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High-Power Carbon Dioxide Lasers

Lasers in which the active medium consists of a low-pressure

gas of carbon dioxide molecules haye been used to produce

the most powerful continuous laser beams dchieved to date

ntil quite recently it was generally
l ’ assumed that the most powerful

lasers that would ever be built
would be solid-state lasers, for the simple
reason that in a solid the “lasing” parti-
cles are much more concentrated than
they are in a gas. Nevertheless, it was
recognized almost from the beginning
that solid-state lasers-have their draw-
backs. With respect to two important cri-
teria of laser performance—the spectral
purity and the spatial coherence of the
output light beam—solid-state lasers rate
rather poorly. Moreover, most high-pow-
er solid-state lasers operate only in the
pulsed mode; in other words, their pow-
er output consists of short, intense bursts
of light rather than a continuous beam.
In contrast the original atomic-gas lasers
produced continuous beams with excél-
lent spectral purity and spatial coher-
ence, but their power output was very
low compared with the power output
from the solid-state lasers.

This situation has changed entirely
with the advent of the molecular-gas la-
~sers. The outstanding example of this

new class of lasers is the carbon dioxide
laser,s which can produce a continuous
laser beam with a power output of sev-
eral kilowatts while at the same time
maintaining the high degree of spectral
“purity and spatial coherence character-
istic of the lower-power utomic-gas la-
sers. A carbon-dioxide laser was recently
used to produce an infrared beant”with
‘un output power of 8.8 kilowatts—the
most powerful continuous luser beam
achieved to date. The significince of
such a poiwer output is vividly demon-
strated by the fact that a focused infra-
red beam of a few kilowatts is capable of
cutting through a quarter-inch steel plate
in a matter of seconds [see illustration at
right].

Because of their high power output in

by C. K. N\, Patel

the infrared region of the electromag-

netic spectrum, the carbon dioxide gas
lasers have opened up a whole new

range of wavelengths for the study of

nondestructive optical interactions with
gases, liquids and solids. Such optical in-
teractions include nonlinear processes
whereby one can generate a coherent
source of infrared radiation that is con-
tinuously tunable over a range of fre-
quencies. There are in addition a va-
riety of other applications for which
high-power carbon dioxide lasers prom-
ise to be useful. Perhaps the most im-
portant potential application is in the

area of aptical communications and op-
tical radar. The carbon dioxide laser is
particularly suited for use in both ter-
restrial and extraterrestrial communica-
tion systems becausé the infrared bewm
it produces is only slightly absorbed by
the atmosphere. In this article T shall
attempt to explain the physics nnderly-
ing the. operation of this new type of
high-power gas lasers,

In gel.lern] a gas laser consists of . low-
pressure gas-filled vessel (called the

laser tube) located between two mirrors

that form an “optical cavity.” The gas in

HIGH-POWER INFRARED BEAM from the Redstone Arsenal rarbon dioxide haser is
shown burning a hele through a quarter-inch-thick stainlesssteel plate--a job that tekes
about 10 seconds. The infrared beam emerges through the slanted Brewster window at the end ‘
of the laser tube tleftt and passes through a partially reflecting end mirror before ~trik.
ing a concave mirror (right ), which focuses it on the steel plate {center ). The thermal appii-
cations of the high-power carbon dioxide lasers hold considershle promise for industry but ure
regarded as secondary to the potential use of such lusers in optical t‘onmmpisnlimA syrlems.
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the tube (called the laser medium) can
consist of atoms, metallic vapor or mole-
cules. Laser action is usually obtained in
the gas by subjecting it to an electric dis-
charge; the energetic electrons provided
by the discharge collide with the active
gas particles, exciting them to higher en-
ergy levels from which they spontane-
ously descend to lower energy levels,
emitting their excess energy in the form
of photons, or light quanta. In order to
achieve the optical “gain” that charac-
terizes laser action it is necessary that
the “population density” of particles in
the upper energy level exceed that in the
lower energy level. This condition is
known as population inversion, since it
is the inverse of the normal, or nonex-
cited, state of affairs. In order to achieve
a high output power on a given transi-
tion between a pair of energy levels, it is
also necessary that the absolute number
of atoms excited to the upper laser level
be ]arge and that' the gas particles leave

by

a.

()

the lower laser level just as fast as they
arrive from the upper level. In other
words, the “depopulation,” or de-excita-
tion, of the particles in the lower laser
level is just as important as the excitation
of particles from the ground state to the
upper laser level, since a particle that
has already contributed to the laser out-
put must return to the ground state be-
fore it is available again for excitation to
the upper level in order to produce addi-
tional laser power.

The energy expended by particles in
dropping from the lower laser level back
to the ground state contributes nothing
to the power output of the laser. Hence
a certain amount of energy is wasted for
every particle that makes the laser transi-
tion. This fact suggests an obvious yard-
stick for judging the efficiency of a
particular laser system. The amount of
energy wasted by a particle in returning
from the lower laser level to the ground
state is equal to the difference between
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The vibrational state of the molecule is accordingly described by three quantum numbers,
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*vibrational quarits-in the symmetric stretch mode, v, the number of vibrational quanta in
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the energy needed to excite the particle
to the upper laser level and the energy
of the photon of light that is emitted
when the particle-makes the transition
from the upper laser level to the lower
laser level. It follows that the ratio of
these two (quantities—the emitted energy
divided by the excitation energy—is a
measure of the efficiency with which a
given laser system can operate. The sit-
uation in which every particle that is ex-
cited to the upper laser level contributes
one photon of laser radiation is of course
ideal; it assumes that other mechanisms,
such as transitions to cther lower energy
levels, are negligible for de-exciting a
particle in the upper laser level. Thus the
ratio of the energy of the emitted pho-

. ton to the energy of excitation is actually

the absolute maximum efficiency (or, as it
is sometimes called, the quantum effi-
ciency) of the laser system.

