparable and even greater than unity for only modest 
values of v (~ 10), and therefore must be truncated somehow. By comparison with 
the results of transient gain measurements described in the next section, it was ob
served that a best fit is obtained with a probability truncation at approximately 0 ·3. 
The rate matrix generated by including both long range and short range forces and 
truncating the probability per collision at about 0·3 appears to yield relatively con
sistent results with severa] experimental measurements over a significant range of 
parameters. 

Population densities obtained by theoretical modelling described above are shown 
in figure 16 (curve B) for a CO partial pressure of 0·19 Torr. For comparison, the 
experimental population densities derived from gain measurements are shown by 
curve C. It is evident from the figure that the population densities obtained by theor· 
etical modelling (curve B) arc much too high at the higher vibrational levels, as com
pared to the experimental population densities (curve C). 

After ca reful examination of the different parameters, it was observed that the 
theore tical population density will be close to that obtained experimentally if the 
optical broadening cross section were assumed to be higher at the higher vibrational 
levels. TIle experimental population densities reported previously were derived from 
the steady-state gain data with an optical broadening cross section that was assumed 
to be constant for all the v levels . This assumption was made in the absence of any 
reported data on how the broadening cross section of a diatomic molecule varies with 
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., 
A __ ,. 

10' E=:~__.. 

.....""'

-\'<.. ' . -.~~." 
"'-.... -'" 

Figure 16. Curve A and C give population " ..".... 
densities obtained from gain measurements : 
C with constant optical·broadening cross"'.......... . 
........... 
 section , A with higher optical-broadening 
cross sections at higher v level. Curve B gives".......... 
the population densities obtained by theor
etical modelling (PCO = O·19Torr, PHe 
= lDToH,ne = 6X lO·cm-:S,Te = lO~K .ld~ ~ 1~ ~ ~ "" 

v _ Tmol = 150 K). 

the vibrational levels. However, measurements (Bovanich and Haeusler 1972) of broad
ening cross sectiun for the CO fundamental vibrational band (I ~ 0) indicate that this 
cross section can differ by as much as a factor of two just from a change in the rota
tional quantum number. It would, therefore, be more appropriate to assuJOe that 
the broadening crOSS section should change with v levels as well. Intuitively it seems 
reasonable that an anharmonic molecule like CO may have a larger optical broadening 
crosS section when it vibrates with a larger amplitude at a higher v level than at the 
ground vibra tionallevel. 

Accordingly . a tentative functional dependence for the broadening cross section 
a was assumed to be 

v 
1 

I]
GV -+ V - = 1+-- 01 -+ 0 ' [ 6 

The experimental population densities derived from the steady-state gain data by using 
the above functional dependence of a is shuwn in figure 16 (curve A). The closer 
agreement of the theoretical population densities with those obtained by experimental 
measurement assuming larger optical broadening cross section at higher v levels appears 
to support this assumption. A similar trend is also exhibited by the data at CO partial 
pressures of 0·33 Torr, 0·47 Torr and 0·61 Torr. 

The above agreement is not exact, possibly due to one or more of the following 
factors: 

(i) The tentative functionaJ dependence of a may not be quite correct. The exact 
dependence should be determined experimentally . 
(ii) Inclusion of deaclivation by wall collision would change the theoretical popula
tion densities. At present there are no data to indicate how many vibrational quanta are 
lost by wall collisions, or the probabilities of deactivation per collision. 
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(iii) V- T rates may be higher at higher vibrational bands. There are some indications 
(R C Mi1likan private communication) that this may be true since vibrational population 
of higher v levels, obtained by chemical reactions, seem to be deactivated equally, 
irrespective of collision partners. However . the effect of higher V- T rates will change 
the populations only at higher v levels without any significant change in the lower levels. 

10. Transient gain measurement 

An accurate knowledge of the rate of energy exchange between various vibrational 
levels of the CO molecule is essential for a successful computer code to predict the 
scaling laws of the CO laser. However, obtaining such knowledge has proved to be a 
rather difficult task. TillS is mostly because of the large number of vibrational energy 
levels involved , which have greatly differing extent of coupling between them. Any 
experimental rate measurement is complicated by the fact that one invariably measures 
a quantity which is intimately related to the relaxation of the whole ensemble of levels. 
rather than anyone particular level. and therefore has to be interpreted in terms of the 
best fit to the model. 