In practice the efficiency of an operat-
ing gas laser is considerably lower than
its quantum efficiency, since no perfect
means exist for selectively exciting the
gas particles from the ground state to the
upper laser level. Take the case of exci-
tation by means of a collision between
an atom and an energetic electron in a
gas discharge. The electron must have a
certain energy to excite the atom to the
upper laser level. Unfortunately in a gas
discharge the electrons do not all have
the same kinetic energy; instead they
are distributed continuously over a wide
range of kinetic energies. Hence one can-
not help but excite atoms not only to the
upper laser level but also to other levels
(either higher or lower than the upper
laser level), from which they would not
contribute to the laser output. The result
is that only a fraction of the input electric
power needed to produce the discharge
is effective in exciting the atoms to the
upper laser level. If we define the work-
ing efficiency of a laser as the ratio of the
output power of the laser beam to the
input power of the electric discharge,
then the working efficiency will always
be much lower than the quantum effi-
ciency. The closer a laser approaches the
ideal system in terms of the selectivity
of the excitation mechanism, the closer
the working efficiency will approach the
quantum efficiency. Or, in a somewhat
different perspective, a high quantum ef-
ficiency, combined with a selective exci-
tation mechanism, is the prescription for
obtaining a high working efficiency in a
practical laser.

The first gas laser was operated at the
Bell Telephone Laboratories in 1961.
It operated on a transition between two



excited states_of atamic neon and pro-

duced a btnong l.nel osu]]atmn at_a.

w.welength of 1.15 mguons Laser dCtl()n
has since beeq obtamed usmg almost. all
the. eTements ~and covenng the wave-
lengfh range from 2,000 angstmm units
(.2 micron) in the J.l]tmv10]et region, of
the spechum t() 133 mluons m the, in-
fx dl ed 1egum .

The ene: gy- 1eve] épectm of moleuuhu
gtmes are eons:demb]y more L()H]P]l(dt(’(]
than those of atomic gases. Iy addition
to the familiar electLonu energy | levels, a
mo]ecu]e (,an also have . enelgy levels
Qrising “from ‘the v1bmtxonal motion and
the rotational motion of the molecule
[scv illustration at mght] Thus for a giv-
en glectronic configuration of a diatomic
(two atom) molecule, say, the:e are sev-
eral ahmost equally spaced v:bnanmml
eneigy levels, and for each of the vibra-
txo,nal Ievels thele are a number of rota-
h()n"LJ levels The spacmgs of the elec-
tmmc cenergy levels for molecules are
cgmpamble ta those for atoms but the
v;bmnom\l dl]d lptatloua! spacings are
t}y[mally smaller by, factors of 20 and 500.
A8 axesult. ﬂixa gner gy -level. sqbpme Qf a
mp]eculax gAsis. e:gt;emely agmplicated.

; The first m@decqtlalngaa;hse; oscilla-
txon ‘was obteqped from. elec,tlpmrc transi-
tions.of number. of diatomic gases, Ob-
vnoudy, howeyex .one Gan also have tran-
sitions hetween two. d.xffe; ent xqu[nona,l
lexels of the.same gLect}myc level of: the
molecule. Sych transitigns in turp, actyal-
ly..ocaur, bet gen; two. yetational leyels
helonging:tg a; twod:(fez;en}{ vibrational
lgvelsuMmegvm, hﬂc&uge,of the. increas
ang. ,sp,u,u,gg -pf :the rotational levels in, a
vibratipnal, level .md begause of a quap-
tum-mechanical sglection rule.that in the
simplest, case allows, only those: transi-
tions involving a change in the rotational
angular momentum equal to =h/2x (h is
Planck’s constant), such transitions be-

tWeei two vibritionial levels result i a” ™

v}'bmtionnl-rotationul band [see _illust‘ra—
tiors on next page). The center of the band
cprresponds to the spacing between the
vibrational levels in the absence of any
rotational energy; the transitions on the
long-wavelength side correspond to a
change of +h/2m in angular momentum
and are called the P-branch transitions,
whereas those on the short- wavelength

side involve a change of —h/2r in angu—“

lar momentum and are called the R-
branch transitions. As the illustration
shows, theP-branchiand:R-branch tran-

sitions-dre- a’lmu'st‘éq‘ﬁﬁ]iy spaced. These.
vibrational-rotational transitions, whmh-

ésylt fh infr,ued efmssmn, “ate"

usua{ly

the” bas‘u of all the’ cuxrent breed’ of‘

hngh power molecuf.u -gas ]usexs. o
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ENERCY LEVEL DIAGRAMS of an atom and a molerule are compared. In an atom the
electronic energy levels between which infrared transitions can occur are situated near the
atomic ionization limit—far above the ground state of the atom. As a result the atom haste be

- excited to a very high energy in order to produce laser action, which in turn results in the
" emission ef a photon with a comparatively small amount of energy. Thus the use of atomic

gases wastes a great deal of energy and results in a low quantum efficiency. In a molecule,
on the other hand, the vibrational levels of the electronic ground state are very close to
the ground level of the molecule; hence the photon energy is a sizable, fraction of the to1. al

;‘ enerqy needed to excite the molecule from the ground state to the upper laser level. This re-
_sultsina much hlgher quantum eﬂ’lclen( y.The enlargemenl at nghl shows that the Vll)ra[lol]dl

levels of ghe molecule’s electronic ground state are in turn. composed of a number of rotation-
al energy levels Eue to the rotation of the molecile. The number with.each levefmdlcaleu that
fevel s rotnhonnl angular momenlum ln units of h/21r. Two of the allowed mfrared lrnn.



“ I should like to explain now how it was
that I came to build and operate the first
continuous-wave molecular-gas vibra-
tional-rotational laser at Bell Laborato-
ries a few years ago. In the course of our
investigation of laser action in atomic
_ gases it became clear that if the aim was
“to obtain large power output in the infra-
. red region (that is, at wavelengths longer
than a few microns), the atomic gases
were far from the ideal system. This is
primarily so because for most atomic
gases the electronic energy levels be-
tween which infrared transitions can oc-
cur are situated close to the atomic ion-

ization limit—far above the ground state -

of the atom. As a result the atom has to
be excited to a very high energy level in
order to produce laser action, which in
turn results in the emission of a photon
with a comparatively small amount of
energy. Thus the use of atomic gases re-
sults in a low quantum efficiency and
consequently a low working efficiency.
Such a system has another very serious
drawback. Close to the ionization limit
of an element the energy levels corre-
sponding to different electronic configu-
rations are situated in a very small en-
ergy range; as a result eléctron-impact
excitation, which is the mechanism for
producing laser action in gas discharges,
would be highly nonselective -and the
population density of atoms in the upper
laser level would be very small. This will
turther limit the power output and result
in an even lower working efficiency,
since a significant fraction of the ener-
getic electrons capable of exciting atoms
to the upper laser level are lost in excit-
ing atoms to other levels nearby. Typi-
cally an atomic-gas laser operating at a
wavelength of about 10 microns pro-
duces only a few milliwatts of power and

has a working efficiency of about .001

" percent.

The situation is entirely different when
one is dealing with molecules; the vibra-
tional-rotational levels belonging to the
electronic ground state of a molecule

.are ideal for efficient and powerful laser

systems in the infrared . The vi-
bnﬁonallevelsoftheelectronicground
state are very close to the ground level
of the molecule and thus the laser

energy is a sizable fraction of the total
energy needed to excite the molecule
fram the ground state to the upper laser

level. The result is a very high quantum -

efficiency compared with that of an

atomic-gas infrared Jaser. In addition,

since the vibrational Jevels are close to
the ground state of the molecule, almost
all the electrons préeent in a discharge
will be effective in the excita-
tion process. This fact ensures a high
working efficiency as well as a high pow-
er output, because now one can obtain
a large population density of molecules
in the upper level.

It was on this basis that I origim]ly de-
cided to investigate the possibility of
laser action using the vibrational-rota-
tional transitions of the electronic
state of carbon dioxide. Diatomic mole-
cules appeared to be less suitable for
continuous-wave laser oscillation be-
cause of the unfavorable lifetime of
diatomic molecules excited to the vari-
ous vibrational levels of the electronic
ground state. Carbon dioxide was chosen

" for two reasons: it is one of the simplest

of the triatomic molecules, and a large
amount of spectroscopic information al-
ready existed about its. vibrational-rota-
tional transitions. The carbon dioxide
molecule is linear and symmetric in con-

figuration and has three degrees of vibea-
tional freedom [see illustration on page
24]. In one degree the atoms of the mole-
cule vibrite along the intemuclear axis
in a symmetric manner. This mode of vi-
bration is called the symmetric stretch
mode and is denoted v,, In another sym-
metric mode of vibcation the oscillation
of the atoms is to the in-.
ternuclear axis. This mods is called the
bending mode and is denoted vy. Final-
ly, tlmisanasymmcﬁcmmhmo&
of vibration along the internuclear axis;
this mode is denoted v,. By the rules of
quantum mechanics the energies of the
vibrations are quantized and are all dif-
ferent. :
Intheﬁrstapproxﬁnaﬁontlmethm
modes of vibration are independent of .
one another. As a consequence the car-
bon dioxide molecule can be excited to

“have any linear combination of the three

individual modes. of vibration. Therefore
the vibrational state of the molecule must
be described by three quantum numbers,
0, ©2 and vy, which represent the quanta
of tbe V1, ¥g and V3 modes of vibration to ]
which the molecule is excited. The de-
scription of a given vibrational level
would accordingly take the form (vyve0,),
where v, describes the number of vibra-
tional quanta in the etric stretch
mode, vy the number of vibrational

" quanta in the symmetric bending mode

and v, the number of vibrational quanta
in the asymmetric stretch mode. .
In the energy-level diagram of spme
of the low-lying vibrational states of car-
bon' dioxide [see illustration on opp
page] the rotational substructure of each
of the vibrational levels has been exclud-
ed in order to keep the diagram relative-
ly uncluttered. The rotational levels are
spaced much closer than the vibntioh‘al
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LASER OSCILLATION arising from transitions between two rota-
tional energy levels belonging to two different vibrational levels
of the same electronic level of carbon dioxide leads to the emission -
of infrared light at a number of different w-velcn'll:s, which form
what is called a vibrational-rotational band. The curye shows the -
_ positions of the transitions as chserved in: the absorption spectros-
copy of unexcited carbon dioxide gas. The center of the band corre-

WAVELENGTH (MICRONS)

sponds to the spacing between the vibrational levels in the absence of
any rotational energy; the transitions on the long-wavelength side
correspond to a change of +A/2x in rotational angular momentum
and are called the Pbranch transitions, whereas those on the short-
wavelength side involve a change of —A/2x in rotstional angular
momentum and are called the R-branch transitions (h is Planck's
constant). The band shown here produces 10.6-micron radiation.




states. The various vibrational levels
with different quanta in modes v, v;
and vy form almost equally spaced lad-
ders, although only the lowest states
(those with only one or two quanta of vi-
brational energy) are shown. For a num-
ber of reasons, such as the lifetime of
carbon dioxide molecules in various
states and the probability of excitation
by electron impact from the ground
state, the level designated 001 is suitable
for the upper laser level, and the 100
and 020 levels form the lower laser lev-
els. The molecules that arrive at the

lower levels decay to the ground state

through radiative and collision-induced
transitions to the lower 010 level, which
in turn decays to the ground state. The
001 — 100 vibrational-rotational transi-
tions produce infrared radiation near
10.8 microns, and the 001 — 020 transi-
tions produce infrared radiation near 9.6
microns. Accordingly the quantum effi-
ciency of a 001 — 100 laser would be
hearly 40 percent, whereas that of a
001 — 020 laser would be about 45 per-
cent. It is this high quantum efficiency
and the possibility of selective excitation
to levels that are close to the ground lev-
el that originally made the system attract-
ive to investigate and that has made it
possible for us to reach practical efficien-
cies on the order of 20 to 30 percent.