The measurement of transient gain , in other words the rate of change of gain follow
ing a saturation pulse, has been successfully employed in modifying the vibrational 
relaxation rate matrix . The principle of the expe rimen t is illustrated in figure 17 . In 
this example. the small-signal gain of a transition between v = 9 to v'; 8 is monitored 
by means of a probe beam o f low intensity (- I mW em-'), while simultaneously, a 
spatially congruent chopped, high-intensity beam (- I W em-') is allowed to saturate 
the amplifier on a transition between v = 8 to v = 7. In order to increase sensitivity. 
the detector is Ac-coupJed so that only the changes in the gain are recorded. As soon 
as the saturating pulse between 8 and 7 is turned on, the gain between 9 and 8 in
creases because of the sudden depopulation of the level v =8 by stimulated emission. 
Due to v- v relaxation, the population of the level v = 8 gradually comes to an equi
librium close to its fonner value, even though the sa turating pulse is kept turned on. 
The resulting decay curve for the gain of the 9-8 transition contains the v- v rate 
information. When the saturating pulse is finally turned off, exactly the opposi te 

---6 

--5 

---, 
---3 

--2 

Fipre 17. Trans~nt gain measurement 
scheme for CO laser. 
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Fisure 18. Experiment:!l arrangement for relaxation measurement. 

happens. Either of the decay curves may be utilized for extracting the v- v rate in
formation. 

The experimental arrangement is schematically shown in figure 18. The probe and 
the saturating laser lines are selected by the gratings in the respective optical cavity. 
The two beams arc tben made congruent by means of a 50% beam splitter. Before 
reaching the beam spliner, the intensity of the probe beam was actually increased 
by a factor of about 3 by means of a telescope, A chopper was placed at the focal 
plane of the telescope for a fast pulse turn-on, The two beams, after passing through the 
steady-state amplifier. were separated by a SPEX monochromator provided with an 
InSb detector. The signal-to-noise ratio of the detector output was greatly increased 

, 

1\
\ 
\ 
~\~~~W\~, 

o 10 20 30 , 0 

TIme (ms) 

Figure 19. Transient gain va.riation of 9-8 POOl CO line in presence of a saturating pulse in 8--7 

POl) line. The circled data points are the results of kinetic modelling (Peo = 0·27 Torr, 

PHe = 11·3 Torr, po 1 = 0·1 Torr). 
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by employing a synchronous detection scheme using a PAR Model M·160 boxcar 
integrator. The discharge in the laser and the optical amplifier were stabilized by elec
tronic cu rrent controllers . 

The transient gai n curve obta.ined experimentall y for a CO partial pressure of 0'27 
Torr is shown in /igure 19 . The values of the transien t gain obtained by theoretical 
modelling using the Jeffers and Kelley rate matrix with probability truncation at 0·3 
is shown by the circles. The agreement is seen to be quite good. It was observed that 
probability truncation at a lower value. 0 '05, did not provide a good fit to the ex· 
perimental gain curvc. Attempts to use ten times either higher or lower values of the 
V- V rate than predicted by the Jeffe rs and Kelley theory could not be fitted to the 
experimental curve. 

11. High·pressure pulsed CO laser.; 

The experimental results of the low-p ressure electric-discharge CO lasers together with 
the kinetic analysis provided a reasonably accurate model to predict scaling properties 
for ope rations at higher pressures. Prediction by the Lacina model is shown in figure 20 
for operation near atmospheric pressures. According to this model an electrical effic
iency in excess o f 70% is predicted fo r the CO lase r. Also Significant is that the rate of 
heat release in to the gas is quite low during rhe pulse which is a clear advantage over 
the CO, lase r. 