In our earliest experiments the laser
tube was filled with pure carbon di-
oxide at a pressure of about one torr (one
millimeter of mercury). The electric dis-
charge was produced by applying a
high-voltage direct current across. a sec-
tion of the tube. In such a discharge
a large number of collisions- occur be-
tween energetic electrons and the carbon
dioxide molecules. A few of the most
energetic electrons cause the carbon
dioxide molecules to dissociate, that is, to
break up into carbon and oxygen atoms.
The threshold for this process, however,

is quite high, and the number of elec-

trons possessing this large amount of
kinetic energy is very small. The lower-
energy electrons, which far outnumber
the high-energy electrons, cause the car-
bon dioxide molecules to be excited to
various vibrational levels. As it happens,
the electrons preferentially excite the
carbon dioxide molecules to the 00v4
levels, that is, to the almost equally
spaced levels of the v; ladder.

1t should be remembered that the up-
per level for the laser oscillation at 10.6
microns is the one with vy equal to
1. Does this mean that the carbon di-
oxide molecules that are excited to the
higher states of 00u; (those with vs

ENERGY (ELECTRON VOLTS)
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ADDITION OF NITROGEN GAS to a carbon dioxide laser results in the selective excita-
tion of the carbon dioxide molecules to the upper laser level. Since nitrogen is 2 diatomic
molecule it has only one degree of vibrational freedom; hence one vibrational quantum
pumber (v) completely describes its vibrational energy levels. Nitrogen molecules can be
efficiently excited from the v=0 level to the v=1 level by electron impact in a low.
pressure nitrogen discharge. Since the energy of excitation of the Ny(v = 1) molecule nearly
equals the energy. of excitation of the CO, (001) molecule, an efficient transfer of vibrational

.energy takes place from the nitrogen to the carbon dioxide in eollisions between Ny(v =1)

molecules and CO,(000) molecules. In such a collision the nitrogen molecule returns from
the v =1 level to its ground state by losing one quantum of its vibrational energy, there-
by exciting the carbon dioxide molecule from its ground state to the 001 level. The
carbon dioxide molecule can then radiatively decay to either the 100 level or the
p20 level, in the process emitting infrared light at 10.6 or 9.6 microns respectively.

greater than 1) will not contribute to
laser action, thereby reducing the ef-
ficiency and power output of the system?
In reality this does not happen because
the O0vy levels are almost equally
spaced, and as a consequence a collision
between a CO,(00vg) molecule and a
CO,(000) molecule results in an efficient

transfer of vibrational energy from the .

excited molecule to the unexcited mole-
cule. The CO,(00v;3) molecule loses one
quantum of v vibrational energy and be-
comes a CO,(00vg — 1) molecule, while
the CO,(000) molecule gains that quan-
tum of energy and becomes a CO,(001)
molecule, or in othér words a molecule in
the upper laser level [see upper illustra-
tion on next two pages].

This process is resonant in the sense
that there is a redistribution of the en-
ergy of the excited molecule without any
loss of the total internal energy by its
conversion into kinetic, or thermal, ener-
gy. This means that the efficiency of con-
verting the CO,(00v,) molecules into
CO,(001) molecules with no loss of en-
ergy is very high. Therefore in practice

*

one should be able to excite carbon di-
oxide molecules to the required upper
laser level quite efficiently by electron
impact in a gas discharge.

The C0O,(001) molecules can now, for
example, emit a laser photon at 10.6 mi-
crons and go to the 100 level, from
which they have to be retumed to
ground state before the molecule can be
utilized again for producing a laser pho-
ton. The molecules at the lower laser
level are de-excited essentially through
collisions with other molecules. Again
the possibility of resonant vibrational
energy transfer plays an important role.
The lower laser level has nearly twice the
energy required to excite the carbon di-
oxide molecule to the 010 vibrational
level. As a result a collision that involves
a CO,(100) or CO,(020) molecule with a
CO0,(000) molecule will efficiently re-
distribute the vibrational energy be-
tween the two molecules by exciting
both of them to the CO4,(010} level [see
lower illustration on next two pages).

Because of the resonant nature of this
collision the vibrational de-excitation of



the lower laser level is quite efficient.
The de-excitation process is not yet com-
plete, however. The CO.,(010) molecules
still must be de-excited to the ground
state before they can again take part in
the laser emission. The de-excitation of
CO0,(010) is also governed by collisions,
but this time the collisions are nonreso-
nant ones in which the energy of the
C0.(010) molecules has to be converted
into kinetic energy. Such collisions can
involve other CO, molecules, foreign gas
particles or the walls of the laser tube.
Because of the nonresonant nature of
this vibrational energy conversion into
kinetic energy the de-excitation of the
C0.(010) molecules can be slow and
cause a “bottleneck” in the overall cycle

of excitation and de-excitation, thereby
reducing the efficiency and the power
output. Even for the pure carbon dioxide
laser 1 originally tested, the de-excita-
tion mechanism was sufficiently fast to
allow strong laser oscillation on the
001 -» 100 and the 001 - 020 vibra-
tional-rotational transitions respectively
at 10.6 and 9.6 microns. It was found
that because of their larger emission
probability the 10.6-micron transitions
are stronger than the 9.6-micron transi-
tions by about a factor of 10. For the rest
of the article we shall be concerned only
with these 10.6-micron transitions.

It is quite clear that electron-impact
excitation that occurs in a pure car-
bon dioxide discharge cannot produce

the highly selective excitation of the
molecules to the upper laser level that is
required for obtaining a practical ef-
ficiency approaching the quantum ef-
ficiency of the system. The reason is that
the electrons can also excite the carbon
dioxide molecules to levels other than
the 00z, level, causing a reductum in
efficiency as well as P()\VEI output.. For
high efficiency w hat is needed is some
form of selective excitation of the carbon
dioxide molecules to the upper laser
level. Such a selective excitation occurs
when nitrogen gas is added to the c‘ubon
dioxide laser. '
The usefulness of mtmgen can be ex-
plained by 1efenmg to the energy-level
diagram of the low-lying vibrational
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EXCITATION MECHANISMS capable of raising carbon dioxide
molecules to the upper laser level (in this case the 001 level) are
shown. In an electric discharge the collision of an unqxciled, or
000, molecule with an energetic clectron can raise the carhon di-
oxide molecule to the 001 level directly (a). Alternatively such a
collision can excite the 000 molecule to a 00v, level. where the v,

. or asymmetric stretch, mode has more than ¢ne quantium of vibra-

tional energy; im.this case subsequent cellisions with unexeited

. molecules result in the transfer pf :mgle guanta of;: vlbratlonal en-

ergy to the unexcited mole(u]es raising them to the 001, level (b)
In a carbon dioxide- mlrogen laser collisions hetween nbmtlondlly
excited nitrogen molecules’and unexcited carbon dioxide molecules
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DE-EXCITATION MECHANISMS capable of “depopulating” the

lower vibrational levels of carbon dioxide can result in an in-
creased Jaser power. Two such de-exciting collisions are shown

“here, In « the collision of an excited 100 1 nolecule w nh A Unexcite
ed 000 molecule leaves both molecules at the 010 Tevel, In b a mole-
cule at the 010 level can in wurn collide with Foreign gas }\drll(lea



levels of the electronic ground state of
molecular nitrogen [sce illustration on
page 27). Since nitrogen is a diatomic
molecule, it has only one degree of vi-
brational freedom; its vibrational energy
levels are described by quanta of ener gy
arising from vibrations along the inter-
nuclear axis alone. Accordingly one vi-
brational quantum number completely
describes the vibrational levels of the ni-
trogen molecule. Because nitrogen is a
hcmonuclear, diatomic molécule, molec-
ular nitrogen excited to various vibra-
" tional levels of the electronic ground
state cannot decay radiatively or through
collisions, and it is therefore extremely
long-lived.

Nitrogen molecules are efficiently ex-

ELECTRON
e
CQO,(001)
CO,(001)
—CO—D
- COJOOV)

can raise the carbon dioxide molecules to
the 001 level by transferring one gquantum
of vibrational energy from the nitrogen
molecule, which can have initially. either
one (¢) or more than one (d) quanta of
vibrational energy going into the collision.
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FOREIGN

GAS PARTICLE
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(or with the walls of the laser tube) and

thereby return to the ground state, where
it is available to be excited once again.

_ KINETIC ENERGY

cited from the v =0 level to various

~higher vibrational levels primarily by

electron impact; they can also be excited
by cascading from higher -electronic
states and by the recombination of dis-
sociated nitrogen atoms. In a Jow-pres-
sure nitrogen discharge one can excite
approximately 30 percent of the nitrogen
molecules to the v = 1 level. Since the
energy of excitation of the N.{v=1)
molecule nearly equals the energy of ex-
citation of the CO.,(001) molecule, one
would expect an efficient transfer of vi-
brational energy from the nitrogen to the
carbon dioxide in collisions between the
Nu(v = 1) molecule and the CO.(000}
molecule. In such a collision the nitrogen
molecule returns from the v = 1 level to
its ground state by losing one quantum
of its vibrational energy and the carbon
dioxide molecule is excited from its
ground state to the 001 level. Because of
the resonant nature of this collision proc-
ess, the selective excitation of carbon di-
oxide molecules to the upper laser level
should be very efficient.

Furthermore, the higher vibrational
levels of the nitrogen molecule are nearly
equally spaced as are the CO,(00u;) lev-
els. Hence, in collisions involving Nu(v)
and CO4(000) molecules efficient vibra-
tional energy transfer can take place in
which the excited Ny(v) molecule loses
t’ quanta of vibrational energy and is de-
excited to the Nu(v — v’) level while the
CO,(000) molecule gains the v’ quanta
of vibrational energy and is selectively
excited to the CO.(00v; =v") level.
Since the spacing between the energy
levels of the N,(v) ladder and -the

- CO.(00uv,) ladder is nearly equal, these

collisions involve resonant vibrational
energy transfer and the process is very
efficient. The CO,(00¢,; = ¢’) molecules
are then converted into C0O.,(001) mole-
cules (that is, into the upper-laser-level
molecules} through the resonant col-
lisions discussed earlier. In the end one
has efficient selective excitation of car-

bon dioxide molecules to the upper laser ‘

level, and one should expect a significant
increase in efficiency and power output
from a carbon dioxide—nitrogen laser as
compared with a pure carbon dioxide
laser.

The first experiments to verify this

hypothesis were carried out in the
system shown on page 32. The gases
in the system are continuously flowing.
There is no electric discharge in the in-
teraction region, where the laser action
is expected to take place. Nitrogen enters

through one port and passes through the

excitation region, where an electric, dlb-

gr N

charge is produced by means of an os-
cillating electric field or a high-voltage
direct current. The nitrogen molecules
are excited to various vibrational levels
of the electronic ground state as the
nitrogen passes through the discharge
region,

Since this is a continuous-flow system,
the nitrogen molecules that have been
subjected to the discharge are pumped
into the interaction region in‘times that
are short compared with the average

~ lifetime of a vibrationally excited ni-

trogen molecule. Hence the nitrogen gas
entering the interaction region will con-
tain a significant fraction of nitrogen
molecules that are still excited and that
remain in the vibrationally excited levels
of the electronic ground state. Carbon
dioxide entering through another port
mixes with the nitrogen coming through
its port. As described above, vibrational
energy transfer from nitrogen to carbon
dioxide results because of the collisions
involving the vibrationally excited ni-
trogen molecules and the ground-state
carbon dioxide molecules. Carbon di-
oxide molecules are thus selectively ex-
cited to the upper laser level. Notice
that there is no other form of excitation
in the interaction region for exciting the
carbon dioxide.