100 - ----~.--_, 

95 

80 

~ 
~ 

Figure 20. Percentage of electrical inpu t •v 60 

•
11 pOWer transferred into all mechanisms for 

an atmospheric pressure osciUator o f length " /c 
85 1 m. Here Tmol(O) is the initial molecular '0 /~ 

temperature, We is the electrical pum ping /;;• ral e, T is the mirror output coupling . and ..,
0 
~ is scattering and oth er losses. (Pea = 20 

Torr. PAr =140 Torr. Tmo.l(O) = 77 K. 
We ~ kW cm-J , I = 1 m, T = 40%, .., = 5% 
per pass.) 

In order to verify these predictions, high-pressure electric discharge CO lasers were 
constructed using the technology developed for CO2 lasers. In these ex periments an e
beam was utilized to provide the ionization and the applied electric field was adjusted to 
maximize the elec trical power transfer as discussed in § 3. A scbematic of a typical 
experimental arrangement reported by Center (1 974) is shown in figure 21 . However, 
the requircment for cryogenic cooling for CO lasers posed a serious problem in obtain
ing an optically homogeneous medium. This problem was especially complicated by 
the fact that the e.gun foU at ambient tempcratures was in contact with the laser gas 
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Figure 21 . Schematic of a high -pressure electrical CO laser. 
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Figure 22. Schematic cros~ section of a cryogenic, e-beam stabi lized CO electric-discharge 
13~ r . 

at cryogenic temperatures, creating a severe temperature gradient and consequent 
op tical inhomogeneity. 

These p roblems were successfully solved by using a design (Mann el .1 1974) shown 
in figure 22. In this design , the temperature of the laser gas was uncoupled from the 
e-gun foil temperature by means of t ransverse gas flow and suction applied to the 
volume between the e·gun window and the sustainer cathode. Furthermore , the laser 
mirrors which were also at ambient temperatures were separated from the lase r gas 
by an evacuated space . Incorporation o f these design features led to the successful 
demonstJation of an electrical efficiency of 63 ± 15% with an output of 153 J from an 
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Figure 23. Pulsed e-.beam CO laser output characteristics: (a) COI N, = 1/ 10 ; output := 200 t 25J ; 
efficiency =48 ± 12%; (b) COl AI = 1/10; output = 153 :t 15J ; efficiency = 63 ± 15%. 
(T==- IOOK;P = 100 Torr ; i1un ~ 20 rnA em-l ; discharge volume = 2-D em l ; optical = ) ·5 em'). 

optically extracted volume o f 1·5 Iitres . Figure 23 shows the characteristics of this 
laser. 

A scaled·up version of the device described above, delivered (McAllister el a/I975) 
an energy of 506 J per pulse from an optical extraction volume of 7 titres. The results 
and nominal operating pararneten of this device are given below . 

Maximum energy 506J 
Efficiency 40% 
Pulse lenglh 80llS 
Discharge volume 10lilres 
Optical extraction volume 7 iiI res 
Sustainer current density 2 A cm-2 

E/N 1·1 x JO-16 Vcm' 

e·beam vollage lBOkV 
c·beam current density SOmAcm-2 

Figure 24. Ph olograph of the 10 litre CO eJeclric--<iischarge laser with output of 1506 J per pulse . 
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Fipue 25. Beam diagnostic config:uration. 

Theorehcol 
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Figwe 26. PyroanaJyser trace of laser in· 
tensity profile at the focus compared 
with the theoretical prOmt. 

Figure 24 shows a photograph of the actual device. The laser beam diagnostics (Mc
Allister ef al 1975) were carried out by the oonfiguration shown in figure 25. Pyro
analyser trace of laser intensity profile at the focus of the lens compared with the 
theoretical profile indicates that a near-diffract ion-Iimited operation was achieved 
(figure 26). 

The highest single pulse energy output from a CO laser was reported by Center 
(1974) to be in excess of I kJ from a 20 litre device. However , the electrical efficiency 
was not very high, presumably due to inadequate cooling and temperature conditioning. 