Strong laser - oscillation can be ob-
tained in this system on the vibrational-
rotational transitions of carbon dioxide
even though no discharge is present in
the interaction region. After the carbon
dioxide molecules have contributed to
laser oscillation the continuous-flow sys-
tem pumps out all the de-excited mol-
ecules, and fresh nitrogen discharge
products and carbon dioxide enter to
continue the laser oscillation. The
strength of the laser oscillation proved
the effectiveness of using vibrationally
excited nitrogen molecules for selective
excitation of carbon dioxide molecules
to the upper laser level. By mixing nitro-
gen and carbon dioxide together in a
laser tube, with the discharge in the laser
region, conversion efficiencies as high as
5 percent have been demonstrated.

Increasing de-excitation of the lower
laser levels by removing the “bottle-

-neck” at the 010 level of carbon dioxide

can also result in increased power out-
put as well as higher efficiency from the
carbon dioxide laser. Earlier I mentioned
that de-excitation of the CO,(010) mole-
cules takes place by conversion of the -
energy of the CO.(010) molecutt into
kinetic energy duri ing a (01]197011 ‘with an-
other particle. The mtv “at which this
(;Q;exq;ggtion{p_mgggss p;ogeeds dePends
on. the nature of the ather,patticle. For




example, carbon dioxide itself has about
100 de-exciting collisions per second at a
pressure of one torr, whereas helium at-
oms have some 4,000 (and water mole-
cules some 100,000) de-exciting transi-
tions per second at the same pressure.
Thus we have another method for in-
creasing the power output and efficiency
of the nitrogen~—carbon dloxide laser sys-
tem.

It was found that in order to obtain
an extremely high continuous power out-
put at a high efficiency it is necessary
to use additional gases in the discharge
tube. Gases such as oxygen, water vapor,
hydrogen and helium give rise to in-
creased power output. The increase is
understood in terms of two effects: (1)
the increased rate of de-excitation of the
lower vibrational levels of the carbon

dioxide molecules and (2) the increase in
the rate at which carbon dioxide mol-
ecules are excited to the 001 level, either
directly by electron-impact processes or
indirectly by increasing the excitation
rate of the vibrationally excited nitrogen
molecules. Both processes for increasing
the excitation of the carbon dioxide mol-
ecules to the upper laser level are likely
if the density of electrons in the dis-
charge is increased and also if the energy

distribution of the electrons changes to-

make it more favorable for exciting the
carbon dioxide molecules to the 001 level
directly and for faster productmn of
N(v) molecules, .

Helium seems to-be important on both
counts and is the most widely used third
gas. Water vapor and hydrogen are use-

ful only in terms of the first effect. Car--

ENERGY =2

RELATIVE POPULATION DENSITY ——>

BOLTZMANN DISTRIBUTION of the population densities of lhe- rotational energy levels .

of the 001 vibrational level of carbon dioxide results from the fact that during its lifetime
in a given vibrational level a molecule undergoes a large number of rotational thermalising
collidions, hopping around from one rotational level 1o another about 10 million times
per second. The herizontal scale shows the population densities of the rotational levels at
about 400 degrees Kelvin. Vertical energy scale shows the position of each rotational level.
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bon monoxide seems to be important
from both the excitation and the de-exci-
tation points of view. Using a carbon
dioxide pressure of three torr, a nitrogen
pressure of three torr and a helium pres-
sure of about 20 torr, a continuous-wave
power of some 80 watts per meter of dis-
charge length has been obtained at a
wavelength of 10.6 microns. The work-
ing efficiency in this case is in excess of
20 percent.

A present most of the high-power car-
bon dioxide lasers have the gases

. flowing at a slow rate through the laser

tube. Some of our early experiments at
the Bell Laboratories and more recent
experiments at the Philips Research Lab-
oratory in the Netherlands have shown,
however, that it is possible to make
sealed-off carbon dioxide lasers if suf-
ficient care is taken in preparing the

- tube and if the proper gas mixtures are
‘used. These lasers are capable of produc-

ing just as much power output as the
ﬂowmg -gas systems, and the efﬁcnency
is quite comparable.

Typical carbon dioxide lasers are
about two meters long and can produce

- continuous-wave laser power of about

150 watts. There is nothing to prevent
one from making a very long laser in
order to obtain much higher power out-
puts, since the power output increases
linearly with length. In fact, workers at
the Raytheon Company have construct-
ed a “folded” carbon dioxide laser that is
600 feet long. This laser has produced
continuous-wave power as high as 8.8
kilowatts. The power output of the laser
has thus finally caught up with the fan-
tasies of science fiction, and the thermal
effects of such output are certainly awe-

some.

The experimental setup shown in the
illustration on page 32 is useful in study-
ing laser action in molecular gases that
are unstable, that is, gases that dissociate
easily under direct-discharge excitation
and/or require an extremely selective
excitation for continuous laser operation
(for example the diatomic gases). The
advantage here is that there is no dis- -
charge in the laser region and thus the

.only levels of the active gas that can be

excited are those whose energy coincides
with the vibrationally excited nitrogen
molecules. In this way continuous laser
oscillation was achieved on vibrational-
rotational transitions of carbon monoxlde
(CO) at five to six microns, 3n nitrous
oxide (N;O) on the 001 — 100 transi-

- tions near 10.8 microns and in carbon

disulfide (CS.) on the 021 — 120 tran-
sitions near 11 microns.