12. Super.lOnie CO electric discharge laser.; 

The successful demonstration of very high electrical efficiencies from a pulsed CO 
laser indicates that such high efficienc ies may also be possible in a cw operation. By 
using an c·beam stabilizcd sustainer discharge excitat.ion in a supersonic flow region, 

Rochus ImmJ 
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cW CO laser operation may conveniently be achieved with conditions similar to those 
of the pulsed laser. The results of theoretical analysis (W B Lacina private communica
tion) indicate that by uSing the above scheme, it should be possible to obtalO efficien
cies in excess of 60%, specific powers in excess of 100 kW Ib -1 S-1 and volumetric power 
extraction of 250 W em -3 from optimized devices. 

The design consideration of such a laser is guided by the practical1imit3tions of the 
state..of-the·art device components. Of primary concern is the mirror-loading limitation 
since that would determine the maximum intracavity power. This in tum would indicate 
the saturation intensity, since the intracavity power should be nearly tcn times the 
saturation intensity for efficient power extraction. The gas pressure and mixture for 
obtaining the required saturation intensity can be found from the scaling generalizatlon 
studies of Lacina (1975). 

Once the operating pressure has been detennined , the required gain length is then 
dictated by the e·beam current and mirror coupl ing. A cooled e·beam foil can deliver 
a CW current density of about 1 rnA cm - 2 which can produce a maximum small·signal 
gain of about 5% crn - I 

. The saturated gain would be Q'5%cm - I. Fur an output coupling 
of 50%, the gain length should therefore be 100 cm. If one of the cavity mirrors is tot
ally reflective, a 50 cm cavity length would provide a gain length of 100 COl in a round 
trip . 

Ir:::::~~-~~-- ----Z:: 
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Exhaust 

Mlfror 

Figure 27. Schematic of a supe rsoni c,..flow CO clectric-dischargc laser. 

The schematic of a c W CO laser using the above principle is shown in IIgure 27. A 
high·pressure gas is cooled hy expansion through a supersonic nozzle , with a flow 
speed of Mach 3-4. In this scheme the supersunic expansiun is used to cool the gas to 
cryogenic temperatures and to provide a means for heat rejection after lasing. Since 
the bulk of the gas heating. caused by the conversion o f residual stored vibrational 
energy, occnrs downstream from the laser cavity , the laser performance is not affected 
by undesirable temperature rise . 

Supersonic CO lasers of the type described above have already been operated in 
several laboratories including Northrop. The Northrop device (Thompson and O'Brien 
1976) having an active regio n of 15 em wide by 12 cm in the flow direction and a 
dischargc height of 5 em has produced a power output o f 110 kW for a period of2ms. 
The pulse length corresponds to approximate ly 5 flow times indicating the achieve
ment of a quasi-c \v perfonnance. The highest efficiency was nearly 18% obtained 
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by using CO:N, :Ar in the ratio of I :4:5. This low efficiency is presumably dne to 
tlIe short gain le ngth which did not allow optimum extraction of the laser medium . 
However, the experimental results reported so far gene rally support the expec ted 
perfonnance cha racteristic of the supersonic CO lase rs . 

13 . CO laser line selection 

Although some of the CO laser lines appear to have good transmission charac terist ics 
through the atmosphere, several o ther lines in the CO laser spectrum are highly atten· 
uated by atmospheric water vapour absorption. A line selec tion technique was devised 
(Bhaumik 1972) to eliminate this problem by incorpora ting a water vapour cell inside 
the laser cavity. The intracavity cell prevents the build·up of laser oscillation in the lines 
iIaving undesirable transmission characteristics. Because of the rapid rotational relaxa
tion, the energy which would have otherwise appeared in those lines, instead appears 
in the lines th3t are allowed to build up in the presence of wate r vapour. 

This technique was subsequently employed (Rice 1972) for high·pressure, pulsed 
CO lasers. The line -selec ted CO laser spectra with different water vapour pressure in 
the intracavity ceUis shown in figure 28. The numbers in km on top of the lase r lines 
indicate the e-folding distance o f that line for atmospheric transmission . The success 
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Figure 28. Spectral output ofa high·pressure e·beam stabilized electric discharge CO laser with 
different water vapour pressures in the intracavity cell . 

of the Hne selection scheme is obvious from the results presented . With adequate pres
sure in the intracavity water vapour cell, the more transmissive lines build up at the 
expense of the lines with lower atmospheric transmission. 
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