The carbon monoxide laser is particu-
larly interesting from the spectroscopic
point of view. We are now able to ob-
serve transitions among vibrational levels
as high-as v = 25 in the electronic ground
state—transitions that have never been
‘observed before. Nitrous oxide, which is
similar in its vibrational modes to car-
bon dioxide, has the capability of gen-
erating high continuous-wave power at
an efficiency comparable tp that of the
carbon dioxide system; it has not, how-
ever, been investigated in detail as yet.
In any case, the technique of selective
excitation for obtaining high power out-
put and high efficiency appears to be
generally applicable.

Other techniques for obtaining vibra-
tional excitations in molecules include
chemical reactions, heating of gases by
flames or burners and optical excitation
by matching optical radiation obtained
from discharge or flames. These other
means have not yet been exploited to
any great extent but they do hold prom.-
ise. The fact that the discharge excita-
tion of the carbon dioxide laser is ca-
pable of a conversion efficiency of more
than 20 percent, however, poses a for-
midable challenge to new techniques in
terms of practical applications.

So far 1 have described the mecha-
nisms of excitation and de-excitation
that result in the extremely high power
output of carbon dioxide lasers,” but I
have said nothing about the spectrum of
the power output. As I have mentioned,

the transitions between two vibrational

levels occur in the form of a band con-
sisting of P and R branches, because of
the closely spaced rotational levels of
both the upper. and thé lower laser vi-
brational levels. Does this imply that the
power output from the carbon dioxide
laser occurs at a number of frequencies
corresponding to the discrete P-branch
and R-branch transitions simultaneous-
ly? If the power output were to occur at
a number of frequencies, the laser beam
would not be truly monochromatic and
its usefulness in areas such as communi-
cations would be limited. In reality the
power output from a high-power carbon
dioxide laser car usually be made to
occur on a single P-branch transition,
usually P(20) at 10.5915 microns, with-
out any trouble, in spite of the fact
that the 001 — 100 vibrational band
contains a number of possible P-branch
and R-branch tramsitions. This is ac-
complished by exploiting some rather
subtle “competition effects” that take
place between the P-branch and the R-
branch transitions—a stratagem that in-
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UPPER ROTATIONAL LEVEL (J) OF 001 VIBRATIONAL LEVEL

COMPETITION EFFECTS among the various possible vibrational-rowational laser transi-
tions of catbon dioxide usually result in one P-branch transition dominating. This set of
curves shows the amount of gain (or loss) on a number of P-branch transitions (color) and
R-branch transitions (black) of a given vibrational band. The number associated with
each curve gives the ratio of the total papulation density in the upper, or 001, vibrational
laser level to the total population density in the lower, or 100, vibrational laser level.
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CONTINUOUS-FLOW SYSTEM was used by the author to verify
the hypothesis that a carbon dioxide-nitrogen laser would be more
efficient than a pure carbon dioxide laser. Strong laser oscillation .
was obtained in this system on the vibrational.rotational transi-

creases the usefulness of the carbon
dioxide laser tremendously.

It is important to observe that the
energy spacings between the various
vibrational levels are usually much
greater than the kinetic energy of the
molecules (which is on the order of .025
electron volt at room temperature). The
spacing of the rotational energy levels,
on the other hand, is smaller than the
kinetic energy. Thus the population den-
sity of a particular rotational level in a
given vibrational level is not indepen-
dent of the population density of other
rotational levels, since every single colli-
sion can result in an exchange of energy
equal to the rotational-level spacings.
As a result the molecule can jump
around from one rotational level to an-
other very frequently. The frequency of
this hopping around (also known as the
rotational thermalization rate} is in ex-
cess of 10 million hops per second for the

" gas pressures at which the lasers operate.
Since the spacing of the vibrational en-
ergy levels is much larger than the ki-
netic energy of the molecules, however,
the vibrational thermalization rate is
very small: about 1,000 per second. The
vibrational-level lifetime, including ra-
diative and collisional relaxation, is
about a millisecond whereas the rota-
tional thermalization time is consider-
ably shorter: about 10-7 second. This
implies that during its lifetime in a vibra-
tional level a molecule undergoes a very
large number of rotational thermalizing
collisions. This gives rise to a Boltzmann
distribution of the molecules among the

TO PUMP

various rotational levels of a vibrational
level [see illustration on page 30].
Under the above conditions governing
the population densities of the rotational
levels one can calculate the amount of
gain (or loss) on the various P-branch and
R-branch transitions of a given vibration-
al band [see illustration on preceding
page]. From such a calculated set of
curves the following useful conclusions
can be easily reached: (1) Some P-branch
transitions show gain even when the
total vibrational population density in
the lower laser level exceeds that in the
upper level. This situation is called “par-
tial inversion,” since the BR-branch transi-
tions do not show gain. (2) When the
total vibrational population density in
the upper laser level exceeds that in the
lower laser level, both P-branch and R-
branch transitions show gain. This is
called “complete inversion.” (3) Even for
the case of complete inversion, an R-

branch transition always has less gain

than a P-branch transition starting from
the same upper rotational level.

Let us now see what practical effects
one can observe from the above conclu-
sions. While it is true that gain occurs on
a large number of transitions simul-
taneously, the existence of a Boltzmann
distribution requires that the change of
population density of one rotational level
affect the population density of all ro-
tational levels in order to maintain the
Boltzmann distribution. The rotational

_transition with the highest gain—in this

case transition P(22)—will start oscillat-
ing first. This will be the strongest P-
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tions of carbon dioxide even thonmgh no electric discharge was
present in the interaction region, thereby proving the effectiveness
of using vibrationally excited nitrogen molecules for selective
excitation -of carbon dioxide molecules to the upper laser level.

branch transition, since the R-branch
transitions have lower gain. When this
occurs, the rate at which molecules are
removed from the J = 21 rotational level
increasas because of the stimulated emis-
sion on the P(22) transition. But the
requirement of the Boltzmann distribu-
tion will result in a transfer of molecules
from other rotational levels to the J = 21
level and the population density of all
the rotational levels decreases even
though the laser oscillation on P(22)
drains the molecules from the J = 21
level. This results in a very strong com-
petition among the possible laser transi-
tions and usually one P-branch transi-
tion dominates.

As a result of our newfound mastery
of these competition effects, the power
output from a high-power continuous-
wave carbon dioxide laser can be made
to occur on a single rotational transition
of the 001 — 100 band, thereby ensuring
that the high-power output is both ex-
tremely coherent and extremely mono-
chromatic.

Oscillation is possible on the weaker
P-branch or R-branch transitions pro-
vided there is sufficient gain and a wave-
length-selecting element such as a grat-
ing or a prism is introduced in the laser
cavity to prevent the stronger transition
from oscillating. Because of the strong
competition, one obtains nearly the same
amount of power output on any transi-
tion that one selects for oscillation, using
the wavelength-selecting device.

-In addition, because of the long life-
time of the vibrational levels responsible

Fathd
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for laser oscillation in carbon dioxide, we
cari store energy in the discharge medi-

" um for about a millisecond by blocking

the path of the laser beam within the
résonator and thereby preventing the

" laser ogcillation. If the block is suddenly

removed, then the output from the laser
occurs in the form of a sharp pulse whose

. peak power is usually 1,000 timés larger

than the average continuous-wave pow-
er obtainable from this laser. This mode
of operation is called Q-switching. The
Q-switching is mos’t‘léasily accomplished
by replacing one of the laser-cavity mir-
rors with a rotating mirror [see illustra-
tion' below]. The laser operates every
time the rotating mirror lines up with the
opposite stationary mirror, putting out an
infrared pulse at 10.6 microns. With such
a Q-switching scheme. a carbon dioxide
laser capable of producing approximate-
ly 50 watts of continuous-wave power
will produce nearly 50 kilowatts of
pulsed power in bursts approximately
150 nanoseconds long and at a rate of
about 400 bursts per second. Such high
pulsed-power output with the coherency
afforded by gas lasers is particularly use-
ful in nondestructive physical investiga-
tions.

An ideal source of coherent radiation
is one that can be continuously “tuned,”
that is, one whose frequency can be
changed and controlled continuously.
Tuning a high-power molecular laser is
not strictly possible, but the number
of discrete vibrational-rotational transi-
tions‘ that can be made to oscllate is
extremely large. For example, in carbon
monoxide alone there are about 200

‘transitions that oscillate between five

and six microns; in carbon dioxide about
100 transitions with high-power output
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can be made to oscillate betwéen nine
and 11 microns. In short, the high-power
molecular lasers, although not continu-
ously tunable, offer a wide range of dis-
crete wavelengths at which one can
work.

The high continuous-wave and Q-

switched power made available by
the carbon: dioxide lasers has many ap-
plications. Focusing the coherent infra-
red output into an area of approximately
a thousandth of a square centimeter can
give an intensity of a million watts per
square centimeter for a continuous-
wave laser and an intensity of a billion
watts per square centimeter for a Q-
switched laser. Continuous-wave powers
in excess of one kilowatt have obvious
thermal applications such as metal cut-
ting and welding. A strange “softening”
of granite rock is also reported when the
rock is irradiated with a kilowatt of
power from a carbon-dioxide laser. The
output from the carbon dioxide laser at
10.6 microns, although invisible to the
eye, is just as devastating as that from
any other powerful laser. The thermal
applications of the carbon dioxide lasers
command considerable industrial in-
terest. - .

More important, however, are the non-
thermal applications of the carbon di-
oxide laser. These potential applications
include optical communications both on
the earth and in space. The main attrac-
tion here is the low-loss optical “win-
dow” that exists between eight and
14 microns for transmission through the
earth’s atmosphere. The high efficiency
and high power of the carbon dioxide
lasers at 10.6 microns make them ideal
candidates for such applications. The

carbon dioxide laser is also ideal for use
in optical radar systems, again because
of low-loss transmission through the
atmosphere. Another possibility is the
use of a carbon dioxide laser to investi-
gate optical interactions with matter at
a wavelength of 10.6 microns, since
many semiconductors that are opaque in
the visible portion of the spectrum are
transparent at this wavelength. Still an-
other application of the high-power car-
bon dioxide laser is the use of the 10.6-
micron radiation as a “pump” for study-
ing nonlinear properties of new materials
with the aim of making a really tunable
source of infrared radiation. In this con-
nection 1y colleagues and 1 have per-
formed a number of interesting experi-
ments, which include second-harmonic
generation, parametric amplification of
far;infrared radiation, two-photon “elec-
trosi-hole pair production in semicon-
ductors, nonlinearities arising from con-
duction electrons in semiconductors and
Raman scattering from Landau-level
electrons in semiconductors. Some of
these mechanisms are strong enough to
enable us to make a tunable laser oscil-
lator in the infrared portion of the spec-
trum. Such a tunable laser, pumped with
the fixed-frequency carbon dioxide laser,
can be used as a local oscillator in an
optical communication or radar system.
Moreover, such a tunable infrared source
would completely revolutionize infrared
spectroscopy. The description of these
experiments will perhaps be the subject
of a future article. In conclusion, it suf-
fices to say that the carbon dioxide lasers
have already opened up avenues of phys-
ical investigation undreamed of before,
and they promise many more fruitful
experiments in the future.
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Q-SWITCHING, a technique for operating a normally continuous-
wave laser in a pulsed mode, is accomplished by replacing one of
the laser-cavity mirrors with a rotating mirror. The laser operates
every time the rotating mirror (left) lines up with the opposite
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stationary mirror (right). A carbon dioxide laser capable of produc.
ing approximately 50 walts of continuous-wave power will produce
nearly 50 kilowatts of Q-switched power in bursts approximately
150 nanoseconds long and at & rate of about 400 bursts per second.
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